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Preface

| first encountered computer algebra software in the 1980s. During in-service and
pre-service courses for mathematics teachers, my colleagues and | would demon-
strate the MuM ath software package. The course participants were impressed, and
wetold them (proudly, as though we had devel oped the software ourselves) that this
was the future of mathematics education.

| was fascinated with the phenomenon of computer algebra — and surprised that a
machine was ableto carry out sophisticated procedures (for example, for calculating
limits and derivatives) and algebraic simplifications, techniques | considered to be
at the very heart of mathematics. The implementation of these techniques also
seemed to trivialize mathematics:. if one can explain to a machine how to ‘do’ it,
surely it cannot be conceptually difficult. Furthermore, | was puzzled by the possible
influence on mathemati cs education: what would happen if studentswereto use such
powerful tools? How would this affect their conceptual development and their rep-
ertoire of techniques?

Much has happened since then. The first computer algebra system for educational
purposes — Derive — was developed in the late 1980s. | attended thefirst conferences
on computer algebra use in education, where | met colleagues with a similar fasci-
nation and similar interests. Then handheld devices appeared, first with only graph-
ical and numerical features but later with full computer algebra options. | became
involved in the implementation of graphing calculators in Dutch upper-secondary
education. However, computer algebra was not being integrated into mathematics
education as quickly as had been predicted, and the fundamental questions concern-
ing the relation between computer algebra use, by-hand algebraic skills and concep-
tual understanding were still to be answered.

Thus | was happy when, in 1999, | got the opportunity to conduct a PhD research
study on the effects of using computer algebra on the learning of algebra. Thisthesis
— the result of that study — once more reveals the intrinsic tension between using a
computer algebra maching's routines and constructing conceptual understanding.
However, the perspectives of instrumentation and symbolization, which are present-
ed in this book, offer means to focus on this issue and to deal with it. A theoretical
framework on learning mathematics by using cognitive tools such as computer alge-
bra systems seemsto be developing. Taking part in this process has been both anin-
formative and a compelling experience.

Although this research study was essentially a one-man project, many persons con-
tributed to it. | should like to express my gratitude to the following. First, my super-
visors Koeno Gravemeijer and Jan de Lange, who supported me with their sugges-
tions and confidence, and provided me with the freedom | needed. The advisory
board — Kees Hoogland, Gerard Huls, Dirk Janssens, Gellof Kanselaar, Anne van



Streun and Agnes Verweij — stimulated me to clarify my intentions and ideas. My
colleagues in the PROO project ‘IT and mathematics — Dirk Hoek, Monique Pijls
and, in particular, Arthur Bakker and Michiel Doorman — wereinspiring and helpful
sparring partners during the four years this study took. Aad Goddijn and Martin
Kindt contributed to the design of the student activities.

Five teachers — Jonneke Gerrits, Gerard Huls, Peter Lanser, Rina van Opstal and
Harrie Smits — were kindly willing to involve their students in the teaching experi-
ments, we enjoyed an intensive and fruitful collaboration. Texas Instruments provid-
ed symbolic calculators for the teaching experiments and Pieter Schadron pro-
grammed additional applications. Evavan Dam, Danny Dullens, Vera Emons, Onno
van Herwaarden and Matthias Visser contributed to the quality of the research by
performing classroom observations and data analysis.

Nathalie Kuijpers and Jeremy Rayner corrected my written English, and Ellen
Hanepen and Betty Heijman provided editorial support while | was finishing the
manuscript.

Finally, I thank Else, Jefte and Manu for their support. My sons Jefte and Manu were
willing to discuss mathematical topics and, on many occasions, to serve as guinea-
pigs, thus alowing me to observe their conceptual growth. | thank Else, my partner
and colleague, both for her support and confidence in me and for the elbow-room
she provided. Her competent and to-the-point reflections on my work helped me to
sharpen my thinking and to focus on the essential aspects of this study.



1.1

1.2

Research questions

Introduction

This thesis reports on the research project ‘Learning algebrain a computer algebra
environment’, which was granted by the Netherlands Organi zation for Scientific Re-
search (NWO) under number 575-36-003E and was carried out in 1999 - 2002. In
this study we investigate whether the use of computer algebra can contribute to the
learning of algebrain general, and to the understanding of the concept of parameter
in particular. As such, the project is a specific case of research on the integration of
information technology (1T) into education, and in particular its influence on the
learning of mathematics.

Thisresearch is part of the umbrella project ‘1T as a means for self-reliant learning
of mathematics’ (Nwo grant number 575-36-003). The latter project focuses on the
question how reinvention and independent learning using IT can beintegrated. In the
sub-study reported on here, the IT component is computer algebra, and the reinven-
tion concerns the concept of parameter.

In this chapter we define the study’ s research questions and sketch the outline of the
thesis. Section 1.2 presents a global inventory of the difficulties in the learning of
algebra, and of the way in which IT in general and computer algebra in particular
might contribute to their resolution. This leads to the definition of the focus of the
study. Section 1.3 introduces the main research question, which is specified into two
subquestions: the first addresses the learning of the concept of parameter, and the
second concernsthe instrumentation of computer algebra. The notionsthat appear in
the research questions are explained and expectations are formulated. Then we mo-
tivate the relevant decisions that were made at the start of the research project and
describe the desired outcomes (1.4). A classroom observation from a previous study
that provoked the author’ sinterest illustrates how students encounter conceptual dif-
ficulties while manipulating variables in a computer algebra environment. Then we
indicate the main components of the theoretical framework used in this study (Sec-
tion 1.5). Asaguideline for the reader — whether aresearcher, mathematics educator
or mathematics teacher — Section 1.6 sketches the structure of the book in the form
of agraph.

What is the problem?

This section presents aglobal inventory of difficultiesin the learning of algebra, and
of the way in which 1T in general and computer algebrain particular can contribute
to resolving them.

Difficulties of learning algebra
It iswell known that algebrais a difficult topic in the school mathematics curricu-
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lum, and is often experienced as a stumbling-block. The Discussion Document for
the 12th icmi Study entitled * The Future of the Teaching and Learning of Algebra
phrases this as follows:

As the language of higher mathematics, algebra is a gateway to future study

and mathematically significant ideas, but it isoften awall that blocksthe paths

of many.

(Chick et al., 2001, p. 1)
Students often make mistakes while executing algebraic operations, and they find it
hard to trace their errors or improve their performance. Even students who are able
to perform specific algebraic procedures may attach a very limited meaning to them,
and may be lost as soon as the problem situation is dightly changed.
A well-known example of student difficulties with algebrais the ‘ student-professor
problem’ (van Amerom, 2002; Malle, 1993; Rosnick, 1981). The task was:

Write an equation, using the variables Sand P to represent the following state-
ment: “ At thisuniversity there are six times as many students as professors’.
(Rosnick, 1981, p. 418)

Asasolution to this task, many students wrote the equation 6S = P rather than

6P = S Thisreveds alimited understanding of the concept of variable that is seen
as alabel referring to an object, in this case a student or a professor. The letter Sis
used as an abbreviation for * Student’, and not as a variable that refers to the number
of students. Many other studies address the difficulties of the concept of variable
(e.g. Kiichemann, 1981; Usiskin, 1988; Wagner, 1981).

Another classical problem that is relevant to our study was presented by Wenger
(1987). Wenger described that students were unable to solve the equation
v/u = 1+ 2v./1+u with respect tov, although it is linear in v. The conclusion is
that while students may be able to apply isolated algebraic techniquesin simple sit-
uations, they are often not able to apply the appropriate techniques from their reper-
toire in amore complex situation. In this example, they are not able to see the sub-
expressions ./u and ./u + 1 asobjects, as entities. Instead, they perceive the square
root sign as a strong cue that asks for manipulation.

Therevision of algebraeducation recently received alot of attention worldwide. The
above-mentioned IcMI Study is devoted to the future of algebra (Chick et al., 2001).
Many teachers, educators and researchers criticized the traditional method of teach-
ing algebra: too much emphasis on symbols, on manipulative skills and on algebraic
facts rather than on concept development and problem-solving skills (O’ Callaghan,
1998). New approaches have been elaborated and implemented in educational sys-
tems (Boers-van Oosterum, 1990; Fey et al., 1995; Mathematics in Context Devel-
opment Team, 1998; van Reeuwijk, 1995). In the Netherlands, the reconsideration
of algebrain mathematics education isanissue aswell. Examples of new approaches



Research questions

to algebra have been developed and implemented in a new mathematics curriculum
for 12- to 16-year-old students, in which concrete reality is the starting point for
mathematization (Kindt, 1980, 2000, 2003; Team W12-16, 1992). However, teach-
ers at the upper secondary level (eleventh and twelfth grades) often complain that
their students need abstract algebra skillsthat they did not learn in this new curricu-
lum. Thisis an issue in particular for pre-university students who are studying the
exact sciences. Bringing about the transition from the informal reality-bound algebra
of the curriculum for 12- to 16-year-olds to the more abstract algebra at pre-univer-
sity upper-secondary level isone of the challengesfor algebra education in the Neth-
erlands. Recently, Goddijn and Kindt suggested two other approaches to algebra, a
discrete approach and a geometrical approach (Goddijn & Kindt, 2001; Kindt, 2000,
2003). The authors stress the importance of productive rather than reproductive
practice.

Several difficulties in the learning of algebrathat are described in the literature are
relevant to this study. First, students often cannot rel ate the formal, algorithmic char-
acter of algebraic proceduresto informal and natural approachesthat are meaningful
to them. A second difficulty isthe abstract level at which problems are solved, com-
pared to the concrete situations they arise from, and the lack of meaning that the stu-
dents attribute to the mathematical objects at the abstract level. A third factor is the
need to keep track of the overall problem-solving process while executing the ele-
mentary algebraic procedures that are part of it. A fourth difficulty is the compact
algebrai c language with its specific conventions and symbols. A fifth obstacle may
be the object character of algebraic formulas and expressions, where students often
perceive them as processes or actions, and the accompanying ‘lack of closure’ ob-
stacle. The main difficulties addressed in this study are the first, second and fifth is-
sues. Our ambition is to help students in devel oping meaningful algebraic objects
and operations that are not only related to real-life contexts, but are also embedded
in a meaningful framework of mathematical relations. In particular, formulas and
expressions are to be considered as objectsthat derive meaning from this framework
of algebraic relations, and not only as processes or as prescriptionsfor numerical cal-
culations. These issues are elaborated in Chapter 3.

Can IT be of any help?

One of the directionsin which solutions to these problems with the learning of alge-
bra can be sought is the integration of IT into mathematics education. IT tools for
mathematics education are being developed at high speed and along different ave-
nues: on the one hand towards dedicated handheld tools, and on the other hand to-
wards general digital learning environments (Kanselaar et a., 1999). Many research
projects and teaching experiments are being conducted, because it is expected that
IT can contribute to the visualization of concepts, or can free the students from the
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need to perform operations, thus directing the attention towards concept develop-
ment or problem-solving strategies. IT is then used to facilitate the learning of the
‘traditional’ curriculum. In the meantime, however, the integration of technology
raises questions concerning the goals of algebra education and the relevance of pa
per-and-pencil techniques, now that they can be left to a technological device. For
example, isit necessary to be able to calculate the roots of a quadratic equation by
hand, if a powerful digital algebratool is available that will do it for you, fast and
without errors (see Fig. 1.1)?

solve(x2+5-x+420,x) —>x=-lorx=-4

solve(x2 +5x+c=0, x)

(2s-ac+s) _ fas-ac-5

> x=- orx=
2 2

Figure 1.1 Solving quadratic equations in a CAS environment

Although originally not devel oped for educational purposes, acomputer algebrasys-

tem (cAs) isan IT tool that can be integrated into the learning of algebra. Besides

offering the execution of algebraic calculations, acAs usually also provides options
for numerical calculations, graphing and data handling. Word processing and I nter-
net access are made available too in many CAS environments.

In the literature, several capacities of IT and computer algebra for mathematics edu-

cation are mentioned, such as addressing rich and realistic problem contexts, saving

time on the development of paper-and-pencil skills, visualizing mathematical con-
cepts, introducing dynamics and deepening the insight into algebraic concepts

(Heid, 2002; Hillel et a., 1992; O’ Callaghan, 1998). For the purpose of this study,

the main affordances or perceived opportunities of computer algebra environments

for the learning of algebra are expected to be:

« Variablesand parametersin acas do not refer directly to numerical values, but
stand on their own. This is expected to foster the development of a concept of
variables and parameters that is more mature than the limited view of variables
as labels or pseudo-numbers.

« In the cAs environment, expressions have an object character rather than a
process character; expressionsare ‘things' rather than ‘actions'. Thisis expected
to enhance the development of a more structural view of algebraic expressions
rather than a purely operational one. This may improve the students' symbol
sense.

« The cAs can serve as an environment for experimentation that generates
examples that elicit generalization. This is expected to stimulate students to
make generalizations and to ‘discover the general from the particular’.
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» Thecasoffersfacilitiesfor visualizing the dynamic effect of adliding parameter.
This is expected to reinforce the relation between formula and graph, thus
making the formula more meaningful to the students.

From these expectations, which are elaborated on in Chapter 5, one might hope that
the integration of a computer algebra environment would contribute to solving the
difficulties of learning algebra. However, things are not that easy. Asisthe casefor
the four-function calculator (de Moor & van den Brink, 2001; Team W12-16, 1992),
the integration of computer algebra into mathematics education provokes many
guestions concerning the curriculum and the pedagogy, such as: what do students
need to learn and what do they not need to learn, if the machine ‘ does everything’
for them? What is the relevance of paper-and-pencil skills? How can cas use bein-
tegrated in a didactical way? What skills are needed to correctly interpret CAS out-
puts, such astheresult presented in Fig. 1.1? Can conceptua development take place
thanks to or in spite of working in a computer algebra environment? These ques-
tions, which are discussed among mathematicsresearchers and educators all over the
world, involve the view of algebra, the intended learning process, the pedagogy of
computer algebra use and the characteristics of CAs. The main focus of this study is
toinvestigate how the use of computer algebracan promotetheinsight into algebraic
concepts and operations.

Research questions

In this section, we first define the research topic more precisely. Then the research
questions, which emerge from the global problem description, are stated and ex-
plained. After that, some prior expectations are discussed.

Focus on the concept of parameter and on instrumentation

Algebra as such is too extensive to investigate in the framework of this study. We
need to confine ourselves to a topic within algebra that alows us to address the rel-
evant issues mentioned above. With the Dutch issue of the difficult transition from
middle school algebrato upper secondary algebrain mind, it is interesting to focus
our study on theinterface between the two types of education, where the moreinfor-
mal approach in the curriculum for 12- to 16-year-olds meets the more formal and
abstract approach at the upper-secondary pre-university level. Therefore, we choose
to investigate computer algebra use in the ninth and tenth grades.

A suitable topic, then, seemsto be the concept of parameter, which on the one hand
may emerge quite naturally from concrete contexts, and on the other hand may be a
means of generalization and abstraction. Therefore, the general question of the in-
fluence of computer algebra use on the development of insight into algebraic con-
cepts and operations is specified into the question whether the devel opment of the
concept of parameter asit appearsin algebraic expressions and functions can beim-
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proved by cAs use. The concept of parameter is discussed in detail in Chapter 4.
Previous research shows that the integration of computer algebrainto teaching and
learning often turns out to be more complex than expected (Drijvers, 2000; La
grange, 2000; Guin & Trouche, 2002; Trouche, 2000). The ideathat technology car-
ries out the operations so that the students can concentrate on conceptual understand-
ing is too simplistic. The question is how to ensure that the student gives proper
meaning to the operations within the CAs environment. The construction of meaning
is often related to the mastering of the technical skills that using the CAS requires.
The instrumental approach to IT use, which will be described in Section 1.5 and in
Chapter 5, providesaframework for the study of thisdual development. It statesthat
the machine techniques that need to be devel oped are related to the mental concepts
that students are constructing. This simultaneous development isnot an easy process
and the cas environment may present barriers. For example, the black box character
of the cas tool and the rigid demands on syntactically correct input may limit the
opportunities for the progressive formalization of informal strategies that is pro-
posed by the theory of Realistic Mathematics Education. To benefit from the poten-
tial that computer algebra offers, such obstacles have to be overcome. As a second
focus of this study, we therefore consider the instrumentation process of computer
algebra, and the relation between the devel opment of techniquesin the computer al-
gebra environment and the development of mathematical concepts.

Statement of the research questions

In Section 1.2, we hypothesized that the use of IT might contribute to the learning of
algebra. Because of their algebraic power, computer algebra environments seem
promising. The basic aim of this study, therefore, isto investigate whether computer
algebra use can contribute to the understanding of agebra. Thisleadsto the follow-
ing main research question:

How can the use of computer algebra promote the under standing of
algebraic concepts and operations?

Thisquestion needs further specification. For reasons mentioned in the previous sec-
tion, the focusis on the concept of parameter. Therefore, the first research subques-
tionis:
1. How can the use of computer algebra contribute to a higher level
under standing of the concept of parameter?

Above we described the tension between the potential of computer algebra use and
the barriers that a— novice — user has to overcome in order to work efficiently with
acAs. The acquisition of the skills to properly use a cAs has both atechnical and a
conceptual aspect. The second research subquestion concerns this dual process.
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2. What is the relation between instrumented techniques in the com-
puter algebra environment and mathematical concepts, as it is
established during the instrumentation process?

The main research question word by word

Let us discuss the meaning that we attribute to the key words in the three research
questions. We briefly define them here and refer to further chaptersfor more details.
The main question starts with the words How can. Thisindicates that the questionis
not whether computer algebra use can promote agebraic understanding, but what
conditions and approaches optimize the affordances that computer algebra offers.
Although we do not expect this to happen, it is possible that the results of the study
will show that computer algebra use does not contribute at all to algebraic under-
standing. In that case, the answer to the ‘how-question’ will be that it can’t.
Computer algebra refersto software that performs algebraic calculations and formu-
la manipulations. Such software is available for PCs and handheld calculators, and
offers options for numerical calculations and graphing. More information on com-
puter algebra can be found in Chapter 5.

The word understanding will be explained in the discussion of the first subquestion
below.

The main algebraic concept in this study isthe concept of parameter asa‘ meta-var-
iable’. The rationale for this choice lies in the idea that the parameter is a suitable
concept to foster the transition from informal, context-related algebra to formal al-
gebra in the framework of mathematical relations. The concept of parameter may
emerge quite naturally from concrete contexts, and may enhance generalization and
abstraction. The concept of parameter is addressed further in the discussion of the
first subquestion.

Other algebraic concepts that are important in this study are those of formula and
expression. Formulas and expressions are to be perceived as entities, as objectsrath-
er than calculation processes. In particular, expressions should be accepted as gen-
eral solutions of equationsthat contain parameters, and as objects that can be substi-
tuted into other equations. Thisissueis elaborated on in Section 3.4.

Therepertoire of algebraic operationsislimited in thisstudy to three operations: the
isolation of variables, the solving of equations that contain parameters, and the sub-
stitution of expressionsinto equations.

The first research subquestion word by word

The first research subquestion specifies the general main question. As in the main
guestion, the first words How can imply that we conjecture that there are possible
contributions. We assume affordances of computer algebra use, and hope to be able
to find out how these can be exploited. On the other hand, the conclusion may be that
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there are no contributions at all. The main aspect of the concept of parameter isthe
notion that a parameter is an ‘extra variable’ or a‘changing constant’ in aformula
or function that generates a class of formulas, a family of functions and a sheaf of
graphs. Therefore, the parameter unifies a class of problem situations and solutions,
and can be used for generalization. Variation of the parameter leadsto global rather
than local change. The concept of parameter is elaborated on in Chapter 4.

A central issuein the first research subquestion is the higher level understanding of
the concept of parameter. The higher level understanding is defined as an extension
of the understanding of the parameter to the parameter as a changing quantity, as a
generalizer and as an unknown. The changing quantity affectsthe problem situation,
theformulas and the graphs asawhole. The parameter asageneralizer unifiesaclass
of situations, and the parameter as an unknown selects a subset of these situations
that fulfil a condition. A theoretical basis of the concept of levels of understanding
and a further elaboration of the higher level understanding into the concept of pa-
rameter is described in Section 4.5.

The second research subquestion word by word

The second research subquestion concerns the instrumentation of computer algebra,
which provides the dual process of constructing meaning and mastering technical
skillsintheIT environment with a promising perspective that goes beyond the some-
what naiveidea‘ skills for technology, concepts for the students'. Instrumentation is
the learning process that users go through while using a new tool for specific pur-
poses. The instrumentation process or instrumental genesis takes place through de-
veloping utilization schemes and instrumented techniques. A utilization schemein-
tegrates the technical skills for using the machine, and the conceptual meaning that
is attached to these manipulations, including both mathematical understanding and
insight into the way the technological tool deals with the mathematics. These
schemes give meaning to the use of the tool. This process leads to the devel opment
of a useful instrument (Artigue, 1997a; Lagrange, 1999a; Guin & Trouche, 2002;
Trouche, 2000).

An instrumented technigque has a technical side that consists of an integrated series
of machine acts that has become a routinized way of dealing with a specific type of
regularly occurring tasks. The conceptual side of the machine technique concerns
the development of the accompanying mathematical objects and of the insight into
the relation between those objects and the technical part of the technique. In this
study, the most important instrumented techniques are the solving of equations and
systems of equations, and the substitution of expressions.

The mathematical concepts involved are the students' mental images of the tech-
niques that they carry out and of the mathematical objects and the procedural knowl-
edgethat play arolein these techniques. In this study, the most important mathemat-
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ical objects are the parameter and the formula; the procedural knowledge involved
concerns solving equations and substituting expressions.

The start of the question, What isthe relation, suggeststhat thereisindeed arelation
between the instrumented techniques and the mathematical concepts. The theory of
instrumentation that is discussed in Chapter 5 strongly suggeststhis. The questionis
whether such arelationship can be observed in this study, and if so, how the instru-
mented techniques and the conceptual development influence each other.
Theinstrumentation of computer algebraconcerns all mathematical topicsand is not
limited to algebra; therefore, the second research subquestion has a broader scope
than thefirst one. Because of the focus on algebra, however, in this study we confine
ourselves to the instrumentation of algebraic techniques, and in particular to those
mentioned above: solving equations, possibly containing parameters and substitut-
ing expressions.

Expectations

What kind of answers did we expect at the start of the study? Asfar asthe main re-
search question is concerned, our initial feeling wasthat computer algebra use offers
opportunities for algebra activities that may support the development of algebraic
understanding. In particular, we supposed that computer algebra use can contribute
to the perception of variables and parameters as objects rather than numbers, to the
perception of expressions and formulas as objects, and that the examples generated
in the computer algebra environment may elicit generalizations that can be carried
out in the same environment as well.

We have already pointed out some possible pitfalls of computer algebra use, such as
the black box *oracle’ character of the CAs, the difficult instrumentation process that
isrequired, and the abstract style of working that the cAs environment elicits.

In short, we saw opportunities for the learning of algebrain acas environment, and
in particular for the development of the concept of parameter. Meanwhile, we no-
ticed that the instrumentation process may be a difficult one that requires attention,
and that this may frustrate the learning process if the obstacles encountered are too
hard to overcome.

Decisions, outcomes and motive

In this section we first motivate some relevant decisions that were made at the start
of the research project. Then the targeted outcomes are described. The section ends
with a classroom observation from a previous study that can be seen as the motive
for this research project.

The observation provoked our interest in the algebraic aspects of working in a com-
puter algebra environment; it shows how students encounter conceptual difficulties
while manipulating variables and parameters with acas.
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Decisions

After determining the research questions, many decisions had to be taken before we
could proceed. We will mention the most important ones.

The research questions focus on algebraic understanding supported by computer al-
gebra and on the instrumentation of computer algebra. Our first decision wasto in-
vestigate this by means of teaching experiments, because they provide good oppor-
tunities for gathering relevant data for these questions (Steffe, 1983; Steffe &
Thompson, 2000).

As we see the development of understanding and the instrumental genesis as quali-
tative processes, our second decision was that the main sources of datawould be ob-
servation protocols of student behaviour and interviews with studentsthroughout the
teaching experiments.

We wanted to get results that could be extrapolated to other students, other schools
and other teachers. Therefore, our third decision was to carry out teaching experi-
ments at regular schools with teachers who are not very experienced asfar asthein-
tegration of technology is concerned.

The fourth decision concerned the level of education at which the teaching experi-
ments would be held. Because of the difficult interface between the Dutch mathe-
matics curriculum for 12- to 16-year-olds and that of upper-secondary mathematics,
we choose the ninth and tenth grades as the target groups. Furthermore, we did not
focus only on students who are very gifted in mathematics. At the start, we doubted
whether students of this age and level would be able to overcome the obstacl es that
using a CAs may present. Would the balance between efforts and opportunities be
positive? An extra argument for choosing students of 14- to 16-year-olds is the fact
that most of the research studiesin thisfield focus on higher gradesor university lev-
el (Artigue, 1997a; Guin & Trouche, 1999; Heid, 1988; Hillel et a., 1992; Lagrange,
1999h). Exceptions are the studies by Brown (1998), Hunter et a. (1994) and Klin-
ger (1993), who did involve ninth-grade students.

The fifth decision concerned the computer algebra system to be used. We decided,
mainly for practical reasons, to use handheld computer algebra machines. Such sym-
bolic calculators influence the classroom settings to a lesser extent than do PCs,
which tend to dominate the classroom. Symbolic calculators are always available,
which is not the case for the computer lab at most schools in the Netherlands. An
advantage of the personal handheld device is that the students’ familiarity and con-
fidence with it develops faster than with PC software (Lagrange, 1999b). A disad-
vantage of the symbolic calculator can be its private character (Doerr & Zangor,
2000; Monaghan, 1994). An advantage of using PCs is that they provide students
with the opportunity to write down their comments on and explanations of their cal-
culations. However, preliminary classroom experiencesindicated that students were
reluctant to make full use of this facility.

10
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Compared to other studies in this domain, new elementsin this research are the age
and level of the students and the focus on the concept of parameter and the instru-
mentation of algebraic techniques.

Outcomes

Theresearch has several aims. Thefirstisto gaininsight into the learning of the con-
cept of parameter, embodied in alocal instruction theory and a hypothetical learning
trajectory that make full use of the opportunities that computer algebra offers. The
learning trgjectory is to be based on a conceptual and pedagogical analysis of the
concept of parameter, and is made concrete in instructional activities that are tested
in the classroom. The results from the teaching experimentslead to an answer to the
first research subquestion.

The second aim is to describe the relation between instrumented techniques and
mathematical concept, as it is observed in students’ behaviour. This will lead to a
better understanding of this relation and to the identification of factors that play a
rolein the instrumental genesis. These factors are expected to frustrate the learning
process in the computer algebra environment, but may a so stimulate reflection and
concept development. These findings will be used to answer the second research
subquestion.

The third aim is to answer the main research question by extrapolating the conclu-
sions on the two research subquestions.

The fourth is to evauate the theoretical framework that is used. A brief outline of
this framework is given in the following section. The evaluation involves the con-
frontation of the data with the theoretical perspectives and the formulation of con-
clusions about the applicability of the theories in this specific research context. The
methodology will be evaluated as well. The generalizability of the results to other
mathematical topics and to other kinds of computer algebratoolsor IT toolsin gen-
eral will be considered.

Finally, the study will yield suggestionsfor teaching mathematics by using computer
algebra, for designing software and for further research in this domain.

Motive

Experiencesin previousresearch projects provoked our interest in obstaclesthat stu-
dents encounter while working in acomputer algebra environment (Drijvers, 19993,
2000). One of the observations in one of these projects, which is described below,
reveal ed the difficultiesthat students can have with the algebrai c concept of variable,
and with generalized solutions. Observations like this stressed the relevance of alge-
braic insightswhileworking in acomputer a gebra environment; they also show that
the phenomena the students encounter in the cas work can be starting points for the
learning process.

11
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The observation concerned the well-known problem of a pipe that is to be carried
horizontally around a corner in a corridor (see Fig. 1.2). The question is. how long
can the pipe be? After the problem was solved for concrete dimensions, the situation
was generalized to corridors of width p and q metres, respectively. Thefinal question
was to express the maximum length of the pipe that can passin terms of p and .

pm

»
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€

Figure 1.2 The pipe passing the corner
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Figure 1.3 Dennisand Niels' approach

Two students in the eleventh grade, Dennis and Niels, called BC x and derived that
CE = Jx2+@? (seeFig. 1.3).
Then they realized that triangle CBE is similar to CAF.

They noticed that the factor of multiplication was )S;(—E ,S0CF = )—(——:('—E X2+ 02,

Before this, they had entered CE as function y; in their computer algebra environ-
ment (in this case, the T1-92 symbolic calculator), and CF asy,, but with numerical
values for p and g. While they were working, the teacher passed by and suggested
that they made these functions more generic.

Teacher:  Youcanusepandqiny; and y,, and then give p and q
the values you want.

12
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Dennis. [some time later] That goes very nice, with that p and q
and then give them values. We make the function super-
general!

They managed to express the value of x in terms of p and g by means of differentia-
tion and solving in the CAs (see Fig. 1.4).

Fi=] Fer |Fi=] Fir| FE Fa- Fi=] Fer |Fi=] Fir| FE Fa-
Tools|A13gkrafCalc|Other [FramiDjClgan Ue Tools|A13gkrafCalc|Other [FramiDjClgan Ue

d
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B |
DEHRET

FLMC 1230

Figure 1.4 Dennis and Niels' TI-92 screens

However, although they succeeded in solving the problem in terms of p and g, they
did not include this in their written report. During the classroom discussion after-
wards, it became clear why. The teacher asked Dennis to explain his method. He
wanted Dennis to give the general solution, but Dennis said he couldn't.

Dennis: You first haveto fill in values for p and g, don't you?
Teacher:  You can also solve immediately. Then you get the answer
expressed in p and g.

This observation shows that the students didn’t perceive the formulafor x as an an-
swer, as a solution to the generic problem. They probably suffered from the ‘lack of
closure’ obstacle, which is known from research on algebra education in general
(Callis, 1975; Kiichemann, 1981; Tall & Thomas, 1991). This obstacle refersto the
fact that students are unable to proceed as long as the result of the processis not a
‘closed form’, such as a numeric value, but a formula that still contains operators,
such asa+b. Theresult in thelatter caseis an algebraic object, but the student wants
to carry out a procedure to find a closed result.

But what is the specific role of computer algebrain this? Does the computer algebra
environment simply make the difficulties with variables and general solutions more
explicit? We assumethat adequately operating with symbols using computer algebra
requiresthat students are aware of the different roles of the different letters, and that
they really understand the concept of variable and can interpret expressions as gen-
eral solutions.

This observation and similar ones provoked our interest in the learning of algebrain
a computer algebra environment, and in the concept of parameter in particular.

13



1.5

Chapter 1

Theoretical framework

Now that the research questions have been formulated and some important decisions
made, the question is what theoretical framework can be used. Criteria for a useful
theoretical framework are its relation with the research questions and its applicabil -
ity to the design of instructional activities and to the interpretation and analysis of
student observations.

A ready-to-use theoretical framework for the study of |earning algebrain acomputer
algebra environment is not available. Therefore, the approach in this study isto se-
lect theoretical elements from research on learning algebra and mathematicsin gen-
eral that seem promising for application, and adaptation to this situation.
Asaconsequence, these elements are taken out of their usual scope and localized for
the aim of this study. This eclectic approach is called ‘theory-guided bricolage’
(Gravemeijer, 1994). On the one hand, thisis atest for the theoretical elements: can
they be applied to this new context? On the other hand, the findings from this study
may contribute to the development of the theoretical elements that are used here.
We choose to describe the theoretical elements of the framework when appropriate
for the content of the book; as a consequence, the theoretical elements appear at dif-
ferent instancesin Chapters 3, 4 and 5. For the sake of an overview, we now list the
elements of the theoretical framework and refer to the sections where they are elab-
orated.

» The domain-specific instruction theory of Realistic Mathematics Education
In the domain-specific instruction theory of Realistic Mathematics Education
(RME), the development of mathematical knowledge by means of progressively
mathematizing informal but meaningful strategies is an important instruction
principle (Treffers, 1987a). The question ishow thisrelatesto theideathat acas
isablack box, and that working in the computer algebra environment has atop-
down character (Drijvers, 2000).
In the theory of RME horizontal and vertical mathematization are distinguished,
the first referring to describing and organizing realistic problems by
mathematical means, and the second to the emergence of a framework of
mathematical objects and relations (Treffers, 1987a). Gravemeijer (1994, 1999)
elaborated on this by distinguishing different referential levels of working with
emergent models.
The RME principles of guided reinvention and didactical phenomenology are
used for developing a hypothetical learning trgjectory and for designing
instructional activities. More about RME can be found in Sections 3.6 and 4.5. In
Chapter 5, RME principles are related to computer algebra use.

» Level theories
The first research subguestion speaks about ‘ a higher level understanding of the
concept of parameter’. To make explicit what is meant by that, severd
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perspectives are considered. First, the level theory of Van Hiele distinguishes
between a ground level, a second level and athird level of insight (Van Hiele,
1973, 1986). A second approach isthe concept of emergent models and levels of
activity that are part of the theory of RME (Gravemeijer, 1994, 1999). Third,
generalization and abstraction are important for the higher level understanding
of the concept of parameter. Finally, the process-object duality (see below) isan
aspect of the targeted level of understanding. Thisis elaborated in Section 4.5.

Theories on symbol sense and symbolizing

Theories on symbol sense concern the learning of algebra and gaining insight
into the structure and meaning of algebraic formulas and expressions in
particular (Arcavi, 1994; Zorn, 2002). The character of insight into formulas
seems to change while working in a computer algebra environment, but it does
not become irrelevant. For the understanding of the concept of parameter,
symbol sense seemsto play an important role.

How to acquire symbol sense? The theories of symbolization stress the parallel
development of symbols and meaning by means of a process of signification
(Gravemeijer et al., 2000). Because giving meaning to algebraic techniques,
formulas and expressions in the computer algebra environment is an important
aspect of the instrumental genesis, the perspective of symbolization may be
fruitful in this study. It will be elaborated in Section 3.5.

The process-object duality

The process-object duality isimportant for thelearning of mathematics: amature
conceptua understanding involves the ability to see both the process aspect and
the object aspect of the concept. Often, students first experience the process
aspect; on the basis of this they may develop the object aspect, which is a
prerequisite for progress. This development is called reification (Sfard, 1991) or
encapsulation (Dubinsky, 1991) and leads to proceptual understanding (Tall &
Thomas, 1991). These theoretical notions concern the learning of mathematics
in general, but are also applied to the learning of algebra. In this study we
consider the reification of algebraic formulas and expressions. This seemsto be
of interest because computer algebra use might affect the process-object view of
formulas and because the reification of formulas and expressionsisimportant for
the development of the concept of parameter. The process-object duality is
discussed in Section 3.4.

The theory of instrumentation

Thetheory of instrumentation has been addressed briefly in Section 1.3. Itsfocus
isthe development of utilization schemes or instrumented techniques for the use
of 1T tools (Guin & Trouche, 2002). Such schemes combine technical skills and
conceptual insights. Thetheory of instrumentation isapplied to computer algebra
environments, and is expected to help in answering the second research
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subquestion. The theory is elaborated in Section 5.6.

Concerning the research methodology, the two main theoretical concepts are the
methodology of design research, and the hypothetical |earning trajectory as a means
of planning the learning trajectory and making explicit the expected student behav-
iour. These methodological issues are addressed in Chapter 2.

The structure of the book

2. Design and method

3. Algebra \
C 4. Parameter i

5. Computer algebra 4

6-7-8.Teaching experiments

0. Results parameter

10. Resultsinstrumentation

Theoretical part Empirical part

J

Figure 1.5 Structure of the book with abbreviated chapter titles

11. Conclusion and discussion

Fig. 1.5 shows the structure of this book. The present chapter, Chapter 1, contains
the research questions and explains the aims and backgrounds of the study. In Chap-
ter 2 the research design and methodology are described. Key words are design re-
search and hypothetical |earning trajectory. Chapters 1 and 2 together indicate what
the research is about and how it is conducted.

Chapters 3, 4 and 5 form the theoretical part of thethesis. They treat the main themes
of the study: algebrain general, the concept of parameter in particular and the pos-
sible roles of computer algebra. Chapter 3 concerns algebra in general. It sketches
different views on algebra and describes the standpoint of this study. Thetheoretical
issues of symbol sense, symbolizing, the process-object duality and Realistic Math-
ematics Education are addressed.

In Chapter 4, we zoom in on the concept of parameter. After a brief historical per-
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spective, a conceptual analysis of the parameter is given. Then we describe what we
consider ahigher level understanding of the concept of parameter. Thisis connected
to the theoretical notions from Chapter 3.

Chapter 5 deals with the tool that students use in this research project: computer al-
gebra. Besides an overview of previousresearchinthisdomain, it contains a descrip-
tion of the theory of instrumentation that will be used in Chapter 10 in particular.
Chapters 6 - 10 form the empirical part of the dissertation. Chapters 6, 7 and 8 de-
scribe the development of the hypothetical |earning trajectory and the classroom ex-
periences during the three subsequent research cycles.

Chapter 9 concerns the contribution of computer algebra use to the understanding of
the concept of parameter, and thereby answers the first research subquestion.

In Chapter 10, the results concerning the instrumentation of computer algebra are
presented. The second research subquestion is answered here.

Chapter 11, finally, answers the main research question. After that, we look back on
the study and discussthe results and the methodology. Also, the relevance of the the-
oretical framework and the generalizability of the findings are evaluated. The chap-
ter ends with recommendations for teaching, for software design and for further re-
search.

Now that the research questions have been stated, the main decisions have been tak-
en and the theoretical framework has been specified, the next step is to describe the
research design and the methodology. These are the topics of Chapter 2.
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Research design and methodology

Introduction

In the previous chapter we defined the research questions. The next step, which we
describein the present chapter, isto decide on the research design and methodol ogy.
The research questions, the first decisions on the focus of the research and the theo-
retical framework led to using the design research methodology. In Section 2.2 we
describe the main characteristics of the design research paradigm, why it was chosen
for this study and how we guarantee the reliability and validity of the results.

One of the characteristics of the design research methodology isthe cyclic research
design. Within each research cycle the phases of preliminary design, teaching exper-
iment and retrospective analysis are distinguished. We describe these phases succes-
sively. Thefirst phase includes the development of ahypothetical learning trajectory
(Section 2.3) and the design of instructional activities (2.4). The second phase, the
teaching experiment, isaddressed in 2.5. In particular, we pay attention to data sam-
pling techniques within the teaching experiments. The final phase, the retrospective
analysis, includes the analysis of the data and is described in Section 2.6.
Thisresearch study consists of three full research cycles and one intermediate mini-
cycle. Thisarrangement is presented in Section 2.7. Section 2.8 contains some prac-
tical information on the way the research was carried out, such as on the school
where the experiments took place, on the teachersinvolved and on the way datawas
gathered; it also provides an overview of the data from the teaching experiments.

Design research

The research methodology that we use in this study isthe design research paradigm.
In this section we first explain this methodology. Then we motivate why design re-
search is appropriate for this study. Finally, we address the issues of reliability and
validity and we discuss the measures that were taken to meet these criteria.

Characteristics of design research

Design research — also known as developmental research or devel opment research
— isaresearch methodol ogy that aims at devel oping theories, instructional materials
and an empirically grounded understanding of ‘how the learning works (Research
Advisory Committee, 1996). The main objective of design research isunderstanding
and not explaining (Bruner, 1996). This objective implies different norms of justifi-
cation than would be the case in comparative empirical research.

One important feature of design research is the adaptation of the learning trajectory
throughout the research; based on previous experience, the instructional sequences
and teaching experiment conditions are adjusted. Therefore, design research is par-
ticularly suitable in situations where afull theoretical framework isnot yet available
and where hypotheses are still to be devel oped.
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The methodology of design research is addressed in many recent publications (e.g.
van den Akker, 1999; Brown, 1992; Edelson, 2002; Freudenthal, 1991; Gravemei-
jer, 1993, 1994, 1998; Gravemeijer & Cobb, 2001; Leijnse, 1995; Treffers, 1993).
In spite of varying interpretations of the notion of design research, thereisagreement
on the identification of two key aspects:. the cyclic character of design research and
the central position of the design of instructional activities. We now address these
two issues.

The cyclic character of design research

Design research has a cyclic character: a design research study consists of research
cyclesin which thought experiments and teaching experiments aternate. We distin-
guish macro-cycles that concern the global level of the teaching experiments, and
micro-cycles that concern the level of subsequent lessons. Gravemeijer argued that
the cycleslead to a cumulative effect of small steps, in which teaching experiments
provide ‘feed-forward’ for the next thought experiments and teaching experiments
(Gravemeijer, 1993, 1994).

A macro-cycle of design research consists of three phases: the preliminary design
phase, the teaching experiment phase, and the phase of retrospective analysis. Inthe
|ast-mentioned phase, the reflection captures the development of the insights of the
researcher. Following Goffree (1986) and Schon (1983), Gravemeijer called this‘re-
flection-in-action’ (Gravemeijer, 1993, 1994). As a result, new theories, new hy-
potheses and new instructional activities emerge, that form the feed-forward for the
next research cycle that may have a different character, according to new insights
and hypotheses. The process of the researcher’ s thinking should be reported, to en-
surethetrackability of this development for others (Freudenthal, 1991; Gravemeijer,
1994).

Asfar asthe role of theory in design research is concerned, the term ‘ theory-guided
bricolage’ isused (Gravemeijer, 1994). Theresearcher islike atinkerer, who triesto
combine and integrate global and local theories, which may beissued from other do-
mains, to develop alearning trgjectory and alocal instruction theory for a specific
topic. This local instruction theory contributes to the development of the domain-
specific instruction theory.

In our study, threefull macro-cycles— indicated as G9-1, G9-11 and G10-11 — and one
intermediate cycle were carried out. The first phase of preliminary design includes
two related parts, the development of ahypothetical learning trgjectory (HLT) and the
design of instructional activities. This phaseisfollowed by the teaching experiment
and the retrospective analysis. Fig. 2.1 shows the three full research cycles. Cycle 1
started with a conceptua analysisthat is described in Chapter 4. Each of the phases
is elaborated on in Sections 2.3 - 2.6, whereas specific information on each of the
cyclesis presented in 2.7.
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Figure 2.1 Design research cycles within this study

The role of design

A second characteristic of design research is the importance of the development of
alearning trajectory that is made tangible in instructional activities (Gravemeijer,
1994). The design of instructional activitiesis more than a necessity for carrying out
teaching experiments. The design process forces the researcher to make explicit
choices, hypotheses and expectations that otherwise might have remained implicit.
The development of the design also indicates how the emphasis within the theoreti-
cal development may shift and how the researcher’ sinsights and hypotheses devel -
op. We agree with Edelson, who argued that design of student texts is a meaningful
part of the research methodology:

(...) design research explicitly exploits the design process as an opportunity to
advancetheresearchers’ understanding of teaching, learning, and educational
systems. Design research may till incorporate the same types of outcome-
based evaluation that characterize traditional theory testing, however, it rec-
ognizes design as an important approach to research in its own right.
(Edelson, 2002, p.107)

Thisis particularly the case when the theoretical framework involved is under con-
struction:

(...) it [the research] started with only a partial theory and has proceeded with
the explicit goa of elaborating that theory before attempting any summary
evaluation. Thelessonsthat are emerging from this effort are being shaped by
the concrete, practical work of design.

(Edelson, 2002, p. 112)

Why design research?

The design research methodology is used in this study for several reasons. The re-
search questions that were defined in Section 1.3 start with ‘How can...” and ‘What
istherelation...’. Thisillustrates that we are interested not just in knowing whether
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computer algebra affects the learning of algebra, but specifically in understanding
how. This character of the research questions links up with the general objectives of
design research that we described in the previous section.
A second reason for choosing the design research methodol ogy isthat aready-to-use
theoretical framework for dealing with the research questionsis lacking: the use of
technology, and of computer algebrain particular, in mathematics educationisarel-
atively new phenomenon; hardly any elaborated theoretical views are available. In
Section 1.5 a provisiona theoretical framework was ‘tinkered’ from elements from
diverse sources by a ‘bricolage’ process. Therefore, the study has an explorative
character and we need aresearch design that allowsfor revising theories, hypotheses
and instructional activities during the subsequent research cycles. Design research
meets this requirement.
Third, the integration of computer algebra into algebra education affects many as-
pects of teaching, such as the tasks that are set, instructional activities and assess-
ment. New teaching materials need to be designed. In the design process, many
choices are made that are relevant for the outcomes of this study. Therefore, we see
the design process as anintegrated part of the research, whichisin line with the prin-
ciples of design research methodology.
In asimilar situation, Hillel et a. argued that integrating a computer algebra envi-
ronment into teaching affects education as awhole, which makesthe research design
of control group - experimental group inappropriate;

Our description of the experimental setting in the previous section should

have made apparent that there would have been little sense in using a tradi-

tional functions classasacontrol group — too many aspects of the course were

changed in the experimental class.
(Hillel et al., 1992, p. 137)

For the above reasons the design research methodol ogy was chosen. In the terminol -
ogy of van den Akker, this study is a didactics design research, as it aims at devel-
oping alocal instruction theory (van den Akker, 1999).

One approach to design research is to immediately adapt the instructional activities
after every lesson according to the experiences. This leads to many short micro-cy-
cles and can be an effective method, as shown by the following quotation that de-
scribes a situation where time constraints led to a micro-cycle method:

The time pressure was considerable, but it had one advantage: experiencesin
the classroom could be incorporated immediately. Consequently, practical
experience assumed great significance asa‘feed forward’ ; the components of
the curriculum which were still to be developed could be adjusted directly on
the basis of classroom experiences.

(Gravemeijer, 1994, p. 36)

In this study, however, we started the teaching experiments with a complete set of
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instructional activities. Due to practical circumstances, adaptations were limited to
decisions on skipping tasks or stressing other assignments. Therefore, the cyclic
character of the research primarily concerns the macro-cycles.

Validity and reliability

This section addresses the reliability and validity of the research methodology. The
guestion is how these criteria are met in this design research study, where observa-
tions and interviews are the main sources of data, and interpretation and coding are
the main techniques of analysis. As the goals and methods of design research with
qualitative data are different from those of comparative empirical research, the op-
erationalization of reliability and validity is different aswell (Edelson, 2002; Grave-
meijer, 1993, 1994; Gravemeijer & Cobb, 2001; Research Advisory Committee,
1996; Smaling, 1987, 1992; Swanborn, 1996). For design research, the justification
often has an argumentative character: the explanatory power, grounded in empirical
evidence, is essential. We briefly address internal and external reliability and valid-
ity.

Internal reliability concerns the reliability of the methods that were used within the
research project. Our measures for obtaining internal reliability included systemati-
cally gathering data by means of prior identified key itemsin student activities, and
processing the data using consistent coding systems. Also, the protocol analysis and
coding process were carried out by a second researcher. Crucia observations were
shared with colleagues (peer examination).

For the external reliability, the criterion is virtual replicability by means of tracka-
bility (Gravemeijer, 1993, 1994; Gravemeijer & Cobb, 2001; Smaling, 1987, 1992).
This means that the research is reported in such away that is can be reconstructed
by others. This requires transparency and explicitness about the learning process of
the researcher and justification of the choices that are made within the research
project. Raw data should be made available. The following quotation addresses the
need for trackability:

Developmental research means: ‘ experiencing the cyclic process of develop-
ment and research so consciously, and reporting on it so candidly that it justi-
fiesitself, and that this experience can be transmitted to othersto becomelike
their own experience.’

(Freudenthal, 1991, p. 161)

In this study we ensured the external reliability by reporting extensively on the re-
search methodol ogy, the process of data reduction and the learning process of the
researcher, by means of justifying the decisions and by making available theraw da-
ta

Theinternal validity refersto the quality of the data collection and the soundness of
the reasoning that led to the conclusions. The measures we took to improve the in-
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ternal validity included finding a proper balance between involvement and distance
during teaching experiments, and ‘ playing devil’ s advocate’ while analysing the da-
ta, in order to find counter-exampl es of the hypotheses and to devel op alternative ex-
planations of the findings. These activities were aso shared with colleagues. Data
triangulation was used to consider observed phenomenafrom different perspectives.

External validity isrealized by means of reflecting on the generalizability of the con-
clusions. Also, the quality of the reasoning and the conclusions was controlled by
means of submitting papers and conference contributions that were reviewed during
the research period.

The hypothetical learning trajectory

Within each macro level research cycle we distinguish three phases, the preliminary
design phase, the teaching experiment phase and the phase of retrospective analysis.
Thefirst phase of preliminary design includes two related parts, the devel opment of
ahypothetical learning trajectory (HLT) and the design of instructional activities. In
the following four sections we elaborate on each of these phases. Of course, each
phase has its particular circumstances within the three cycles, but here we describe
their common aspects. The specific features of each of the phasesin the three cycles
are presented in Chapters 6, 7 and 8.

The first phase of each research cycle includes the development of a hypothetical
learning trgjectory. The term * hypothetical learning trajectory’ is borrowed from Si-
mon, who described how teaching takes place according to a mathematics teaching
cyclethat includes stating the goal s of the teaching, devel oping ahypothetical learn-
ing trajectory and the actual teaching (Gravemeijer & Cobb, 2001; Simon, 1995).
The most important part of the mathematics teaching cycle here is the hypothetical
learning trgjectory. The development of an HLT involvesthe assessment of the start-
ing level of understanding, the end goal and the development of a chain of student
activities that bring about a movement towards that goal. The student activities in
this chain are designed to foster productive mental activities by the students, and are
accompanied by the designer’s description of why the instructional activity is sup-
posed to work and what kind of mental development is expected to be elicited. This
sequence of activities, motivations and expectations makes explicit the hypothetical
learning process in terms of student activities and cognitive development.

For the design of the student activities, their motivation and the estimation of their
mental effects, the designer makes full use of his domain specific knowledge, his
repertoire of activities and representations, his teaching experience, and his view of
the teaching and learning of the topic. After afield test by means of ateaching ex-
periment, the HLT usually will be adapted and changed. These changes, based on the
experiences in the classroom, start a new round through the mathematical teaching
cycle, and, in terms of the design research method, the next research cycle.
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The concept of the HLT may seem to suggest that all students follow the same learn-
ing trgjectory at the same speed. Thisis not how the HLT should be understood. Rath-
er than arigid structure, the HLT represents alearning route that is broader than one
single track and has a particular bandwidth. The students can go through it at differ-
ent speeds. As a side remark we notice that the expression ‘learning trajectory’ is
also used in adifferent context, namely aslongitudinal strands across several grades
(van den Heuvel - Panhuizen, 2001).

Because of its stress on the mental activities of the students and on the motivation of
the expected results by the designer, the HLT concept is an adequate research instru-
ment for monitoring the development of the designed instructional activitiesand the
accompanying hypotheses within design research. It provides a means of capturing
the researcher’ s thinking and its development throughout the research and helpsin
progressing from problem analysis to design solution. Therefore, each of the Chap-
ters 6, 7 and 8 will take the development of the HLT as its starting point for the de-
scription of the research cycle that is addressed.

How did we use the HLT concept in thisresearch? The first phase of each cycle start-
ed with posing the problem, with analysing the concepts and with reflecting on pos-
sible solutions. The problem definition for the second and the third research cycle
was based on the feed-forward of the previous cycle. The proposed solutions then
were made concrete in the form of student activities that define the hypothetical
learning trajectory. The HLT finally was condensed into a table that contains the
chain of student activities that are supposed to lead to the next step in the learning
process, the expected mental activity that it stimulates and the role of computer a-
gebrainiit.

Originally, Simon used the HLT for designing and planning short teaching cycles of
one or two lessons. In our study, however, we developed HLTS for teaching experi-
mentsthat lasted for 15 - 20 lessons. As a consequence, the HLT in this study comes
closeto the local instruction theory of the learning of the concept of parameter, and
can be seen as a concrete embodiment of thislocal instruction theory (Gravemeijer,
1995). Also, thisinterpretation of the HLT iscloseto the scenario concept asit isused
by Klaassen (1995). A second difference between Simon’s approach and oursisthat
Simon took ateacher’ s perspective, whereas we take aresearcher’ s perspective.

Design of instructional activities

The preliminary design phase of the design research cycles includes the develop-
ment of the HLT and the design of instructional activities. Of course, HLT develop-
ment and design of instructional activities are closdly related: the HLT guidesthe de-
sign of instructional activities, and the ordering of instructional activities affectsthe
HLT. Choices madein the design process may lead to reconsidering the HLT. The ex-
pectations concerning the students’ mental activitiesthat were established in the HLT
are elaborated into specific key activities in the instructional materials. The HLT
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guidesthe design of theinstructional activities, but choices madein the design proc-
ess may lead to reconsideration of the HLT. In this section, we describe our design
method and principles.

The design of instructional activities in this study included the development of stu-
dent text booklets, teacher guides, solutions to the assignments, tests and software
for use within the computer algebra environment. While designing these materials,
choices and intentions were captured and motivated, to inform the teacher and to
keep track of the development of the designer’s insights. When the materials were
about to be finalized, these aims and expectations were described at the task level.
Key items that embodied the main phases in the HLT were identified by means of a
prior coding system. This coding system reflected the rel evant aspects of the intend-
ed learning process and was based on the conceptual analysis of the concept of pa-
rameter and on the HLT. This guaranteed the links between HLT and key itemsin the
teaching materials, and was a means of verifying whether the intentionsin the HLT
were indeed realized in the teaching materials. Meanwhile the identification of key
items guided the observations and prepared the ground for the dataanalysis. Finally,
teacher guides as well as observation instructions were written, to make intentions
and expectations clear to teachers and observers. During the design phase, products
were presented to colleagues, teachers and observers. This led to feed-back that
forced the researcher to be explicit about goals and aims, and that provided oppor-
tunities for improving the instructional activities.

While designing instructional activities, the key question is what meaningful prob-
lems may foster the students' cognitive development according to the goals of the
HLT. Three design principles guided the design process. guided reinvention, didac-
tical phenomenology and mediating models.

The design principle of guided reinvention involves reconstructing the natural way
of developing a mathematical concept from a given problem situation. One way to
do thisisto try to think how you would approach a problem situation if it were new
to you, or, as Gravemeijer phrasesit, ‘think how you might have figured it out your-
self’ (Gravemeijer 1994, p. 179). In practice, thisis not aways easy to do, because
asadomain expert it is hard to think as though you were a freshman.

The second design principle, didactical phenomenology, was developed by Freu-
denthal (Freudenthal, 1983; Gravemeijer, 1994; Gravemeijer & Cobb, 2001).
Gravemeijer explainsit asfollows:

Didactical phenomenology points to applications as a possible source. Fol-
lowing on theideathat mathematics devel oped as increasing mathematization
of what where originally solutions to practical problems, it may be concluded
that the starting points for the re-invention process can be found in current
applications.

(Gravemeijer 1994, p. 179)
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Didactical phenomenology aims at confronting the students with phenomena that
beg to be organized by means of mathematical structures. In that way, students are
invited to develop mathematical concepts (see Section 3.6). Meaningful contexts,
fromreal life or ‘experientialy real’ in another way, are sources for generating such
phenomena (de Lange, 1987; Treffers, 1987a). The question, therefore, is to find
meaningful problem contexts that may foster the devel opment of the targeted math-
ematical objects. Streefland and van Amerom (1996) suggested that the context
should be more than ‘ dressing up the mathematics', and that it should be appropriate
for playing ametaphorical rolein abottom-up approach. The context should be per-
ceived as natural and meaningful, and offer an orientation basis for vertical mathe-
matization (see Section 3.6) and for the construction of algorithms (Treffers, 1993).
The last remark leads to the third design principle, the use of mediating models
(Gravemeijer, 1994). In the design phase we try to find problem situations that lead
to modelsthat initially represent the concrete problem situation, but in the meantime
have the potential to develop into general modelsfor an abstract world of mathemat-
ical objects and relations. We come back to this model shift in Sections 3.6 and 4.5.
As far as the use of realistic contexts is concerned, in the design phase of the first
and the second research cycle we supposed that the students in ninth grade had had
enough experience with informal strategies in real-life contexts in the previous
grades. We hoped that representations such as graphs and formulas in the computer
algebra environment would be meaningful to them on the basis of this previous ex-
perience. We tried not so much to pay attention to real-life contexts, as to make the
student experience the ‘world of the computer algebradevice’ asameaningful envi-
ronment that is ‘experientialy real’ to them. The work in the cas would lead to the
intended process of mathematization. Therefore, real-life contexts play only alimit-
ed role in the instructional activities. However, as the findings in Chapters 6 and 7
will indicate, these assumptions were not supported by the data of the first and sec-
ond teaching experiment. Therefore, the design for the third research cycleincluded
more real-life contexts as starting points.

Teaching experiments

The second phase of the design research cycle is the phase of the teaching experi-
ment, in which the prior expectations embedded in the HLT and the instructional ac-
tivitiesare confronted with classroom reality. Theterm ‘teaching experiment’ isbor-
rowed from Steffe (Steffe, 1983; Steffe & Thompson, 2000). The word ‘ experiment’
doesnot refer to an experimental group - control group design. In this section we ex-
plain how the teaching experiments were carried out; in particular, we pay attention
to the data sampling techniques during the teaching experiments.

Before the start of the teaching experiments we spoke with the teachers and observ-
ers about the aims of the experiment, the teaching materials and the schedule of the
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teaching sequence. We preferred to have more observers than only the researcher
himself: other observers might see different aspects, and discussing the observations
and the observation method was useful for improving the internal reliability. In the
classroom the observers participated by means of joining in classroom discussions
and explanations. Also, they approached students with questions concerning key
items, or answered questions from students.

The research questions share a process character: they concern the development of
the understanding of the concept of parameter and the process of instrumentation of
computer algebra. Therefore, we focused on data that reflected that process and pro-
vided insight into the thinking of the students. The main sources of data, therefore,
were observations of student behaviour and interviews with students. The observa-
tionstook place at threelevels: classroom level, group level and duo level. Observa-
tionsat classroom level concerned the classroom discussions, explanations and dem-
onstrations that were audio- and videotaped. These plenary observations were com-
pleted by written data from students, such as handed-in tasks and notebooks.
Observations at group level took place while the students were working in pairs on
the instructional activities. The observers often took the initiative to interview pairs
of students about their answersto key items. Asthe whole classwastoo big to man-
age thisway, we selected anumber of student pairsin each class who would receive
specia attention. These selected pairs (in total about half of the students) were di-
vided among the observers. Selection took place during the first lesson according to
practical criteria such as the position of the pair in the classroom, the willingness to
discuss their solutions, communicative skills and mathematical level. The questions
that the observers posed during these mini-interviews had been prepared before-
hand. The aim was to ask them about their solution process soon after they finished
the task. These mini-interviews were audiotaped. In addition to this, the observers
made field notes on an observation form that contained information that was not re-
corded, such as student notations or commands in the computer algebra environ-
ment. In practice, the mini-interviews on some occasions were guided so much by
the observer that they had a learning effect. Also, the timing of the mini-interviews
was important: if the key assignment was part of the homework, or had been dis-
cussed by the teacher, the mini-interviewslost their relevance. Asthetasks got hard-
er, students were tempted to see the observer more and more as an assistant teacher.
It was difficult for the observer to reject that role, but in the meantime their help in-
fluenced the learning process. Although the students questions were informative,
sometimes the concept of the mini-interviews about key items required the observer
to refrain from answering.

Observations at the duo level concerned one pair of students in each of the classes.
This pair had been selected by the teacher such that the two students were neither
very good nor very poor in mathematics, were willing to take this role, had a good
attitude and were communicative and willing to talk about their work. The two stu-
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dents were encouraged to discusstheir work by having them share one computer al-
gebra calculator. The screen of this calculator was videotaped.

Thelessons were evaluated with the teachers. These discussions influenced the sub-
sequent lessons, as is characteristic of design research micro-cycles. In particular,
the organization of the next lesson and the content of the plenary parts were dis-
cussed. Also, decisions were taken about skipping tasks because of time pressure.
Such decisions were recorded in the teaching experiment |ogbook.

For the teaching experimentswe aimed at finding aregular school with teacherswho
were not specifically skilled in using technology in their teaching. Thiswould enable
generalization of the results to regular educational situations.

Retrospective analysis

The fourth and final phase of a design research cycle comprises the retrospective
analysis. It includes the data analysis, reflection on the findings and the formulation
of the feed-forward for the next research cycle. In this section we focus on the data
analysis method of this study. Asthe main sources of data are observations and in-
terviews, the data analysis concentrates on that.

Thefirst step of the retrospective analysis concerned elaborating on the data. A se-
lection from video- and audio-tapes was made by event sampling. Criteriafor the se-
lection were the relevance of the fragment to the research questions (understanding
of the concept of parameter and instrumentation of computer algebra) and to the HLT
of thisteaching experiment in particular. Data concerning key items was aways se-
lected. This selection was protocolled verbatim. From the audiotaped mini-inter-
views, more than half of the recorded period was typed out. From the video-taped
work of the pair of students, only alimited part of the registered time was typed out
verbatim, as students often proceeded slowly while working on their own, and did
not always explain their method. In such cases, the tapes were summarized into de-
scriptions of machine manipulations and overall strategy. Also fragments of mini-
interviews that were long-winded and unrelated to essential aspects of the study
were summarized so that if any doubt were to arise they could be traced later. Long
plenary explanations were summarized aswell, unlessthere wereinteresting student
interventions. Registrations where students were not working at al, or where organ-
izational matters were discussed, were not elaborated on. The written work from the
students was surveyed and analysed, especially the work on key items, tests and
hand-in tasks. Results were summarized in partial analyses.

The first phase of the analysis consisted of working through the protocols with an
open approach that was inspired by the constant comparative method (Glaser &
Strauss, 1967; Strauss, 1987; Strauss & Corbin, 1998). Remarkabl e events or trends
were noted and were confronted with the expectations and with the coding system
that had been developed before the teaching experiment, based on the HLT and the
instructional activities. The question now was whether the proposed coding system
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was appropriate for covering the remarkable events and trends that were found by
the open approach. Adaptations to the coding system and to the interpretation of cat-
egories were made to fine-tune this match.

The second phase of the data analysis was the first round of coding. In practice, it
was necessary to memo decisions on specific categories of observations that were
not foreseen, or on dealing with overlap between categories. The first round of cod-
ing took alot of time; for example, previous codes needed to be revised in accord-
ancewith new decisions. After awhile, the coding advanced faster and thisindicated
the completion of the coding system and its additional decisions.

The third phase of analysis concerned looking for trends by sorting events with the
same code and analysing these categories. This led to the distinction of subcatego-
ries that needed to be coded accordingly. The findings were summarized for each of
the categories and illustrated by prototypical observations. These preliminary con-
clusions were tested by surveying the data to find counter-examples or other inter-
pretations, and by datatriangulation: we analysed the other data sources, and in par-
ticular the written student material, to find instances that confirmed or rejected the
preliminary conclusions. The analysis of the written materials often provoked are-
consideration of the protocols. The analysis was continued in this way until satura-
tion, which meant that no new elements were added to the analysis and no conclu-
sions were subject to change.

The fourth phase of the data analysis included the second round of coding: a value
judgement was added to the codes. Was the observed student behaviour in the pro-
tocol correct, neutral or did it inhibit the progress of the task in question? The results
of this coding process are presented in Chapters 9 and 10.

The coding process was partially repeated by a second researcher who was not in-
volved too closely in the research, in order to achieve an inter-subjective agreement.
The procedure for this was that the final coding system was explained to the second
researcher. The second researcher then carried out a coding trial on afirst part of the
data, after which the two researchers discussed the results of thistrial; the second re-
searcher often needed further information on the sometimes implicit decisions that
were made during the first coding process. Also, the second researcher’s remarks
sometimes led to corrections of the first researcher’s codes. The two researchers
worked through the first part of the data until they agreed on the coding. Then the
second researcher coded a second part of the data, which was discussed again. Grad-
ually, the agreement between the two researchers grew, and discussions were no
longer needed. This process led to coding results that were attributed in a clear way,
were not biased by the perception of the first researcher and contained fewer mis-
takes than would have been the case without a second researcher.

The next phase in analysing the data was the interpretation of the findings and the
comparison with the preliminary expectations. Also, explanationsfor the differences
between expectations and findings were devel oped. These conclusions and interpre-
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tations functioned as feed-forward for the formulation of new hypotheses for the
next cyclein the research. During the data analysis phase, the decisions and findings
were tracked in a chronological analysis logbook.

Research cycle arrangement

In this section we describe the arrangement of the design research macro-cyclesin
this study. The design of the study provides three research cycles, indicated by G9-
I, G9-1I and G10-l1, and one intermediate cycle, called G10-I. The G stands for
‘grade’, and the 9 and 10 refer to the grade in which the teaching experiment was
conducted. The | and Il refer to the first and second cohort of students involved in
the study. Fig. 2.2 visualizes this arrangement.

Chapter 7 Chapter 8

Figure 2.2 Arrangement of research cycles and teaching experiments

Thearrowsin Fig. 2.2 indicate that about half of the subjects from G9-I also partic-
ipated in G10-1 whereas the other half was no longer involved; the same applies to
G9-11 and G10-I1. The three main cycles are discussed in Chapters 6, 7 and 8. The
intermediate cycle G10-I is briefly addressed in Section 8.2. Below, we give more
detailed information about the subsequent research cycles, and in particular about
the teaching experiments.

The first teaching experiment G9-|

The G9-1 teaching experiment started in January 2000 in two ninth grade classes.
The 53 students (14- to 15-year-olds) were at the highest level of secondary educa-
tion, the pre-university level (in Dutch: vwo). Streaming according to interest had
not yet taken place: future students of the exact sciences and those intending to study
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languages or the social sciences were mixed up together. Therefore, the population
consisted of pupils who were gifted in general, but not specifically in mathematics.
The experiments ran for about five weeks with four mathematics lessons of 45 min-
utes each per week. The time for these teaching experiments, which did not fit well
into the regular curriculum, was created by means of one extra mathematics lesson
during half of the school year. This additional time was paid for by the research
project. The studentswere not aware of the relation between the teaching experiment
and the extra mathematics lesson during the second half of the school year.

During the experiments the students had a symbolic calculator, the TI-89, as com-
puter algebratool. The rationale for this choice is explained in Section 5.5. The stu-
dents used the T1-89 both in school and at home.

The intermediate experiment G10-I

One year later, the population of the G9-I research cycle had reached the tenth grade
and had been streamed into a ‘society stream’ (in Dutch: maatschappij profiel), di-
rected towards social studies and language, and an exact stream (in Dutch: natuur
profiel), aiming at medical and exact studies. The G10-1 experiment was carried out
with the class of the exact stream of 14. All students but one participated in the G9-
| teaching experiment, so the G10-1 population consisted of those studentsfrom G9-
I who were interested in mathematics and science. The G9-1 students who opted for
the social stream in the tenth grade were outside the scope of the study. Therationale
for the choicefor the exact stream liesin the perception that the concept of parameter
ismorerelevant to them than it isto studentsin the society stream, and that computer
algebra use fits their curriculum better.

In G10-1 there were no facilitiesfor extramathematics lessons. This, in combination
with thefull programme for tenth grade mathematics and someloss of teaching time
because of the teacher’ s absence, led to having only fivelessons availablefor the ex-
periment, which waslessthan scheduled. Also, the teacher felt the need to stick close
to the regular curriculum. Because of these constraints, the research purposes could
not be dealt with asintended. Therefore, we consider G10-1 as a short and meaning-
ful experience, but not as afully developed research cycle.

The second teaching experiment G9-II

The G9-11 teaching experiment was similar to G9-1. It involved two ninth-grade
classes, with atotal of 54 students. It concerned the cohort of students that came one
year after the G9-I cohort. This experiment consisted of 19 lessonsin class A and 22
in class B over a period of 5 weeks, and it was facilitated by extra mathematics les-
sons during the school year. The G9-I1 population was a mixture of students who
would be joining the social stream and the exact stream.
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The third teaching experiment G10-II

Just asin cohort I, the students of the G9-11 population could choose the exact stream
in the tenth grade. The 28 students that did so were involved in the G10-11 teaching
experiment. The other students from G9-11 were no longer involved.

Contrary to the situation for G10-I, in G10-11 we managed to find time for a series
of 15 lessons entirely devoted to the research goals. As there were no extralessons
available, the students had to work through the regular curriculum during the rest of
the school year at a somewhat higher speed.

All together, 110 students were involved in the teaching experiments: 53in G9-1, 54
in G9-11 and three students who entered the experiments in tenth grade, dueto afail-
ure to move on to the eleventh grade. Over 100 lessons were observed: 46 in G9-1,
41in G9-1, 5in G10-1 and 15 in G10-I1.

Design and methodology in practice

In this section we discuss some practical matters concerning the research design and
the methodology. We address the choice of the experiment school and the teachers
involved, the teaching styles and organization of alesson, the classroom setting for
video registration and an overview of the data.

The choice of the experiment school and the involved teachers

For the teaching experiment we chose a regular educational setting with facilities
that were limited to the availability of computer algebra machines and extralessons
in ninth grade. The rationale for this choice was that it would enable generalization
of the experiences to other secondary schools. The fact that teaching experiments
performed in a ‘real-life’ educational setting may include noise, due to the large
number of factors that influence the results, was taken for granted.

The teaching experiments took place in the years 2000 and 2001 at a school called
‘Werkplaats Kindergemeenschap' (‘ Child Community Workplace') in Bilthoven.
We werein contact with one of the teachers at this school, and through him we heard
that there were more teachers willing to be involved in experiments. If we take into
consideration the size of the experiments and the spread over several school years, a
team of teachers who were willing to participate in experiments was an important
factor; often, teacherswho are interested in doing so have an i solated position within
their school.

The Werkplaats Kindergemeenschap is a school in a small town not far from
Utrecht. Some of the — mainly white — students live in Bilthoven, but many come
from Utrecht. Apparently, a school outside the city is attractive to students and their
parents, asisthe particular pedagogical background of the school: it originated from
aprivate initiative and describes its vision on education as follows:
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We are a school where the learning comes first. But learning for a certificate
aloneisnot enough. Our resultsin national examinations are fine, but we want
to give children more than that. The most important is the way in which the
children, the workers, and the adults, the co-workers, treat each other. Stu-
dents are taken seriously and are stimulated to give their opinion. Students
learn to deal with adults and acquire self-confidence by means of taking part
in discussions, giving presentations and carrying out projects. In the out-of-
classroom activities such as sport, musical s and open stages, the children learn
to co-operate and to appreciate each other’s performance. This givesthem an
advantage in many respects at the start of a study at a university or a voca
tiond college, because social skills such as collaboration, presentation, inde-
pendence, initiative taking and being able to formulate your opinion are very
important in higher education.

(Retrieved 2 July 2002 from www.wpkeeshoeke.nl, translation PD)

Our impressionisthat thisvision on education did not influence the way the teaching
experimentstook place. The population isdiverse and the students do indeed express
themselves in the classroom, towards each other and towards the teacher.

Carrying out al the teaching experiments within one school had the advantage that
theteachers could participate twice, and that students could be monitored during two
subsequent experiments. The disadvantage could be that the school situation is too
particular to alow for generalization. We have no indication that thisis the case.
The two student cohortsthat took part in this study were considered as weak cohorts
by the teachers. Evidence for this was the low student participation in the exact
stream in the eleventh and twelfth grades.

Teaching experiment Class Teacher Observers

A Teacher A 3
GO-|

B Teacher B 3

A Teacher A 2
GO-ll

B Teacher B 2
G10-I Teacher C 1
G10-Il Teacher D 1

Table 2.1 Teachers and observersin the teaching experiments

The teachers who took part in the teaching experiments were those who normally
taught the ninth and tenth grades, and who were willing to experiment. The two
teachers who taught in G9-I both repeated the experimentsin G9-I1. Table 2.1 pro-
videsan overview the arrangement of teachersand observers. In G9-1 there weretwo
extra observers besides the researcher, and in G9-11 one.
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Teacher C, who was involved in the intermediate experiment G10-1, was the only
one who was experienced in using graphing calculators and computer algebra soft-
warein histeaching. The other teachers had hardly any experience in using technol-
ogy in their classroom teaching.

Beside the three teaching experiments G9-1, G9-11 and G10-I1, and the intermediate
experiment G10-1, at the Werkplaats Kindergemeenschap, two other schools were
involved in the study. In the autumn of 1999, pilot interviews about the concepts of
variables and parameters were held with students in the ninth grade at St. Gregorius
College in Utrecht. In the spring of 2000, a five-lesson teaching experiment on the
concepts of variable and parameter was held in aninth-grade class at J.S.G. Mamo-
nides in Amsterdam using the Studyworks software package. Other project work
(the project ‘Algebra investigations in a digital learning environment’ and the
‘Teacher network TI-Interactive’) provided a frame of reference, and in particular
alowed for observing in other schools and with other computer algebra tool phe-
nomenasimilar to those observed in this study.

Teaching style and the organization of a lesson

In spite of the differences between the participating teachers, the global organization
of thelessonsin the teaching experiments showed many similarities. Often, alesson
started with aplenary discussion of home-work assignments. The teacher reacted to
guestions from students, or discussed issues that he or she found relevant to stress.
In some cases a global line for the student activities was sketched. The T1-89 view-
screen projection could be used for demonstrations by the teacher or by students.
The second phase of the lesson often consisted of student work. The students usually
worked in pairs, athough they could choose to work individually. Exchange be-
tween pairs took place often. Solutions to the assignments were available, either in
the student text books or at the front of the class. The third phase of most lessons
consisted of feedback on the students' work, either through a plenary discussion or
explanation that was guided by theteacher, or by studentswho presented their work.

However, there were differences in teaching styles between the participating teach-
ers. Whole-class discussions or explanations were not held very often by teachers B
and D. All teachers seemed to find it very important for the studentsto work in pairs
and reserved much time for that. As a consequence, the whole-class exchange of
opinions and findings took place only to alimited extent and data analysis concen-
trated on the observations of the students.

The classroom setting for video registration

Video registration of the screens of the T1-89 symbolic calculator was used for two
kind of observations: for capturing the work of the selected pair of students and for
registering classroom demonstrations by the teacher or the students.
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The classroom setting for this registration is shown in Fig. 2.3. One of the two ma-
chines of the selected pair of students was connected to a viewscreen on top of an
overhead projector. A video camera registered the projection of the calculator
screen, and the discussion between the two students. Because other students could
see the projection screen as well, the selected pair was situated at the back of the
classroom. In practice, sometimes students watched the screen of the selected pair,
but this did not disturb the students’ work.

The same arrangement was used for classical demonstrations. Often, the teacher
stood at the blackboard while one of the students operated the machine (cf. the * Sher-
pa-student’, Guin & Trouche, 1999; Trouche, 2000). Each of the students had acom-
puter algebra machine that could be connected to the viewscreen.

OHP

\_STL/ \ sT2/
Back of the classroom

T1:89

U9a.10s uonoeloud

Figure 2.3 Classroom arrangement for video registration
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An overview of the data

Several kinds of data were collected in each of the teaching experiments. Table 2.2
provides an overview.

Data collection technigue G9-l Go-ll G10-11
Pretest - posttest + + _
Mini-interviews during lessons + + +
Observation of classroom discussions + + +
Permanent observation of pair of students - + +
Students’ written notebook materials + + +
Students’ written hand-in tasks + + +
Observers’ logbook — + +
Post-interviews with students + + -
Written evaluations by students + - +
Post-interviews with teachers + + +

Table 2.2 Overview of data

Pretest and posttest datawere collected in two of the three teaching experiments. The
pretest served as an indication of the entrance level of the students. The posttest as-
signments from G9-11 were matched to the pretest assignmentsin order to determine
the progress during the teaching experiment. This approach averted the situation in
G9-1, where the pretest and the posttest were similar. In this case the pretest discour-
aged the students because it was too hard.

We considered using software for the analysis of the qualitative data. Packages such
as Atlas-Tl, Nudist and Mepa support the coding, retrieving and sorting of qualita-
tive data. After estimating the balance between required effort and expected bene-
fits, we decided not to do so. Once the data were systematically entered in a word
processor, the text editing software provided support for an important part of the
functionality of the dedicated software. In particular, the search function could do
most of the tasks for us.

Onno van Herwaarden (Universiteit Wageningen) carried out the second coding of
thedatafor G9-1, VeraEmons (Katholieke Universiteit Leuven) did so for G9-11 and
Danny Dullens (Universiteit Utrecht) did so for G10-11.
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3.1

3.2

The learning and teaching of algebra

Introduction

Understanding algebrais a central issue in the main research question. To elaborate
on this, the present chapter concerns the learning and teaching of algebra. Together
with Chapters 4 and 5, it forms the theoretical part of thisthesis.

In this chapter we first address the different approaches to algebra that are distin-
guished inthe literature. This categorization hel ps us to define our position (Section
3.2). Next, we identify the main difficulties of learning algebra (3.3). One of these
difficulties concerns the process-object duality. This duality is relevant to our study
because we conjecture that working in acomputer algebra environment affectsit and
may reinforce the object view of algebraic formulas and expressions (3.4).

Dealing with algebraic language, which consists of symbolsand formulas, is another
important aspect of learning algebra. Therefore, we discuss the concept of symbol
sense, which includes the ability to understand the meaning and the structure of for-
mulas and expressions. The theories on symbolizing offer ideas on how to acquire
these aspects of symbol sense (Section 3.5).

Notions on how a meaningful framework of mathematical relations is constructed
are part of the theory of Realistic Mathematics Education. In Section 3.6 we discuss
this theory and define our position for this study.

In order to be able to understand the educational context of the teaching experiments
that are presented in Chapters 6, 7 and 8, we describe some characteristics. of algebra
education in the Netherlandsin Section 3.7.

Approaches to algebra

Algebrais aversatile and comprehensive topic within school mathematics. In order
to get more insight into the structure of school algebra and the views that exist on it,
we consider the different approaches to school algebrathat are described in the lit-
erature. These approaches can be considered as a phenomenological categorization
of algebraand will help usto clarify our position towards algebrain this study.

Four approaches

In the educational research literature, different approaches to algebra and to the
learning of algebraaredistinguished (Bednarz et al ., 1996; Usiskin, 1988). These ap-
proaches don’t form a hierarchy, a sequence or alevel structure; rather, the catego-
rization provides an overview of the different characteristics of school algebra. Al-
though differences can be found, the following inventory of approaches to algebra
is quite common:

» The problem-solving approach;

« Thefunctional approach;
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- Theapproach by generalization, pattern and structure;

« Thelanguage approach.

The problem-solving approach sees algebra primarily as a means of solving prob-
lemsthat are formulated in equations. The question iswhat value(s) of the variable,
which plays the role of an unknown, fulfil(s) the required conditions.

The functional approach sees algebra primarily as the study of relations and func-
tions, which explains the term ‘functional’. Algebra, then, is a means to formulate
and investigate rel ations between variables. Thisinvolves covariance and dynamics:
how does a change in one variable affect the other? The variables have the character
of changing quantities.

The generalization approach focuses on the generalization of relations, and the in-
vestigation of patterns and structures. We distinguish generalization over and gener-
aization to. The latter involves transfer, but this study concerns generalization over
classes of situations, graphs and formulas. Variables are generalized numbers.

The language approach stresses the language aspect of algebra. Algebrais ameans
to express mathematical ideas and for that syntax, symbols and notations are needed.
The language approach to algebra views algebra as a system of representations, asa
semioatic system (Drouhard, 2001). Variablesinthisview of agebraare merely sym-
bolsthat do not refer to a specific context-bound meaning.

History of algebra

A fifth approach to algebrathat is often mentioned is the historical one (e.g. Bednarz
et al., 1996). Some research studies take the historical development of algebraas a
source of inspiration for the development of alearning trgjectory (e.g. van Amerom,
2002). The rationae for this is that the historical development and the struggle of
mathematicians throughout the centuries indicate where the difficulties of a particu-
lar topic lie. For example, Rojano (1996) uses the historical perspective to stressthe
role of problem-solving in the development of algebra and discusses the danger of a
too rapid transition to symbolic manipulation.

The historical development can serve as a design heuristic in two ways: it can point
out conceptual difficulties within a specific domain, and it can provide an outline of
the learning trajectory. The learning trajectory can follow the global historical de-
velopment, and historical examples and strategies can serve as contexts used in stu-
dent texts (Harper, 1987).

Position in this study

Distinguishing different aspects of algebra can be fruitful for the researcher, the de-
signer and the teacher. In educational practice, however, these approaches cannot be
separated, because one and the same problem situation often provokes algebraic ac-
tivities from different approaches.
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Let usillustrate this with a simple example. If we represent the price of ataxi ride
by the formula price = 5+ 2 - distance, we are in ‘functional mode'. However,
quite naturally, the question arises how far we can get with 10 euros, so the problem-
solving aspect comes in. If the prices quoted by several taxi companies are com-
pared, generalization is alogical next step. To formulate the findings we use alge-
braic language. In short, the four approaches are often integrated. One can focus
temporarily on one of the aspects, but by preference the approaches are interwoven.
In this study, we therefore choose an integrated approach. The point of departureis
thefunctional approach: algebra asthe study of relations, asameansto represent and
investigate relations between variables that have a dynamic character. This point of
departureis chosen becauseit links up with the Dutch curriculum for 12- to 16-year-
olds and with the preliminary knowledge of the studentsin the ninth and tenth grades
who areinvolved in the study. Quite soon, the functional approach will be combined
with the problem-solving approach, which is natural, as was stated above. A next
step isthe generalization of relations and solutions by means of parameters. Algebra
in this study isastudy of relations that |eads to problem-solving and generalization.
Language aspects are important, particularly while working in a computer algebra
environment that puts high demands on syntax and notation.

The historical development of the concept of parameter in this study is used to indi-
cate the main conceptual difficultiesinvolved (Section 4.3). However, we do not use
the historical development as a guideline for the learning tragjectory. The learning
trajectory does not necessarily follow the historical line, and in our case the func-
tional approach, which historically was devel oped | ater than the concept of the alge-
braic parameter, is the main approach in the preliminary education of the students
involved in the study.

Difficulties with learning algebra
Algebra is a powerful and indispensable tool for doing mathematics because it
‘makes hard things simple’:

Thereisastage in the curriculum when the introduction of algebramay make

simple things hard, but not teaching algebra will soon render it impossible to

make hard things smple.

(Tall & Thomas, 1991, p. 128)
The learning of algebrais not easy. Along the line of the difficulties mentioned in
Section 1.2, we identify the following five difficult aspects of the learning of alge-
bra:

1 The formal, algorithmic character of algebraic procedures that the student can

not relate to informal and meaningful approaches;
2 Theabstract level at which problems are solved, compared to the concrete situ-
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ations they arise from, and the lack of meaning that the student attributes to the
mathematical objects at the abstract level;

3 The need to keep track of the overall problem-solving process while executing
the elementary algebraic procedures that are part of it;

4 The compact algebraic language with its specific conventions and symboals;

5 Theobject character of algebraic formulasand expressions, where the student of -
ten perceives them as processes or actions, and will have problems with the ac-
companying ‘lack of closure’ obstacle.

We now elaborate on items 1 - 4; the last item is addressed in Section 3.4.

1. Informal and formal

The students' first approach to algebraic problems is often a natural and informal
one, related to the specific problem situation. In education, however, we often focus
on developing more formal routine methods that are supposed to be automatized.
Formal routine methods are efficient and, once mastered, free the students from re-
inventing the solution method at each instance. According to Kindt, the transition
from informal to formal algebrais alevel jump that students find difficult to make
(Kindt, 1980, 2000). The lack of time spent on the informal phase and on the stu-
dents' schematization areresponsiblefor this. Too soon, strategies are shortened, au-
tomatized and condensed into compact algebraic forms.

Once the students acquire some formal and routinized method, they often make er-
rors while executing the algebraic procedures. They are unable to trace or correct
their errors (e.g. Rosnick, 1981; Wagner, 1983; Wenger, 1987). Students who are
able to perform routine algorithms at aformal level correctly, often show alimited
idea of the meaning and are | ost as soon as the problem situation is slightly changed.
Thereisalack of mathematical flexibility to adapt the problem-solving procedureto
the new situation, unlessthe students are ableto refer to theinformal, natural method
(Ktchemann, 1981). Thisindicates that the development of routine formal methods
is full of risks, but alows for standard problems to be dealt with efficiently. Freu-
denthal formulated the problem with automized forma methods as follows:

| have observed, not only with other people but also with myself (...) that
sources of insight can be clogged by automatism. One finally masters an
activity so perfectly that the question of how and why is not asked any more,
cannot be asked any more, and is not even understood any more as a mean-
ingful and relevant question.

(Freudenthal, 1983, p. 469)

Therefore, the first bottleneck in the learning of algebrais the tension between the
informal and natural approach to algebraic problems and the formal, routinized al-
gorithms. This issue is elaborated in Section 3.6 on Realistic Mathematics Educa
tion.
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2. Concrete and abstract

The second bottleneck, which is related to the first one, concerns the need to jump
back and forth between the concrete level of the realistic problem situation and the
global, general level that is more abstract (Goddijn, 1979; Kemme, 1990; de Lange,
1987). On the one hand, the symbols and operations acquire their meaningsin real-
istic problem situations; on the other hand it can be efficient to ‘forget’ this redlity
during the execution of the problem-solving strategy and think within the ‘world of
algebra’, where the meaning of the objectsisrelated to the algebraic rules and prop-
erties. Thisdistinction can be personified by Descartes, who considered the connec-
tion between symbolizations and the setting from which they were derived as criti-
cal, and Leibniz, who stressed the use of symbolizations that were detached from
their origin (Gravemeijer et a., 2000). As Malle (1993) indicates, the separation of
meaning and form, of semantics and syntax, is one of the difficulties of algebra.
Whilelearning algebrathe student needsto be able to switch between those two per-
spectives, which isnot easy, in particular when the algebrai ¢ framework has not ac-
quired meaning in itself for the student. The second bottleneck, therefore, isthe ten-
sion between concrete and abstract: algebratends towards abstraction, but its mean-
ing originates in concrete problems. If the student sticks to the concrete too much,
the power of generalization and abstraction that algebra offers, will remain unappre-
ciated. The ability to see this power requires the development of meaningful alge-
braic objects and operationsin the world of algebraitself.

Thispointisalso related to thetheory of Realistic Mathematics Education and isdis-
cussed further in Section 3.5 on symbol sense and symbolizing, and in Section 4.5
on levels of understanding.

3. Elementary procedures and overall strategy

A third obstacle while learning algebrais the need to keep track of the overall prob-
lem-solving process while executing the elementary algebraic procedures that are
part of it. Often students are able to perform isolated elementary algebraic tech-
niques. In more complex situations, however, the execution of the subprocesses that
the students do master, requires so much of the students' attention that they lose sight
of the complete problem-solving process. They no longer have an overview of how
the series of partial procedures forms a whole, integrated problem-solving strategy.
Thisissueiselaborated in Section 5.4.

4. Natural language and algebraic language

The fourth difficulty of the learning of algebra is the language aspect. As Philipp
(1992) putsit, algebrais syntactically strong but semantically weak. Algebraic lan-
guage has many symbols, conventions and notations that are compact, powerful and
unambiguous; however, it is difficult for students to learn and differs from natural
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language in many respects (Pozzi, 1994). Therefore, the learning of the algebraic
languageisabottleneck for students. Thelanguageissueis elaborated in Section 3.5
on symbol sense and symbolization.

This inventory of difficulties of the learning of agebra is not exhaustive; it does,
however, contain the main issues that are addressed in this study. The main difficul-
ties addressed in this study areissues 1, 2 and 5. Our ambition is to help students to
develop meaningful agebraic objectsand operationsthat are not only related to real -
life contexts, but are also embedded in a meaningful framework of mathematical re-
lations. Furthermore, formulas and expressions are to be considered as objects that
derive meaning from this framework of algebraic relations, and not only as process-
esor as prescriptions for numerical calculations. This raisesthe issue of the process-
object duality, which we will now address.

Process and object

One important difficulty in learning algebra is the process-object duality. A mathe-
matical concept often has two faces: an operational process side and a structural ob-
ject side. For students, the process aspect initially dominates the concept. A mature
understanding, however, includes the object side and the flexibility to switch be-
tween the two views. This process-object development is hard to redlize.

In this study we consider the process-object duality in algebraic formulas and ex-
pressions, because we conjecture that working in a computer algebra environment
affects it and may reinforce the object view of algebraic formulas and expression.
This requires overcoming the lack of closure obstacle.

The following two quotations indicate that the construction of mathematical entities
or objectsis the ‘heart’ of mathematics:

(...) thewhole of mathematics may therefore be thought of in terms of the con-
struction of structures, . .. mathematical entities move from one level to
another; an operation on such “entities’ becomes in its turn an object of the
theory, and this process is repeated until we reach structures that are alter-
nately structuring or being structured by “stronger” structures.

(Piaget, cited in Dubinsky, 1991, p. 101)

What characterizes the level structure may be expressed in a few words by
saying that the operational matter of alower level may become subject matter
on ahigher level.

(Freudenthal, 1962, p. 27)

However, students often focus on the operational aspects of mathematical concepts.
Several theoretical notions have been devel oped to deal with this duality and to de-
scribe the transition from process to object. The most important ones are reification,
encapsul ation and the sequence acti on-process-obj ect-schema (APOS) and procept.
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Reification, encapsulation and procept

A common starting point of these three ideas is the notion that mathematical con-
cepts usually have two sides: an operational side, which concerns the process aspect
and the actions, and a structural side, which stresses the static, object character. In
short, the concept can be considered as both a process and an object.
For example, afunction such as f(x) = x2— 7 hasaprocess aspect that may consist
of the calculation of function values, the drawing of its graph or the solving of equa-
tions such as f(x) = 9. The function is a prescription for a calculation process.
Meanwhile, this function also has structural aspects: it is amember of the family of
quadratic functions, represented by g(x) = a-x2+b- x+ ¢, it can be submitted to
processes such as substitution or differentiation, and it can be the solution of a dif-
ferential equation.
According to Sfard, concept devel opment often starts with the operational side: by
doing something (Sfard, 1991; Sfard & Linchevski, 1994). Gradually, by means of
practice and by the need to apply higher order processes to the concept, the process
character is complemented by the object aspect. This ‘objectification’ of processes
is called reification, ‘thing-making':

To sum up, the history of humbers has been presented here as along chain of

transitions from operational to structural conceptions: again and again, proc-

esses performed on aready accepted abstract objects have been converted

into compact wholes, or reified (from the Latin word res - thing), to become

anew kind of self-contained static constructs.
(Sfard, 1991, p. 14)

The notion of reification comes close to what Dubinsky calls encapsulation (Cottrill
et al., 1996; Dubinsky, 1991, 2000). Dubinsky refers to Piaget when he states that
encapsulation isan important step in reflective abstraction. Encapsul ation isthe tran-
sition from process to object within the comprehensive chain action-process-object-
schema. Encapsulating a concept allows it to be submitted to processes of a higher
order. The encapsulation or reification is crucia for level raising and abstraction in
mathematical thinking, asit allows conceptsto be organised into structures that can
be organized into higher level structures, and so on.

Theflexibility to shift between the process and the object perspective isindispensa-
ble for mature mathematical thinking (Graham & Thomas, 2000; Gray & Tall, 1994;
Tall et a., 2000; Tal & Thomas, 1991). Thisis expressed in the term ‘procept’, a
contamination of ‘process and ‘ concept’ (Gray & Tall, 1994). Theidea hereis that
one needs to be able to combine both perspectives adequately according to the prob-
lem situation. Gray and Tall (ibid.) describe a procept as a triad of process, object
and symbol:

An elementary procept isthe amalgam of three components: A processwhich
produces a mathematical object, and a symbol which is used to represent
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either process or object. (...) A procept consists of a collection of elementary
procepts which have the same object.
(Gray & Tall, 1994, p. 121)

The power of proceptual thinking and of the sequence process-object-higher order
process liesin the so-called mental compression that it allows:

Proceptual thinking is characterized by the ability to compress stagesin sym-
bol manipulation to the point where symbols are viewed as objects that can be
decomposed and recomposed in flexible ways.

(Gray & Tall, 1994, p. 132)

The process-object duality is still in discussion. We agree with Artigue (1996) that
thereis aqualitative gap between the process level and the object level of conceptu-
aization. For example, students have difficulties in perceiving equivaent functions
as identical if their calculation processes are different, such as f(x) = 3. (x-2)

and g(x) = 3-x—6. According to Artigue, it is hard for students to surpass the
process level and to integrate the process and the object perspective (Artigue, 1996).
For the purpose of observing reification, Dorfler’s comment is useful. He states that
reification has a unifying aspect, and that it can be expressed by language (e.g. by
using nouns for the objects) and by graphical or diagrammatic means, such as draw-
ing ovals around objects (Dorfler, 2002). Noss and Hoyles argue that the theory of
reification in its present form leads to the inescapabl e conclusion that the process of
understanding is a one-way, hierarchically-structured, uphill struggle (Noss & Hoy-
les, 1996). We agree that the reification view is a hierarchical one that may tend to
neglect the forth-and-back movements that are involved in developing a relational

framework. However, for the purpose of this study we think the reification theory
offers an appropriate means to investigate the development of symbol sense and in-
sight into algebraic formulas and expressions.

The reification of formulas and expressions, and the lack of closure obstacle

The reification of algebraic formulas and expressions is important for the learning
of algebra, and isrelated to the lack of closure obstacle that is described in research
literature on the learning of algebra (Collis, 1975; Kichemann, 1981; Tall & Tho-
mas, 1991). While learning algebra, students need to extend the process view of a-
gebraic expressions and formulas with an object view: contrary to the situation in
arithmetic, in algebraic expressions there is often no process to be carried out in a-
gebra. The inability to deal with this is called the lack of closure obstacle. This
means that students feel uncomfortable as long as an expression or variable has no
numerical value and contains operators, so that the processis not closed. This can
prevent the students from proceeding. To them, thejobisnot finished. Thisisrelated
to the expected answer obstacle, which concerns the expectation of numerical an-
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swers. Tall and Thomas explained the lack of closure obstacle as follows:

It [the expected answer obstacl€] causesarelated difficulty, which wetermthe
lack of closure obstacle, in which the child experiences discomfort attempting
to handle an algebrai c expression which represents a process that (s)he cannot
carry out.

(Tall & Thomas, 1991, p. 126)

Although algebrasometimesis considered as generalized arithmetic, many research-
ersstressthe differences between arithmetic and algebra (van Amerom, 2002; Char-
bonneau, 1996; Mason, 1996; Wagner, 1983). The process-object duality and the
lack of closure obstacle can help to clarify the differences, and thereby the * didacti-
ca cut’ between arithmetic and algebra (van Amerom, 2002; Filloy & Royano,
1989). An important aspect of this transition is that the operation view that domi-
natesthe field of arithmetic is extended with the process view in algebra. In order to
allow the flexibility between the process and the object character, algebraic notation
is often ambiguous, which is not the case in arithmetic. For example, the + signin
arithmetic refers to the process of addition. Many students tend to consider the + in
3+5 asacueto perform the addition and will start the calculation. The + signis pro-
cedural, operational and asymmetric: adding 5to 3isan action that differsfrom add-
ing 3to 5. In algebra, on the other hand, the + sign has a more ambiguous meaning
(Freudenthal, 1962, 1983; Tall et al., 2000). Calculating x+3 or a+b is not possible
unless the values of the variables are known. Asaresult, at+bis only meaningful if
it signifies an algebraic object to the student and if the lack of closure obstacleis
overcome. Then adding (a+b) and (a+2b) becomes possible. The + sign in algebra
has an operational but also a structural, relational and symmetric character.

Similar remarks can be made for the = sign. In 3+5 =, the = signifies the process of
calculating the result. In agebra, it can be that as well. For example, in
(x+5)-(x—3) =, the=sign may beacuefor aprocess, in this case expanding the
parentheses. In sin(2x) = cos(X) , the = sign may ask for the process of solving the
equation. In a+b=b+a, however, the = sign denotes the commutative property, and
in sin(2x) = 2-sin(x) - cos(x) it indicates equivalence (Hoogland, 1995). As
Graham and Thomas argue, an arithmetic expression asks for aprocess, which is of -
ten not the case for an agebraic expression (Graham & Thomas, 2000). The transi-
tion from arithmetic to algebra therefore involves the reification of processes into
objects, in other words the extension of the process view of formulas and expres-
sions with an object perception of these algebraic entities, and overcoming the lack
of closure obstacle.

Process and object in this study

In this study, the process-object issue is relevant to the understanding of formulas
and expressions. The reification of these concepts is important for success in alge-
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bra, and for the understanding of the concept of parameter in particular.

The study aims at facilitating students to perceive an expression or a formula not
only asacalculation prescription but also as an algebraic object, and at hel ping them
to overcome the lack of closure obstacle. Students should accept expressions and
formulas as solutions of equations, as outcomes of processes that can be submitted
to higher order processes such as substitution (Freudenthal, 1983). Reification of ex-
pressions and formulasis a prerequisite for dealing with them efficiently in the com-
puter algebra environment; on the other hand, the confrontation with expressions as
solutions of parametric equations in the CAs and its substitution may stimulate the
reification process (Section 5.5). The use of anoun to indicate an expression and of
descriptive rather than action language may evince this reification, aswill overcom-
ing the lack of closure obstacle and the acceptance and further processing of expres-
sions as solutions to equations.

Let us make this concrete by means of an example. Suppose the task is to find the
equation of aline through the point (0, -2) that ‘touches’ the parabolawith equation
y = x2—4x+5 (seeFig. 3.1).

Figure 3.1 Which line ‘touches’ the parabola?

To tackle this problem, one can solve the equation a- x—2 = X2 — 4x + 5 with re-
spect to x. The solution consists of two expressionsin a, 3a+ 2+ 3J/a2 + 8a—12
and 3a + 2-3./a? + 8a— 12 that haveto be acceptable to the student as objects that
represent the solution. Next, the two objects need to be equal, because only one so-
lution isrequired for the tangent.

Therefore, solving the equation a2+ 8 - a—12 = 0 with respect to a yields the two
(1 solutionsfor a (Fig. 3.2). This example showsthat reification of algebraic formu-
las is important, because they are treated as objects in the problem-solving proce-
dure. A second issue in this example is the shift of roles that the parameter plays.
Thiswill be addressed in Chapter 4. The reification of formulas and expressionsis
related to the reification of the function concept. Overcoming the lack of closure
does not imply that the object x+3 is considered as a function; reification of function
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involves more aspects (Slavit, 1997). The function concept is so versatile that itsrei-
fication is an issue that we find too comprehensive to deal with within the scope of
this study.

Fir] Fe= [F3~] Fi=] FE Far Fir] Fe= [F3~] Fi=] FE Far
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Figure 3.2 Solution procedure using the T1-89

Therefore, we concentrate on reifying formulas and expressions, which includes
overcoming the lack of closure obstacle and seeing expressions and sub-expressions
as entities. A second reason to focus on the reification of formulas and expressions
istheavailability of proceduresin the computer algebra environment that may stress
the object character of the algebraic expressions, such as ageneric solver and acom-
mand for algebraic substitution.

The process-object duality links up with Van Hiele level theory, which will be dis-
cussed in Section 4.5. In fact, the second Van Hiele level concerns the reflection on
processes of thefirst level that thereby get an object character (Gravemeijer, 1994).

Symbol sense and symbolizing

The reification of expressions and formulas is an important issue in the learning of
algebra. Related to thisis the ability to understand the meaning and structure of ex-
pressions and formulas. Thisis part of the general concept of symbol sense. After a
discussion of symbol sense we addresstheories of symbolizing, which offer ideason
how to acquire these aspects of symbol sense.

Symbol sense
The acquisition of symbol senseisan important aspect in thelearning of algebra (Ar-
cavi, 1994; Fey, 1990; Zorn, 2002). The term ‘symbol sense’ is not defined precise-
ly, but refersto the ability to give meaning to symbols, expressions and formulas and
to have a‘feeling’ for their structure. This ability isnot self-evident. It relates to the
notational aspect of algebra:
Mathematical notation is awonderful and powerful tool. It is also subtle and
difficult to learn. When we have mastered it, we often forget just how hard it

was and just what went into the development of our understanding.
(Schoenfeld & Arcavi, 1988, p. 426)
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Arcavi (1994) considers symbol sense as the analogy of number sense. He distin-
guishes severa aspects of symbol sense, such as the skill to set up a formula, the
ability to recognize equivalent expressions and to see how they may ‘tell adifferent
story’. Arcavi states that symbol sense is essential for success in algebra, and for
mathematics in general: ‘Symbol sense is the algebraic component of a broader
theme: sense-making in mathematics' (Arcavi, 1994, p. 32).

Arcavi refers to the example that we already mentioned in Section 1.2, the equation
v./u = 1+2v./1+u (Gravemeijer, 1990; Wenger, 1987). Although this equation
canbeseenasv- A = 1+ 2v- B, studentsusually missthe‘Gestallt view’ to notice
the linearity in v. They are not able to see the sub-expressions /u and J/u+ 1 as
objects, as entities. They do not have the ‘global substitution principle’ at their dis-
posal that would make them consider ./u + 1 asa‘thing’ that they can movewithout
caring about its content. Instead, they perceive the square root signs as a strong cue
that asks for manipulation in order to get rid of them. Such aglobal look at sub-ex-
pressions can be stimulated by putting ‘tiles’ on or ovals around the objects so that
the above equation can be rephrased as v.[] = 1+2:v-O (Freudenthal, 1962, Team
W12-16, 1992). Clearly, thiskind of symbol senseisrelated to the reification of ex-
pressions and formulas that was addressed in the previous section.

A similar example can be found in Wagner, Rachlin and Jensen (1984). The question
‘What isthevalueof (2z+1)/2 when5-(2z+1) = 10’ leadsto effortsto calcu-
late z. However, aglobal view of the expression indicates that thisis not necessary;
just considering 2z + 1 as an object, a‘ Gestallt view’, would do.

The two examplesillustrate the importance of being able to ‘ see through’ the struc-
ture of aformula or expressions and to be able to see sub-expressions as entities. We
conjecture that thisis easier to achieve in cases where the formulas or expressions
emerge from contexts that give meaning to them. Therefore, we confine theinterpre-
tation of symbol sense in this study to the understanding of the meaning and struc-
ture of algebraic formulas and expressions. This links up with Zorn’s description of
symbol sense:

By symbol sense | mean avery general ability to extract mathematical mean-
ing and structure from symbols, to encode meaning efficiently in symbols,
and to manipul ate symbol s effectively to discover new mathematical meaning
and structure.

(Zorn, 2002, p. 4)

This interpretation of symbol sense comes close to the concept of structure sense,
which focuses on ahilities such as using equivalent structures of an expression flex-
ibly and creatively (Hoch, 2003; Linchevski & Livneh, 1999). An important ques-
tion is what kind of symbol sense appropriate use of computer algebra requires
(Pierce & Stacey, 2002).
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Symbolizing

Algebraic expertise in the form of symbol senseis indispensable for the learning of
mathematics. But how do students acquire it?

According to the representational view of the learning of mathematics, knowledge
istied up in external representations or inscriptions that are supposed to bring about
the construction of internal, mental representations by the students (Cobb, 2002;
Cobb et a., 1992). The problem with this conception is, however that the use and
interpretation of the external representations aready require a mental frame of ref-
erence and an internal representation, which is part of what needs to be developed
by means of the external representations. This problem, akind of ‘ chicken-egg prob-
lem’, isthe so-called learning paradox (Bereiter, 1985).

Kaput (1994) suggests an exploratory approach that aims at exploring conventional
mathematical symbolizations in commission with experientially real settings. In
such settings technology can play a major role, asisthe case in Kaput's example of
the MathCars. The technology can bridge the gap between the ‘island of formal
mathematics and the mainland of authentic experience’ . Nemirovsky (1994) consid-
ers the appropriation of symbols from a sociocultural perspective. He distinguishes
the symbol system from symbol use: the symbol system is arather static, non-refer-
ential object, whereas symbol useisameaningful, situated activity that also involves
aprocess of reasoning.

In contrast to the representational view, theories on symbolizing take as their point
of departure the reflexive relation between the devel opment of symbols, models and
notations on the one hand, and the construction of meaningful mental objects on the
other (Cobb et al., 1997; Gravemeijer et al., 2000; Meira, 1995). The process of sym-
bolizing concerns the simultaneous and interactive development of symbols and
meaning. In this signification process, the student creates, uses and improves sym-
bolizations in relation to the devel opment of a meaningful framework of mathemat-
ical relations (Nelissen, 1998). However, for this process to take place the students
must be confronted with phenomenathat can foster this reflexive co-construction.
The perspective of symbolizing is relevant for this study because the learning of al-
gebrainvolves thejoint development of symbols and meaning. Furthermore, the re-
lation with the theory of instrumentation, which is discussed in Section 5.6, isinter-
esting: the instrumentation theory also concerns the dialectic relation between men-
tal objects and external representations, but focuses in particular at representations
that are not devel oped by the students themselves, but exist in the IT microworld.

RME and the learning of algebra

The domain-specific instruction theory of Realistic Mathematics Education (RME)
provides ideas on how a meaningful framework of mathematical relations and ob-
jectsis developed. In this section we first describe some of the key elements of this
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theory. Then we focus on RME and algebra. Finally, the role of RME in this study is
explained.

Key elements of RME

The principles that underlie RME are strongly influenced by Freudenthal’ s concept
of ‘mathematics as a human activity’. Freudenthal felt that students can not be con-
sidered as passive recipients of ready-made mathematics; rather, education should
guide the students towards reinventing mathematics by doing it themselves. Al-
though a clear-cut definition of RME is not easy to provide, the following character-
isticsare crucial for itsrole in this study:

a Guided reinvention and progressive mathematization

b Didactical phenomenology

¢ Horizontal and vertical mathematization

d Emergent modelling.

a Guided reinvention and progressive mathematization

According to the reinvention principle, students should be given the opportunity to
experience aprocess similar to that by which a given mathematical topic wasinvent-
ed (Freudenthal, 1973). Thus a route has to be designed that allows the students to
develop ‘their own’ mathematics. This process, however, needs guidance from the
teacher, to help to further devel op sensible directions, to leave ‘ dead-end streets’ and
to ascertain convergence towards the common standards within the mathematical
community.

The point of departure for this process are the informal strategies that students come
up with that gradually devel op into more formalized methods. Mathematical knowl-
edge is developed by progressively formalizing informal but meaningful strategies
(Gravemeijer, 1994). Thisis called progressive mathematization. It includes mathe-
matizing procedures and shortening them under the influence of context problems
(Treffers, 1987a, 1987b). Typical of progressive mathematization isthat studentsin
every phase can refer to the concrete level of the previous step in the mathematiza-
tion process and infer meaning from that.

b Didactical phenomenology

How can we arrange guided reinvention through progressive mathematization? Di-
dactical phenomenology can serve as a heuristic for designing student activities that
encourage students to devel op their strategies. The principle of didactical phenome-
nology was developed by Freudenthal (1983). Freudenthal distinguishes the ‘ noou-
menon’ — the thought object — and the  phainomenon’, the phenomenon. Didactical
phenomenology concerns the relation between thought object and phenomenon
from the perspective of teaching and learning. In particular, it addresses the question
how mathematical ‘thought objects’ can help in organizing and structuring phenom-
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enainreadlity.

Theword ‘redlity’ in this description can beinterpreted in two ways. First, it can re-
fer to real-life contexts that offer opportunities for concept-building, model-build-
ing, application and exercising (de Lange, 1987). However, redlity is not synony-
mous with real life. It can also refer to mathematical situations that students experi-
ence as redlistic. The essential point here is the word ‘experience’. Therefore,
Gravemeijer (1999) speaks about ‘experientialy real’ situations, which can refer
both to real life and to mathematics.

For example, if students have devel oped amathematical reality inwhich linear func-
tions are meaningful objects, an assignment that starts with ‘A linear function f has
the property...” may be perceived as redlistic. Essential in the word redlistic, there-
fore, is that the activities and concepts involved are meaningful and natural to the
students, no matter whether the meaning is derived from a rea-life situation, from
mathematics or from another topic. Didactical phenomenology, therefore, is the
study of the way in which phenomena can be organized by means of specific math-
ematical activities or concepts.

¢ Horizontal and vertical mathematization

We see mathematizing as the organization of a kind of reality with mathematical
means. In the previous section we stated that the word ‘reality’ can refer to redl life
in the sense of atangible reality as well as to the experientialy real world of math-
ematics.

Within RME a distinction is made between horizontal and vertical mathematization.
The following quotations explain this difference.

Thus, through an empirical approach - observation, experimentation, induc-
tive reasoning - the problem is transformed in such a way that it can be
approached by strictly mathematical means. The attempt to schematize the
problem mathematically is indicated by the term ‘horizontal’ mathematiza-
tion.

()

The activities that follow and that are related to the mathematical process, the
solution of the problem, the generalization of the solution and the further for-
malization, can be described as ‘ vertical’ mathematization.

(Treffers, 19874, p. 71)

As we see, horizontal mathematization concerns organizing, translating, and trans-
forming realistic problemsinto mathematical terms, in short, mathematizing reality.
Vertical mathematization concerns reflection on the horizontal mathematization
from a mathematical perspective, in short, mathematizing the mathematical activi-
ties and developing a framework of mathematical relations (see Fig. 3.3).Instru-
mentsthat can be hel pful for vertical mathematization are model s, schemes, symbols
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and diagrams (Treffers, 1987a). In realistic mathematics education, horizontal and
vertical mathematization should complement each other. De Lange (1987) states
that the horizontal aspect does not necessarily precede the vertical component. Asa
consequence, mathematization can follow different routes.

framework
mathematical
relations

vertical
mathemati zation

experientidly \ «——— [ mathematical
-
rea context horizontal mode

mathematization
Figure 3.3 Horizontal and vertical mathematization

d Emergent modelling

Above, we described progressive mathematizing as the formalizing and schematiz-
ing of informal problem-solving strategies. Horizontal and vertical mathematization
were distinguished. As a means of supporting the process of progressive mathema-
tization in which anew mathematical reality develops, Gravemeijer proposesthein-
structional design heuristic of emergent modelling. According to this approach, a
model may play different roles during different levels of activities (Gravemeijer,
1994, 1999; Gravemeijer et al., 2000).

A model initially is context-specific: it refersto ameaningful problem situation that
is experientially real for the student, and is amodel of that situation. Then, through
working with the model, the model gradually acquires a more generic character and
developsinto amodel for mathematical reasoning that is possible because of the de-
velopment of new mathematical objectsin amore abstract framework of mathemat-
ical relations that the model starts to refer to. The development from model-of into
model-for is elaborated by Gravemeijer into afour-level structure (see Fig. 3.4) that
represents levels of mathematical activity.

general

referential

situational

Figure 3.4 Four levels of mathematical activity (Gravemeijer, 1994, 1999)
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These four levels are described as follows;

Level 1: Activity in the task setting, in which interpretations and solutions
depend on understanding of how to act in the setting (often out of school set-
tings)

Level 2: Referential activity, in which models-of refer to activity in the setting
described ininstructional activities (posed mostly in school)

Level 3: General activity, in which models-for make possible afocus on inter-
pretations and solutions independently of situation-specific imagery

Level 4: Reasoning with conventional symbolizations, which is no longer
dependent on the support of models-for mathematical activity

(Gravemeijer et al., 2000, p. 243)

The model-of/model-for terminology, which was first used by Streefland (1985) in
adightly different sense, indicates how a model becomes the basis of mathematical
reasoning that is not directly related to the original context; rather, it becomes aref-
erential base for the level of formal mathematics.

RME and the learning of algebra

What is the meaning of the presented key elements of RME for the learning of alge-
bra? The principle of didactical phenomenology raisesthe question what phenomena
may lend themselves for organization by means of algebra. The answer to thislinks
up with the approaches to algebra that were described in Section 3.2. First, the func-
tional approach to algebra allows for the organization and investigation of quantita-
tive relations with algebraic formulas. Second, the problem-solving approach offers
algebraic equations to solve questions concerning unknown values effectively.
Third, algebraic expressions can be used to describe and generalize patterns, and so-
lution methods can be generalized by using parameters, asis suggested by the gen-
eralization approach. Algebra offers a compact language and powerful genera
methods to deal with these phenomena efficiently. The didactical phenomenol ogy
now asks for problem situations that naturally lead to such algebraic mathematiza-
tions.

The concept of guided reinvention suggests that the students will be given opportu-
nitiesfor devel oping informal problem-solving strategies, and that guidanceisavail-
able during the process of progressive schematizing towards conventional and effi-
cient algebraic methods.

The notion of horizontal and vertical mathematization and that of emerging model-
ling contribute to understanding the relation between context-bound and context-
free work. Trandating a realistic problem situation into algebraic models such as
formulas, equationsand graphs, hasahorizontal character. V ertical mathematization
concerns the mathematization of the mathematical activities in the context, and re-
sultsinthe construction of arelational framework with algebraic objects asjunctions
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that infer their meaning from al gebraic properties and procedures. If procedures are
routinized, the meaning of the procedures and objectsis no longer inferred from the
original real-life problem situation. Instead, the model refersto the more general lev-
el of the algebraic relational framework. This once again shows the difficult relation
between concrete versus abstract that was addressed in 3.3 and wasillustrated by the
positions of Descartes and L eibniz: the meaning of symbolsis often related to a con-
crete problem situation by means of horizontal mathematization. However, in order
to deal with the algebraic translation of the problem it is efficient to infer the mean-
ing of the symbols and procedures from the algebrai c world that results from vertical
mathematization.

In fact, from one point of view, thisis one of the strengths of symbols — they

enable usto detach from, and even “forget”, their referentsin order to produce

results efficiently.

(Arcavi, 1994, p. 26)
An algebraic model can beaformula, an expression, aset of equations. Such amodel
initialy refers to a concrete problem situation; within this context, informal strate-
gies are developed. Later, routine procedures emerge as methods that can be applied
to classes of situations. This brings about generalization, ashift of attention from the
context to the mathematical relationsinvolved. Thisway, aframework of mathemat-
ical relationsis constructed: the algebraic models no longer refer to original context
but to the algebraic world of relations, rules and properties. One of the goals of al-
gebra education is that the students devel op a meaningful mental ‘world of algebra’ .

RME in this study

In this study the theory of RME is a frame of reference that is constantly present in
the background. In three ways, its role is more evident: RME in the design phase of
the research cycles, RME to make explicit the aims of the study, and RME as ameans
to characterize the use of computer algebra.

In the design phase of the research cycles the RME principles of didactical phenom-
enology and guided reinvention are used as design heuristics in the research phase
of developing the hypothetical |earning trajectory and designing instructional activ-
ities.

The second point — RME to make explicit the aims of the study — refersto the notions
of horizontal and vertical mathematization, and emergent models that can be used to
characterize the focus of the study. Aswe describe in Section 3.7, algebra education
in the seventh and the eighth grade in the Netherlands uses mainly ‘ models-of’ at the
referential level and pays alot of attention to horizontal mathematization. The con-
crete experiences that the students have offer opportunities for progressive mathe-
matization and vertical mathematization that can lead to developing a meaningful
framework of algebraic objects, relations and procedures, and to routinizing such
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procedures. However, in grades 10 - 12, especialy in the pre-university exact
stream, students often perform algebraic procedures in a meaningless and erroneous
way. Therefore, this study focuses on the development of general and formal mod-
els, on vertical mathematization, and on the generalization of relations, procedures
and solutions using parametersin particular. Reinvention playsarol e here, too: from
specific cases the student is supposed to discover and formulate the general aspects.
Initsthird role, RME is ameansto characterize the use of computer algebra. A com-
puter algebratool has an abstract and formal character, and embodiesa‘ microworld’
of mathematical objects, relations and procedures without referencesto real life out-
side this environment. These characteristics and the cAS's strict requirements con-
cerning syntax raise the question of whether the use of computer algebrais appro-
priate for reinvention and symbolizing, and if it can be perceived asan experientialy
real environment (Drijvers, 2000). Does computer algebra use leave enough room
for the referential level? Thisissue is elaborated on in Section 5.4.

Algebra education in the Netherlands

In this section we situate the study in the setting of algebra education in the Nether-
lands. This enables the reader to position the proposed hypothetical learning trajec-
tory and the student materials that are described in Chapters 6, 7 and 8, in their con-
text.

In the early 1990s the algebra curriculum in the Netherlands for grades 7 to 9 was
changed considerably. The reason for thiswasthat students were having difficulties
with algebra, and manipulated symbolsin a meaningless way. Algebraic formalism
was an obstacle and students were not flexible with algebraic expressions and solu-
tion procedures. The team developing the new curriculum (Team W12-16, 1992)
chose afunctional approach in which relations are represented in different ways:
 inproblem situation descriptions

« intables

e ingraphs

« informulas

The aim was that together these representations would develop into an integrated
whole. This approach fits with the RME ideas that integrated and flexible knowledge
isrelevant, that concrete problem situations are the starting point, and that attention
is needed for the progressive mathematizing of informa strategies.

Asaresult of this approach, the introduction of algebra during the first years of sec-
ondary education (grades 7, 8 and 9; i.e. 12- to 15-year-old students) takes place in
acareful way. Much attention is paid to the exploration of realistic situations at the
referential level, to the process of horizontal mathematization, to the translation of
the problem situation into mathematics and to the devel opment of informal problem-
solving strategies. Variables, for example, are often labelled with words that have a
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direct relationship with the context from which they are taken.

These concrete experiences can be the basis for entering the general level and for
vertical mathematization, formalization and abstraction. However, thisis often de-
layed in grades 7 - 9. As a consequence, algebraic skills such as formal manipula-
tions are devel oped relatively late and to alimited extent. The relational framework
of algebraic objects, properties and procedures is not yet developed in a way that
gives meaning to formal and routinized procedures. Hence, by the time of carrying
out the teaching experiments in ninth grade the students knowledge of algebraic
techniques is limited. For example, the genera solution of a quadratic equation is
taught only at the end of ninth grade.

Especially for the students who opt for the exact streams at pre-university level,
there seems to be too little attention to vertical mathematization in grades 7 - 9. As
a result, they do not meaningfully master routine procedures as the teachers of
grades 10 - 12 expect them to do. Therefore, in addressing the general level this
study focuses on capitalizing on the informal experiences at the referential level
from the seventh and eighth grades.

Now we should be more specific about how these aims are elaborated. Asfar asal-
gebra is concerned, we focus on the concept of parameter. The technological tool
used is a computer algebra environment. The general view of algebra presented in
this chapter is elaborated on by zooming in on the concept of parameter in Chapter
4, and by considering the role of computer algebrain Chapter 5.
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The concept of parameter

Introduction

The first research subquestion of this study concerns the contribution of computer
algebra use to the learning of the concept of parameter. After the global reflections
on algebrathat we presented in Chapter 3, this chapter elaborates on the concept of
parameter.

First, we explain why the study focuses on the concept of parameter. The main rea-
sons are that parameter use can contribute to the reification of expressions and for-
mulas, that the parameter is a means of generalization, that parameter use can make
explicit the different roles that literal symbols can play, and finaly that parameter
use can improve symbol sense (Section 4.2).

The historical development of the concept of parameter may indicate the conceptual
barriers that students have to take. We globally sketch thislong and difficult histor-
ical development. Animportant stepinthistrajectory wasthe jump from Diophantus
— who did not formulate general solutions — to Viéte, who devel oped solutions that
contain parameters (4.3).

With this historical development in mind, we draw up a conceptual analysis of the
concept of parameter (4.4). A parameter can have different meanings, and may act
as generalizer over and as a ‘dynamizer’ of situations. The parameter roles that are
distinguished are the parameter as placeholder, as changing quantity, as generalizer
and as unknown.

Finally, we address the issue of the higher level understanding of the concept of pa-
rameter that is mentioned in thefirst research subquestion. How do we definethat in
this study? Reflections on different theoretical perspectives on levels of understand-
ing lead to adichotomy with the placehol der level on thelow-level side and the other
parameter roles on the high-level side. As a result, five indicators of a higher level
understanding in the concept of parameter are identified (4.5).

The conceptual analysis of the concept of parameter, the distinction of the different
parameter roles and the definition of the higher level understanding of the concept
of parameter guide the development of the hypothetical learning trajectory in Chap-
ter 6.

Why parameters?

In this section we motivate why the concept of parameter is adequate for investigat-
ing the learning of algebrain a computer algebra environment from the perspective
of the difficulties of learning algebra that were presented in Chapter 3.

The understanding of literal symbols, and of variables in particular, is essentia in
algebra. Therefore it has been the focus of many research studies (Bills, 1997, 2001;
Rosnick, 1981; Schoenfeld & Arcavi, 1988; Trigueros & Ursini, 1999; Ursini &
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Trigueros, 1997, 2001; Wagner, 1983). Often, several roles of variables are distin-
guished where the parameter role is one of them (Janvier, 1996; K lichemann, 1981;
Philipp, 1992; Usiskin, 1988). Parameters may emerge quite naturally from concrete
contexts; on the other hand parameters may be a means of generalization and ab-
straction. We see the parameter as an ‘extravariable’ in aformula or function that
makes it represent a class of formulas, afamily of functions and a sheaf of graphs.
To avoid any confusion, from now on we exclude the parameter role from the con-
cept of variable; by a variable we mean aliteral symbol that does not play the role
of parameter. We use the word variable for all the other roles, and we do not specif-
ically refer to the variable as a varying quantity or changing quantity in particular,
asis sometimes done in the literature.

We have four arguments for focusing on the concept of parameter in this research.
First, we conjecture that parameter use can foster the reification of algebraic formu-
las and expressions. Second, we suppose that parameter use is a means of generali-
zation, which is an important vertical mathematization activity. Third, the concept
of parameter allows the students to revisit the different roles of variables that they
have encountered before. Fourth, devel oping the concept of parameter may improve
students’ insight into the meaning and structure of algebraic formulas and expres-
sions, which is an element of symbol sense. We now elaborate on these four argu-
ments.

Parameter to foster reification

In Chapter 3 we identified the process-object duality as one of the main difficulties
of learning algebra. Thisresulted in the intention to reinforce the object character of
algebraic expressions and formul as.

We conjecture that working with algebrai c expressions and formulas that contain pa-
rameters stimulates the reification of the expressions and formulas that are unified
by the parametric form. For example, the perception of the parametric relation
y = a-Xx+b as symbolizing the complete set of formulas such as y = x+ % ,
y = =3x and y = 100000x — 200000 may facilitate the idea that these formulas
form a set that isrepresented by the parametric form. The three formulas are objects
that are elements of that set. The use of the parameter unifies a set of ‘things’, and
by that these ‘things' — in this case linear formulas — may be considered as objects.
Sedivy formulated this as follows: ‘... one form with variables a, b, x represents a
whole family of forms with the only variable X' (Sedivy, 1976, p. 123).

While using the parametric form, students probably will have in mind a ‘ represent-
ative’ of the reference set and will see the parametric form as an object in itself, es-
pecialy when it is submitted to subsequent processes. For example, solving para-
metric equations leads to expressions as solutions that may be substituted in other
formulas. Such activities are expected to reinforce the object character of the alge-
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braic expressions as an addition to its process character. Thisisin line with the ob-
servation made by Sfard that the concept of parameter is suitableto foster reification
of the function concept (Sfard, 1991).

Variation of the parameter value acts at a higher level than variation of an ‘ ordinary’
variable does; it affects the complete formula, the complete equation, and that also
stimulates the object view of formulas and expressions.

Parameter as a means of generalization

In Chapter 3 we identified vertical mathematization, emergent modelling and sym-
bolization as processes that give meaning to algebraic objects and procedures that
refer to aframework of mathematical objects and relations. generalization isregard-
ed as an activity of vertical mathematization and the general level isthe third level
in the four-level structure of Gravemeijer (1994, 199). The relevance of generaliza-
tion can hardly be overestimated. As Borges (cited in Arcavi, 1994, p. 24) phrased
it: ‘To think isto forget differences, to generalize, to abstract.’

The second reason to focus on the concept of parameter isthat the use of parameters
can facilitate generalising and building up aframework of agebraic relations. After
having worked on anumber of analogous concrete situations, the student can use the
parameter to generalize over aclass of situations, functions, formulas, equations and
solutions, and revertsfrom particular casesto ageneric level. By introducing param-
eters, the student is invited to enter the ‘meta-level’ of general relations and solu-
tions. This generic level is part of the world of algebraic relations and objects. This
issueisrevisited in Section 4.5 on higher level understanding.

Parameter to revisit roles of variables

It was stated above that variables can play different rolesin algebra, such astherole
of placeholder, generalized number, changing quantity or unknown. An important
skill in algebraisthe ability to deal with these different rolesin aconscious and flex-
ible way, as these roles have consequences for the algebraic procedures, and can
change during the problem-solving process (Arcavi, 1994, Bills, 1997; Bloedy-Vin-
ner, 1994, 2001). Whileworking in acomputer algebraenvironment, thisskill is par-
ticularly relevant, asfor the cas ‘dl lettersare equal’. It isindispensable for making
productive use of the cas that the user distinguishes the roles of the different literal
symbolsin the problem situation.

The point now is that the parameter can play roles similar to those of the ‘ ordinary’
variable, but at a higher level, which makes it more complicated (Heck, 2001; Sedi-
vy, 1976). This means that by working on the concept of parameter, the concept of
variableis revisited and deepened. Developing the concept of parameter, therefore,
provides a ‘second round’ for developing the concept of variable.
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Parameter to improve insight into formulas

Thefourth argument for focusing on the concept of parameter isthe expected benefit
to students’ insight into formulas and expressions. In Section 3.5 it was argued that
students should be able to see sub-expressions as entities within a complete formula,
‘boxes’ asit were, whereas in other instances they should be able to ‘ open the box’
and to consider the sub-expression in detail. This flexibility requiresthe skill to deal
with ‘mixed cues’ (Arcavi, 1994; Wenger, 1987). By thisis meant that symbols are
interpreted by the students asinvitations to undertake an action that is not always ap-
propriate. For example, the squaresignin (x + 3)2 = 16 may invite expansion, but
that is not the easi est way to solve the equation. According to Wenger, situationsthat
involve parameters are especially suitable for teaching students how to deal with
such mixed cues, because these situations often offer different directions to take.

Historical perspective

In this section the historical development of the concept of parameter is briefly
sketched. Insight into this devel opment can help in identifying conceptual obstacles,
and can offer heuristics for the construction of alearning trajectory. Because a pa-
rameter isa special kind of variable, we also consider the concept of variable.
Several researchers distinguish three phases in the historical development of the
concept of variable: the rhetoric phase, the syncopated phase and the symbolic phase
(Boyer, 1968; Harper, 1987). In the phase of rhetoric algebra, which lasted from an-
cient times until the time of Diophantus (ca. 250 A.D.), words were not abbreviated
and there were no symbols for unknowns. Problems and solutions were described in
natural language.

The syncopated phase is the period from Diophantus until Viéte (1540 - 1603). In
this phase, shortened notations and abbreviations were introduced, for example to
represent powers. Literal symbolswere now used to represent unknowns. For exam-
ple, Diophantus used ¢ to denote the unknown. The algebraic activity was aimed at
finding the numerical value of the unknown; solutions were numbers. Eventually
different letters were used for different variables, but general solutions in terms of
parameters did not yet appear. Van der Waerden (1983) sketches how the Babyloni-
an writings and the first book of Diophantus treated problems in which the number
of unknownsis equal to the number of equations. Thisyields afinite number of nu-
merical solutions. Diophantus often used the Rule of False Position. Thisis akind
of ‘trial and improve’ method, in which one starts with an estimation of the solution,
often on the basis of afair-share principle. By substitution, the ‘error’ is calculated
and used to correct the initial estimation (Radford, 1996). However, in his later
books, Diophantus solved systemswith more variabl esthan equations. Such systems
have an infinite number of solutions, and to write them down in a compact way re-
quires parameters. These so-called undetermined systems of equations were a prel-
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ude to the use of parameters. In the syncopated phase, problem-solving procedures
were demonstrated by means of numerical examples, which the reader could adapt
to other instances of the equivalent problem. However, the syncopated notations did
not allow for the formulation of general solutions.

In the thirteenth century Jordanus Nemorarius (1225 - 1260) published his book De
Numeris Datis. In it he used literal variables for unknowns, but also for known val-
ues, infact for parameters. This opened the horizon for the general solutionsthat are
lacking in Diophantus' work and to symbolic algebra (Rojano, 1996).

The third phase — that of symbolic algebra — started with Francois Viéte (see Fig.
4.1, retrieved from www-history.mcs.st-and.ac.uk/history/). Viéte (1540 - 1603)
was a French lawyer and member of the king’s council. In hiswork literal variables
also refer to given quantities. These are in fact parameters, ‘ changing constants’ that
change at a higher level than the ‘ordinary’ variables, namely at the global rather
than the local level. This allows for generalization and for the notation of general,
algebraic solutions of parametric equations. As the values of the parameters could
be filled in afterwards, his work was more general than the exemplary results from
Diophantus.

Figure 4.1 Frangois Viéte

The work of Viéte is very important in the development of algebra, as he was the
first to distinguish the different roles of literal symbols (Boyer, 1968). An unknown
(the*cosa, the ‘thing’) was represented by avowel, and consonants symbolized the
known or given quantities, the parameters. This had important consequences: an ex-
pression in terms of the parameter could now occur as the solution of an equation,
and could be submitted to a subsequent process, although its numerical value was
still not known (Sfard & Linchevski, 1994). This led to the conception of formulas
and expressions as entities, as objects; it was an important step towards the reifica-
tion of algebraic expressions and formulas. One generation later, Descartes started
using the letters from the beginning of the alphabet for given and known values, and
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lettersfrom the end of the al phabet for unknowns, aconvention that is still used now-
adays.

Viéte aimed at developing a ‘homogeneous’ algebra that was independent from
arithmetic and geometry (Charbonneau, 1996). The first part of Viéte's book ‘ Intro-
duction to the analytic art’, called ‘ Zetitics', contains a set of rules for the manipu-
lation of algebraic expressions. The unknowns and the coefficients (the parameters)
were treated in a similar manner.

Viéte's distinction of unknowns and parameters, his notation and his general solu-
tions of parametric equations were a great step forward in algebra. It was only after
thework of Viéte that Newton, Leibniz and others were able to devel op the function
concept, where the variable has the character of a dynamically changing quantity.
What consequences can we draw from this historical sketch for the purpose of this
study? The study focuses on students’ development of the concept of parameter, and
in fact on the transition from syncopic to symbolic algebra, or, in other words, the
transition from Diophantus to Viéte. The lesson that we take from history concerns
the slow and apparently difficult development of the concept of parameter (Furing-
hetti & Paola, 1994). In particular, the development of symbolizations for parame-
ters, their distinction from ordinary variables and the perception of expressions as
objectsthat represent general solutions are obstacles that had to be overcome during
thishistorical development. These obstacles are cuesfor the difficultiesthat students
encounter while developing conceptual understanding in parameters.
Asweindicated in Section 3.2, we use the historical development of the concept of
parameter as an indication of cognitive obstacles; however, it is not a guideline for
thelearning trajectory, asthe students' preliminary knowledge of the concept of var-
iable has its roots in the functional approach that was not developed at the time of
Diophantus or of Viéte.

Conceptual analysis of variable and parameter

In Section 1.3 we described a parameter as an extra variable or a changing constant
inaformulaor function that makesit represent a class of formulas, afamily of func-
tions and a sheaf of graphs. The parameter unifies a class of problem situations and
solutions, and can be used for generalization. In this section wefirst address the con-
cept of variable, upon which the concept of parameter as a higher order variable is
based. Second, we analyse the concept of parameter further, resulting in the identi-
fication of four different parameter roles.

The concept of variable

Many research studies address various aspects of the concept of variable, and in par-
ticular the different roles and meanings variables have in school mathematics (e.g.
Bills, 1997, 2001; Kemme, 1990; Klichemann, 1981; MacGregor & Stacey, 1997,
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Malle, 1993; Phillip, 1992; Rosnick, 1981; Stacey & MacGregor, 1997; Usisikin,
1988; Wagner, 1981, 1983). We now present an overview of the commonly distin-
guished roles.

In Section 1.2 the student-professor example was presented (Rosnick, 1981), where
students trandlated the sentence ‘ At this university there are six times as many stu-
dentsasprofessors' into the equation 6S=P rather than 6P=S. Thisindicatesthe con-
ception of avariable asalabel referring to an object, in this case a student or a pro-
fessor, rather than to a number of students or professors. We consider the label view
of variables as a pre-conception that is not productive.

Thefirst sensible conception of avariable in our opinionisthat of aplaceholder for
numerical values. A variableis seen asan ‘empty place’, akind of |ettered box into
which numerical values can be inserted and from which they can be retrieved. This
conception is sometimes appropriate in computer science (Heck, 2001; Kemme,
1990). Computer algebra software is different in this aspect, as variables do not nec-
essarily refer to numerical values. We think that the placeholder view of variablesis
appropriate in some situations, but islimited in the context of algebraic understand-
ing.

Malle (1993) distinguishes three aspects of variables: a situationa aspect, in which
the variable acts as unknown or generalized number; a substitution aspect, which
concernsthe variable as placehol der; and a cal cul ation aspect, in which variablesare
meaningless objects that can be manipulated according to certain rules.

Freudenthal described variables as ambiguous, polyvalent names (Freudenthal,
1962, 1982, 1983). They are ambiguous because the variable can act as unknown
and as undetermined number, and polyvalent because they can refer to different nu-
merical values. In itself this ambiguity and polyvalence is natural:

We are familiar with the use of ambiguous, or rather polyvalent, names —one
name for many objects. When my daughter was at the age when children play
the game of “what does this mean?’ and | asked her what is “thing” she
answered: Thing is if you mean something and you do not know what is its
name.

(Freudenthal, 1983, p. 474)

Freudenthal distinguished the variable as unknown and the variabl e as undetermined
quantity. In addition to this, Kindt stressed two aspects of the concept of variable:
the generalising aspect and the dynamic aspect (Kindt, 1980). The variable as gen-
eralizer is close to the undetermined quantity of Freudenthal; the variable as a dy-
namic, changing quantity isanew element. Kindt argued that variablesin school al-
gebra too often have a static character, and that not enough attention is paid to the
dynamics. We consider the dynamic view of the variable asfitting to the operational
aspect in the sense of Sfard (1991), whereas the generalising aspect links up with the
structural side.

65



Chapter 4

These different roles and meanings of variables depend on the problem situation and
on the question under consideration; furthermore, the roles can change during the
problem-solving process. Asindicated in Section 3.2, the roles are related to the ap-
proaches to algebrain the following way:

« thevariable as placeholder for numerical values,

 thevariable as changing quantity in functional algebra;

« thevariable as generalized number in algebra of pattern and structure;

- thevariable as unknown in problem-solving;

- thevariable as symbol in algebraic language.

The variable as changing quantity reflects the dynamic aspect, and corresponds to
the functional approach. The variable as generalized number fits to the generaliza-
tion aspect of algebra, and the variable as unknown goes with the problem-solving
approach. The variable as symbol without references, finally, isthe role correspond-
ing to the view of algebra as alanguage.

One of the main difficulties with the concept of variableis to distinguish the differ-
ent roles and meanings, and to deal with them in aflexible way. In addition to this,
other difficulties with the concept of variable have been identified (Bills, 1997,
2001; Kichemann, 1981; Tall & Thomas, 1991; Tall et a., 2000; Usiskin, 1988;
Wagner, 1981, 1983). For example, the similarities and differences between varia-
bles, numbers and words are seen as a source of misconceptions (Wagner, 1983).
Students sometimesrelatethe order of the numbersto the alphabetical order of literal
symbols; for example, as the successor of 37 is 38, the successor of m may be
thought to be equal to n rather than m+1.

Other obstacles that students encounter while learning the concept of variable arethe
expected answer obstacle and the lack of closure obstacle, which were discussed in
Section 3.4 (Callis, 1975; Kichemann, 1981; Tall & Thomas, 1991; Tal et al.,
2000). These issues are supposed to account for the ‘didactical cut’ between arith-
metic and algebra (Filloy & Royana, 1989).

To summarize this section, we argue that the concept of variable is a multi-faceted
one, because of its ambiguous and polyvalent character, and because of the diversity
of roles variables can play, and the diversity of meanings variables can have. The
student who islearning algebraneedsto acquire skillsto identify the different mean-
ings and roles of the variable and to deal flexibly with them.

The concept of parameter

So far, we have not mentioned the parameter role that a variable can have. Because
aparameter isessentially akind of higher order variable, the above discussion on the
concept of variable can partially be applied to the concept of parameter. Likethevar-
iable, the parameter can play severa roles and have different meanings. Asin the
case of variable, dealing adequately with these rolesis complicated, all the more so
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because these roles often remain implicit and may change during the problem-solv-
ing process.

In addition to these similarities between the concept of variable and that of parame-
ter, there are al so differences. Specific to the concept of parameter are the following
three aspects: the higher level at which variation and generalization act, the hierar-
chical position of the parameter compared to the variable, and the complexity of the
different literal symbols and their roles.

First, variation and generalization of the parameter take place at a higher level than
variation and generalization of the variable. Variation of xin 3-x+ 5 leadsto var-
iation inthe numerical value of the expression. Graphically, this means ‘tracing’ the
graph of x —» 3. x+ 5. However, variation of theain a- X+ 5 resultsin variation
of the expression as a whole, and, graphically, in changing the complete graph of
X — a-x+5. Concerning generalization, the identity (x+1)2 = x2+2x+1 isa
generalization over arithmetical identities such as (4+1)2 = 42+2-4+1,
(100 +1)2 = 1002+ 2-100+ 1, et cetera. (x+a)2 = x2+2-x-a+ a2, howev-
er, is the generalization over algebraic identities such as (x+1)2 = x2+2x+1,
(Xx+2)2 = x2+ 4x+ 4, et cetera. In this sense, the parameter acts as a‘ meta-vari-
able'. Variation and generalization using ‘ ordinary’ variables brings about change of
or generalization over arithmetic relations; variation and generalization of the pa-
rameter concern the changing of or generalization over algebraic relations. Thisis
expected to complete the reification of algebraic expressions with one variable and
formulas that contain two variables.

A second, related aspect of the concept of parameter is the hierarchical position of
the parameter compared to the variable. A parametric expression or formula stands
for aclass or family of expressions or formulas. As such, a parametric form can be
considered as a second-order function with the parameter as argument and the cor-
responding expressions or formulas as function values. For example, each value of
adeterminesalinear function x — a - x + 5 inx, asis symbolized by thelong arrow
in Fig. 4.2. The values of this function are non-parametric functions in x, in which
the parameter a is replaced by a constant numerical value. This mixture of the pa-
rameter asaconstant at thefirst level, and asavariable at the second level, isreflect-
ed in the expression ‘varying constant’. In that sense, the parameter has a hierarchi-
cally higher position than the variable (Bills, 1997, 2001; Bloedy-Vinner, 1994,
2001).

a ——p (X—>a-x+5

Figure 4.2 The parameter as argument of a second-order function
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A third aspect of the concept of parameter results from the fact that the use of a pa-
rameter, an ‘extra letter’, complicates the roles of the different literal symbols in-
volved. Parametric expressions and formulas, suchas a-x+5 or y = JJa2—x2,
contain also ‘ordinary’ variables, so at least two or threeliteral symbols. This means
that distinguishing the roles and meanings of each of these symbolsis a more com-
plicated affair than it isin situations with just one or two variables. Moreover, the
rolesare not fixed and may change during the solution process. For example, the pa-
rameter ainy = X-(a—Xx) may acquire the role of unknown if the equation of the
curve through the vertices of the family of graphsis asked for.

This third issue is related to the stereotyping of literal variables (Bills, 2001). This
refers to conventions that exist to clarify the roles of the literal symbols. For exam-
ple, variables are often indicated by x and y, and parameters are called a, b, p, g, m,
and n. In fact, thiswas aready done by Viéte. The advantage of stereotyping is that
it may help students to distinguish the different roles of the literal symbols:

The first feeling emerging is that the sentence by William Shakespeare
“What'sin aname? That which we call arose by any other name would smell
assweet” (Romeo and Juliet, act 11, scenell) does not always apply to algebra,
as students perceive different names as labels for different ‘ objects'.
(Furinghetti & Paola, 1994, p.374)

However, stereotyping may hinder the flexibility to change the role of aliteral sym-
bol, for example to give a parameter the role of unknown, aswas argued by Bloedy-
Vinner (1994, p. 89): ‘Moreover, the meaning of aletter as a parameter or as an un-
known or variable, might change throughout the process of solving a problem.’

As aresult of this conceptual analysis, two main conceptual difficulties of the con-
cept of parameter areidentified. The first isthe difficulty of understanding the roles
of the parameter, which may change during the problem-solving process. The sec-
ond is the hierarchical relation between the ‘ordinary’ variables and the parameter,
particularly when the parameter is not a placeholder for a constant value. The con-
cept of parameter and the concept of variable on the one hand share the different
roles and meanings, and on the other hand address different algebraic levels. We be-
lieve that the different roles of the concept of variable can be applied to the concept
of parameter as well. Therefore, we distinguish the parameter roles of placehol der,
changing quantity, generalizer, and unknown. These parameter roles are explained
below.

« The parameter as placeholder
In the placeholder conception, the parameter is seen asaposition, an empty place
into which numerical values can be inserted and from which they can be re-
trieved. The value in the ‘empty box’ is afixed value, known or unknown. The
focusis not on finding the unknown value. Once avaueisfilledin, it can bere-
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placed by another one, but systematic variation of the parameter valueisnot con-
sidered, nor is the similarity perceived between the situations that different pa-
rameter values represent: each new parameter value is seen as a new situation.
Thisistheground level of understanding the concept of parameter: the parameter
as placeholder for a constant value that does not change. For the following three
rolesthisis different.

The parameter as changing quantity

In the conception of the parameter as changing quantity, the parameter still rep-
resents a numerica value, as was the case for the parameter as a placeholder.
However, there is systematic variation of this value, and the parameter acquires
adynamic character: itisa‘diding parameter’ — terminology from van de Gies-
sen (2002) — that smoothly runsthrough areference set. Thisvariation affectsthe
complete situation, the formula, the global graph, whereas variation of an ‘ordi-
nary’ variable only acts locally. The concept of the parameter as a changing
quantity is related to the reification of graphs and formulas. Research evidence
suggests that the parameter as ‘positioner’ of graphs is the most accessible con-
ception for students (Furinghetti & Paola, 1994).

The parameter as generalizer

The parameter as generalizer is used to generalize over classes of situations, of
concrete cases, of expressions, formulas, and solutions. By doing so, this ‘family
parameter’ (van de Giessen, 2002) represents these classes, and unifies them.
The parameter is no longer a specific number, but stands for an exemplary
number or aset of numbers. The generic representation allowsfor seeing the gen-
era in the particular, for solving categories of problems and for formulating so-
lutions at ageneral level. The ability to solve all concrete cases at once by means
of a parametric general solution requires the reification of the expressions and
formulas that are involved in the generic problem-solving process.

The conception of the parameter as generalizer is close to the role of undeter-
mined. We use the term generalizer here, because it indicates that the parameter
does something: it allows for organizing and unifying mathematical phenomena,
whereas the term ‘undetermined’ is somewhat vague.

The parameter as unknown

If the parameter generalizes over aclass of situations, a natural next step is often
to take the opposite direction and to select particular cases from the general rep-
resentation on the basis of an extra condition or criterion. In such situations, the
parameter acquirestherole of unknown-to-be-found (Bills, 2001) or, shorter, un-
known. To students, this means a shift of perspective that is often found to be

69



4.5

Chapter 4

hard to make: usually, the variable plays the role of unknown, so the parameter
taking therole of unknown affectsthe hierarchy between parameter and variable.
For example, Sfard and Linchevski (1994) found that studentsin the tenth grade
had difficulties with the task of investigating whether the system of equations
k—y = 2, x+y = k hasasolution for every value of k.

In some cases, the result of solving an equati on with respect to the parameter will
be one or more numerical values. In other cases, the result will be an expression,
so that the reification of algebraic expressionsisinvolved once more.

We argue that the parameter can play similar roleswith similar meanings asthe var-
iable does, but that it acts at a higher level, which complicates the situation and the
distinction of the roles of each of the literal symbolsin particular. The four roles of
the parameter are not presented in a random order: in the placeholder role, the pa-
rameter behaves as though it were a constant. That isthe starting level of this study.
In thethree other roles, the parameter actslike a‘ changing constant’, and the objects
that this change affects are at a higher level than isthe case for ‘ordinary’ variables.
In the following section, we address the transition from the placeholder level to the
other levels.

Levels of understanding the concept of parameter

A central issuein the first research subquestion is the higher level understanding of
the concept of parameter. In the previous section, we distinguished the parameter as
placeholder from the three ‘higher’ roles of changing quantity, generalizer and un-
known. In fact the intended higher level understanding concerns the jump from the
placeholder conception to the higher roles, or, in historical terms, the jump from Di-
ophantus to Viéte. This jump requires the reification of expressions and formulas.
Inthissection, thislevel jumpisfirst founded theoretically inthe level theory of Van
Hiele, the emergent models from RME, theories on generalization and abstraction,
and theories on reification. Then, we make the higher level understanding concrete
for the case of the concept of parameter, and suggest means to reach for the higher
level.

The level theory of Van Hiele

Van Hiele'slevel theory isatheory of cognitive levels. The point of departureisthe
ideathat learning takes place at various levels, ‘plateaus in the learning curve' (Van
Hiele, 1973, 1986). Van Hiele distinguishes a hierarchy of three thinking levels: the
ground level or first level, the descriptive level or second level, and the third level.
In some publications, this numbering starts at zero rather than one. The ground level
isthelevel of the concrete, visual understanding of the concept. At thislevel the stu-
dents have not yet developed arelational framework. The conceptual understanding
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is at the second thinking level, when the concept has been devel oped into a mathe-
matical object with propertiesthat are verticesin ameaningful relational framework.
When the elements of the relational framework are subjected to logical organizing
and reasoning, the conceptual understanding reaches the third thinking level. This
process of level-raising isiterative and relative: the second level understanding of a
concept can act as the ground level for the development of another concept. Thisis
called level reduction. For example, theinsight that 5is an object onitsown, and not
only a counting process, can be considered as a second level understanding of the
number concept. For algebra, however, thisisthe ground level. This example shows
the relation between Van Hiel€' s theory and the concept of reification, whichis de-
scribed in Section 3.4 and below. Reification concerns the transformation of proc-
esses at thelower level into objects at the higher level, which are submitted to higher
order processes. The level theory of Van Hiele also addresses the forming of object,
athough in amore static level hierarchy.

In this study, we use Van Hiele's level theory to specify the intended level-raising
of the understanding of the concept of parameter. The parameter as placehol der rep-
resents the ground level. The understanding of the parameter as changing quantity,
generalizer and unknown involves building up anew relational framework, inwhich
parametric expressions and formulas, sheaves of graphs and classes of situationsare
the new objects. This hypothetical level structure is presented in Fig. 4.3. We con-
jecture that the parameter as generalizer affects this relational framework the most,
which iswhy it is positioned alittle higher than the other two roles.

generalizer

changing
quantity

unknown

placehol der

ground level  second leve

Figure 4.3 Levels of understanding the concept of parameter

Emergent models

A didactic way of looking at levels of formalization that takesinto account the prob-
lem contexts and the development of symbolsis the notion of emergent models. In
Section 3.6 (whichis on the theory of RME) we described the model-of/model -for de-
velopment and the four-level structure of student activities with models. The higher
level here refers to the development of a model-of into a model-for, in which new
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objects and meanings are constructed that refer to a mathematical relational frame-
work. The construction of meaning is related to the development of language, nota-
tions and symbols and therefore to the process of symbolizing (Section 3.5).

In this study, the four-level structure provides a means of defining the higher level
understanding: the jump from Diophantus to Viéte can be considered as the transi-
tion from thereferential to the general level by means of parameters (Gravemeijer et
a., 2000). The placeholder role of the parameter is considered as referential to one
specific situation, whereas the parameter as changing quantity and as generalizer re-
fers to a more general level. The hypothetical learning trajectory will describe the
activities that are supposed to foster this devel opment.

Generalization and abstraction

In both thelevel theory of Van Hiele and the concept of emergent models, the higher
level ischaracterized by thereference to arelational framework of meaningful math-
ematical objectsand relations, rather than to aconcrete problem situation. In the case
of algebra, key issuesin this building up process are generalization and abstraction.
generalization can mean generalization over classes of situations and generalization
to other situations or transfer. Here we consider generalization over, which involves
exceeding the local level of the particular and realising the generality of arelation,
pattern or property. As such, generalization can embody the transition from the
ground level to the second level in Van Hiele's terms, or from referentia level to
genera level, in Gravemeijer’ sterms. Asde Lange stated, generalization can be con-
sidered asthetop level of vertical mathematization (de Lange, 1987). We agree with
Mason, who argued that generalization isthe heart of algebraand mathematics (Ma-
son, 1996). As with the levels that we saw above, generality is relative; we already
illustrated how an algebraic formulais a generalization over a class of arithmetical
relations, whereas an algebraic formula containing a parameter is a generalization
over aclass of algebraic formulas.

Several researchers (e.g. Mitchelmore & White, 2000) distinguish empirical gener-
aization and theoretical generalization. The first refers to pattern-seeking without
intrinsic motivation of the patterns that are discovered. The latter stands for consid-
ering structural similarities, which identify inner connections.

Mason formulates alink between generalization and abstraction:

One way to work at devel oping awareness of generality isto be sensitized by
the distinction between looking through and looking at, which leadsto the pri-
mal abstraction and concretization experiences, namely seeing a generality
through the particular and seeing the particular in the general.

(Mason, 1996, p. 65)

Abstraction is addressed in many publications (Dubinsky, 1991; Mason, 1996;
Mitchelmore & White 2000; Sfard, 1991; Sfard & Linchevski, 1994; Tall et al.,

72



The concept of parameter

2000). Often, onerefersto Piaget (Piaget, 1980, 1985), who distinguished empirical
abstraction, pseudo-empirical abstraction and reflective abstraction. Reflective ab-
straction is considered to be the highest form of abstraction, because it concernsthe
internal coordination of actionsinwhich (again!) processes can become objects. Re-
flective abstraction is the construction of schematawith mental objects and process-
es that act upon these objects.

Dubinsky (1991) elaborates on Piaget (Piaget, 1980, 1985) when he states that re-
flective abstraction consists of different phases. the interiorization of operations and
actionsinto processes, the coordination of processesto construct new processes, the
encapsulation of processes into objects, the generalization of schemata by means of
assimilation, and the reversal of the process to construct new processes. generaliza-
tion is part of reflective abstraction, and we note the similarities with reification.
For the purpose of this study, we see generalization as an important level-raising ac-
tivity that involves encapsulation and reification. We address these notions below.

Theories on reification

Aswe argued in Section 3.4, Dubinsky’ s ideas on encapsulation share the stress on
the process-abject duality with the reification concept of Sfard and the procept the-
ory of Tall and Thomas: abstraction often involves the transition from processes to
objects, which is the completion of the procept, or the integration of the ‘two sides
of the coin’ (Dubinski, 1991; Sfard, 1991; Tall & Thomas, 1991).

Sfard argued that reification can be completed by means of submitting the new ob-
jects to higher level processes (Sfard, 1991). Van Hiele also pointed at the impor-
tance of the construction of objects for level-raising, when he remarked that the
thinking and acting at the lower level is subject matter for the thinking at the higher
level (Van Hiele, 1986). Gravemeijer formulated this as follows:

The next level is unlocked when the first-level processes are accessible for
reflection and thus become thinking objects for the second level.
(Gravemeijer, 1994, p. 23)

In short, the targeted higher level understanding in this study includes reification. In
the case of the concept of parameter, the mathematical objects that need to be built
up for the understanding of the parameter as generalizer and the parameter as un-
known are expressions and formulas that may contain parameters.

These formulas and expressions represent general relations or solutions. Thelir reifi-
cation can befostered by means of submitting them to further processes, such as sub-
stitution.

Higher level understanding of the concept of parameter
So far we have used four theoretical elementsfor the elaboration of the higher level
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understanding of the concept of parameter. However, the four perspectives share
common features. These features include the relativity of the levels, the importance
of the construction of a mathematical framework of relations that is not directly re-
lated to the context, the need for ‘objectivation’ of processes, and the relevance of
generalization. These common features determine our position towards the level-
raising. The targeted higher level understanding thus consists of the devel opment of
ameaningful relational framework that includes the parameter as changing quantity,
as generalizer and as unknown, and parametric formulas and expressions as obj ects.
Therefore, in this study we consider the following points as indicating ahigher level
understanding of the concept of parameter than the placeholder ground level:

a The parameter as changing quantity
This concerns the notion that variation of the parameter affects the global situa-
tion, the formula and the graph as a whole, whereas the change of an ‘ordinary’
variable affects only the position of one point of the graph.

b The parameter as generalizer of relations
This concerns the notion that aformula containing a parameter represents aclass
of situations, afamily of formulas and functions, a sheaf of graphs. The param-
eter represents a reference set as awhole, rather than one element from that ref-
erence set.

¢ Theparameter as generalizer of solutions
This concerns the notion that the expression that is the solution of a parametric
equation stands for the general solution of the class of problemsthat is represent-
ed by the parametric equation.

d The parameter as unknown
This concerns the notion that the selection of a particular solution from the gen-
eral solution based on an extra condition leads to a solution process in which the
role of the parameter shifts towards the role of unknown. The solution may be a
set of parameter values or an expression.

e Thereification of algebraic formulas and expressions
This concerns the notion that solving an equation containing a parameter results
in an expression rather than a numerical value, and that this expression can be
considered as an object that can be submitted to other procedures such as substi-
tution.

Point a concerns the ‘meta-dynamics’ of the parameter as changing quantity. The
points b and ¢ concern the parameter as generalizer, split up into the generalization
of situations and relations, and the generalization of solutions. Point d concerns the
parameter as unknown. Point e formulates the reification of expressions and formu-
las as a prerequisite for understanding the general solutions.
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In Fig. 4.3 we positioned the generalizer role of the parameter alittle higher than the
other two higher parameter roles. This was done because we conjecture that the pa-
rameter as generalizer isthe hardest issue, where the reification of the formulas and
expression is crucial.

How to achieve the higher level understanding?

Now that we have defined the higher level understanding of the concept of parame-
ter, the question is what instructional activities might foster the development of the
framework of meaningful algebraic relations and objects. A first inventory leads to
the following idess:

— Graphical models can mediate between the placeholder view and the higher pa-
rameter roles. For the parameter as changing quantity, the sliding graph may be
an appropriate model. For the parameter as generalizer, the sheaf of graphsis ad-
equate. For the parameter as unknown, a specific feature of the graph or a condi-
tionin graphical terms may bring to the fore that aspect of the concept of param-
eter. Graphical 1T tools can be used for these purposes.

— For the parameter as generalizer, it may be effective to have students work
through similar examples that vary only with respect to the parameter value.
Repetition of the problem-solving procedure may make them sensitive to the
overarching method. Computer algebra can be a suitable medium for such activ-
ities.

— In order to mediate between the parameter as placeholder and the parameter as
generalizer, it may be worthwhile to work with an ‘exemplary value' of the pa-
rameter that isa specific numerical valuethat allowsfor concrete results, but that
has ‘ nothing specia’, so that it can be considered as an example for every possi-
ble parameter value. The exemplary parameter value is a pars pro toto for the
class of situations.

— The calculation of general solutions of parametric equations, by hand or in a
computer algebra environment, may enhance the perception of formulas and ex-
pressions as objects.

These instructiona activities that might bring about transitions to the higher level
parameter roles form the basis of the hypothetical learning tragjectory and the teach-
ing materials that are described in Chapters 6, 7 and 8. First, though, Chapter 5 fo-
cuses on the potentials of computer algebra use for carrying out these activities as
well asonits pitfalls.
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5.2

Computer algebra in mathematics education

Introduction

In this chapter we investigate the possible contributions of computer algebra use to
the learning of algebra.

First, as a background we consider the use of IT tools in mathematics education in
general. We note that for the learning of algebra, most information technology (1T)
tools provide limited algebraic facilities and notations (Section 5.2). Then, we focus
on computer algebra systems (CAS). We specify what computer algebra is and re-
view some didactic issuesthat arosein early research projectsinto computer algebra
usein mathematics education. In thisway we sketch the state of the art on which this
study elaborates (5.3).

Next we draw up aninventory of the opportunities and pitfallsthat computer algebra
use presents to mathematics education in general (5.4), and to learning the concept
of parameter in particular (5.5). These opportunities and pitfalls are related to the
theoretical framework of the study and to the different parameter roles that were
identified in Chapter 4. The choice for using the handheld T1-89 symbolic calcul ator
in the teaching experiments is motivated.

Finally, we describe the theory of instrumentation that focuses on students devel op-
ing utilization schemes and instrumented techniques that integrate technical and
conceptual aspects (5.6). Thisisthe main theoretical framework we use in Chapter
10 for analysing the interaction between student and computer algebra environment.

Information technology and the learning of algebra

In this section we briefly address the general issue of the learning of mathematics,
and particularly algebra, in atechnological environment. It offers a background to
our focus on the use of computer algebrafor the learning of algebra.

First, we present Pea' s view of the use of cognitive technology as amplifier and or-
ganizer. Second, we discuss the opportunities that computer use offersfor visualiza-
tion and for the integration of multiple representations. Finally, we focus on the use
of technology in the algebra learning process in general and in gaining an under-
standing of the concept of variablein particular. Computer algebratechnology is ad-
dressed in Section 5.3.

Amplifier and organizer

Pea suggested an interesting approach to the use of technology in education (Pea,
1985, 1987). He considered cognitive technol ogies as mediathat help ‘ transcend the
limitations of the mind... in thinking, learning, and problem-solving activities' (Pea,
1987, p. 91). He distinguished two functions of 1T tools: the amplifier function and
the organizer function. The former refersto the amplification of possibilities, for ex-
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ample by investigating many cases of similar situations at high speed. The complex-
ity of the examples can be amplified as well, thus allowing for awider range of ex-
amples with an increasing variation. In this way, IT makes accessible insights that
otherwise would be hard for students to gain. We agree with Berger that the use of
IT thus enlarges the possible ‘ zone of proximal development’, to use the Vygotskian
terminology (Berger, 1998; Vygotsky, 1978). The amplifier function of an IT tool
may also be used to invite algebraic generalization (Mason, 1996).

AsHeid (2002) indicated, the amplifier function does not affect essentially the cur-
riculum. In its second role, the IT tool can also function as organizer or reorganizer
affecting the organization and the character of the curriculum. For example, Hillel
et al. (1992) describe how the possibility to simultaneously display graphical and
symbolical windows changed the instructional approach to functions. Heid' s study,
which is addressed below, shows similar effects (Heid, 1988).

The 1T function of generic organizer that is described by Tall (Tall, 1989; Tall &
Thomas, 1991) is, surprisingly, close to the amplifier function. Technology, accord-
ingto Tall, can help to generate awide scal e of exampl es and non-exampl esthat pro-
vide the opportunity for the student to gather data and to devel op a cognitive struc-
ture on the basis of these experiences.

The amplifier-organizer distinction can be helpful in explaining the role of technol-
ogy in aspecific educational setting. In this study computer algebra primarily func-
tionsasamplifier. For example, the computer algebratool is used to generate exam-
plesthat are a source for generalization. In the meantime, the computer algebra tool
acts as an organizer as well: available options, such as the slider for dynamically
changing graphs, affect the traditional instructional sequence for the learning of the
concept of parameter.

Visualization and multiple representations

As soon as technol ogy became availablefor integration into mathematics education,
its main opportunities were surveyed by many researchers (Hillel et al., 1992;
O’ Callaghan, 1998). These perceived opportunities are called affordances. For ex-
ample, the affordances of the use of graphing calculators from the perspective of
RME have been identified (Doorman et al., 1994; Drijvers & Doorman, 1997). The
graphing cal cul ator was supposed to allow for:

- theuseof redlistic contexts;

« an exploration approach to problem situations;

« visualization and the integration of different representations,

 the experience of dynamics within a problem situation;

- aflexibleway of doing mathematics.

Insimilar liststhat also concern other technological tools, theissues of visualization
and the integration of multiple representations, and exploration are often mentioned.
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Visualization within functional algebrainvolves drawing and manipulating graphs.
In atechnological environment this can be donein afast, flexible and dynamic way.
This offers opportunities for linking multiple representations of a relation, and in
particular for linking graphical and algebraic representations (e.g. Doerr & Zangor,
2000; Janvier, 1987; Ruthven, 1990; van Streun, 2000; van Streun et al., 2000;
Yerushalmy, 1991, 1997). The ‘algebra of graphs example in Fig. 5.1 illustrates
how the graphing calculator can be used to explore how changes in the formula af -
fect the graphs (Doorman et al ., 1994; Drijvers, 1994). It is an example of an explor-
atory approach that aims at combining the graphical and the algebraic representa-
tion.
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Figure 5.1 The algebra of graphs example

The function list in the left-hand screen of Fig. 5.1 shows two linear functions. The
ruleisthat the product function Y 3 islocked and cannot be changed. The ‘game’ is
now to change the formulas of Y1 and Y 2 to generate arequired visual effect on the
graph of the product function Y 3, shown in the right-hand screen. For example, the
graph of Y3 isrequired to be a‘valley parabola rather than a‘mountain parabola’,
or it is supposed to touch the horizontal axis, or we want its vertex to be exactly
above theintersection point of the two lines. This game could be played with graph-
ical software on adesktop PC as well as with the graphing calculator.

Examples such asthe algebra of graphsillustrate how working in the 1T environment
can stimulate the perception of different representations as different views of the
same mathematical object, and the linking of the visual and algebraic properties of
the functions involved. Furthermore, it shows that an IT environment allows for ex-
ploration and variation. Dynamics in the sense of sliders and gradually moving
graphs are not included in the algebra of graphs example.

Note that the effect of tasks such as the algebra of graphs does not depend only on
the affordances of the technological tool, but rather on the exploitation of these &f -
fordances embedded in the educational context and managed by the teacher (Doerr
& Zangor, 2000).

In this study, we intend to use technology for visualization, dynamics and for com-
bining graphical features with algebraic properties.
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Learning the concept of variable with IT tools

Technology can be used to foster the understanding of the concept of variable. This
isrelevant to our study, asthe concept of parameter builds on the concept of variable.
We discuss two examples: the work of Graham and Thomas with the graphing cal-
culator and the Freudenthal Institute’s computer applet ‘number strips'.

Graham and Thomas (1999, 2000) propose the following assignment to address the
relation between a variable and its numerical value:

Storethevalue2.5in A and 0.1in B.

Now predict the results of the ten sequences listed below.

Then press the sequences to check your predictions.

A+B, B+A, A —5B, 2A+10B, A/B, AB, BA, 2A+2B, 2(A+B), 4(A+5B)
(Graham and Thomas, 2000, p. 270)

2.9%H A+E
2.5 2.6
d.1+B E+A
.1 2.6
A-3E

Figure 5.2 Screens for the Graham and Thomas task

The graphing calculator screens that students obtain while working on this task are
showninFig. 5.2. Intheleft-hand screen, values are attributed to the variables. After
that, the student is supposed to predict the values of the expressionsin the right-hand
screen. Thistask addressesthe variable as placehol der, asa‘box’ inwhich numerical
values can be stored, as was described in Section 4.4 (Heck, 2001; Kemme, 1990).
When a student shows only the right-hand screen to his neighbour, the task for his
colleague is to reconstruct the values of A and B. In that case the variables play the
role of unknowns. The authors report that the graphing calculator proved to be an
instrument for achieving a significant improvement in student understanding of the
concept of variable, and of the roles of placeholder and unknown in particular. The
approach in this study is similar to the one described by Tall and Thomas (1991).

The Graham and Thomas example focuses on technology use for enhancing the con-
cept of avariable asaplaceholder for numerical values, and as unknown. The graph-
ing calculator asthe chosen IT tool restricts the references of the variable to decimal
numbers; fractions, radicals or other exact values are not involved. The task does not
address the understanding of the variable as generalizer or as changing quantity,
which are the more difficult variable roles. Therefore, our criticism of this study
would be that its focus is very limited, viz. to the variable as a placeholder for deci-
mal values. The graphing calculator merely acts as a solution generator that allows
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the students to check their answers.

The second example of 1T use for learning the concept of variable concerns the Java
applet ‘number strips'. This applet addresses the concept of avariable as a general-
izer that represents a set of values. The environment allows for manipulating a com-
plete column of integer values. In Fig. 5.3 (retrieved 26 March 2002 from
www.wisweb.nl) the column of integers is multiplied by 5; then 1 is added. These
operations on the column as awhole are supposed to mediate between operating on
individual values and the generic operation symbolized by the formula 1+5n, where
n no longer refers to one numerical value but represents the compl ete set of integer
values. Directly entering the formula 1+5n is possible in the headings of the col-
umns. Classroom trials suggest that it is difficult to have students reflect on the re-
sults of their work with the applet, which isageneral concern for IT use.

 Number Strips with Labels =] ]
Applet
[ 1] | [+
0 1 0
1 6 1
2 11 2
3 16 3
4 21 4
s s || [ [ fs
6 31 6
EEE LR
8 41 8
9 46 9
10 51 10
1 56 |I| 1
12 61 12
13 66 13
14 71 14
15 76 15
16 81 16
4l "
statvih W [ [0 LI‘
[wearning: Applet Window

Figure 5.3 The applet ‘ number strips with labels

The two examples show how IT tools can be used to enhance the understanding of
different aspects of the concept of variable. In this study, we focus on the concept of
parameter, and in particular on the higher roles of the parameter as changing quan-
tity, as generalizer and as unknown that go beyond the parameter as placehol der
(Section 4.5). Therefore, we want to use an IT tool that allows for using literal sym-
bols that do not refer to numerical values. Also, exact values such as fractions and
radicals should be available, and from the perspective of symbol sense and insight
into formulas a ‘pretty print’ formula editor is reguired, as is the possibility to ma-
nipulate such formulas as objects. Here, graphical and numerical software packages

81



5.3

Chapter 5

and graphing calculators have limitations. However, computer algebra environ-
ments offer these options, and are therefore considered in the following section.

Research on computer algebra in mathematics education

This section addresses previous research on computer algebra use in mathematics
education. First, we explain what computer algebrais. Then we discuss two didactic
concepts that have dominated the debate on computer algebra use in mathematics
education for sometime. After that, we review some important studies on computer
agebrause in mathematics education, first on mathematics education in general and
later focusing on algebra. The section endswith alist of questions that often arise in
discussions on computer algebra use in mathematics education.

What is computer algebra?

Computer algebrais software that performs algebraic cal culations and formula ma-
nipulations. For example, algebraic expressions can be manipulated and simplified,
equations can be solved exactly and functions can be differentiated and integrated
analyticaly. Such software comes with options for numerical calculations and
graphing, and is available for both PCs and handheld devices such as symbolic cal-
culators. Well-known computer algebra packages for PCs that are used for educa
tional purposes are Maple, Mathematica, Mathcad, Mupad, Derive, Tl-Interactive,
Scientific Notebook and Studyworks, among others. Well-known handheld devices
that offer computer algebra facilities are Casio Cassiopeia, Casio ClassPad 300,
Hewlett-Packard 40G, Hewlett-Packard 200 L X, Texas Instruments T1-89 and Tex-
as Instruments V oyage 200. The handheld devices are compatible with the software
packages as far as algebraic power is concerned; however, screen dimensions,
screen resolution and memory capacity of the handheld devices are limited, com-
pared to the desktop computers.

To give an impression of the algebraic options of acas, Fig. 5.4 shows some exam-
plesin Tl-Interactive. Theleft-hand expression is entered by the user, the right-hand
side after the = sign shows the response of the software. The screen shows an auto-
matic simplification (where the case ¢ = 0 is neglected), the substitution of the ex-
pression a+1 for x (with immediate rewriting of the result), finding the common de-
nominator of rational algebraic expressions, solving the lens equation with respect
to b, expanding parentheses and factorization. Other computer al gebra software pro-
vides similar options.

Computer algebra systems were developed in the 1950s for scientific purposes.
From dedicated software packages the cass gradually developed into complete en-
vironments that now also offer options for numerical calculations and graphics. Re-
cently, computer al gebra software has become embedded in environments for word
processing and for communication via the Internet. Electronic books that students
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can work through in the environment have been devel oped. Handheld devices and
PCs can be connected to each other and to dedicated websites. The effects of these
fascinating devel opments are beyond the scope of this study.
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Figure 5.4 Examples of algebraic features of Tl-Interactive

Didactic concepts of computer algebra use in education

In the 1980s, mathematics educators started to seriously consider using computer al-
gebrafor educational purposes. Thosewho wereinterested in integrating technology
into mathematics education often were not involved in the research on mathematics
education. We conjecture that this is the reason for the loose relation between the
early ‘computer algebra community’ and the current didactic trends, concepts and
opinions. Thisresulted in the development of specific didactic concepts for theinte-
gration of computer algebra into mathematics education. We consider the two most
important ones that dominated the debate during the 1990s:. the resequencing con-
cept and the white box / black box issue.

Resequencing

The resequencing concept was addressed in the paper ‘ Resequencing skills and con-
ceptsin applied calculus using the computer asatool’ by Heid (1988). In this study,
which is considered as the start of research on computer algebrain mathematics ed-
ucation, Heid showed that the integration of computer algebrainto a calculus course
for first-year university students in business, architecture and life sciences allowed
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for resequencing the course, so that a ‘ concept-first’ approach could be followed.
Thislinks up with the reorganizer function that was identified by Pea (1985, 1987).
The remarkable result of the Heid study is that the students in the computer algebra
group outperformed the control group on conceptual tasks in the final test, and also
did nearly aswell on the computational tasks that had to be performed by hand, and
which, in the experimental course, were treated only briefly at the end. The subjects
in the experimental group reported that the use of computer algebra took over the
calculational work, made them feel confident about their work and helped them to
concentrate on the global problem-solving process.

Our own experiences with resequencing a course on optimization problems indicat-
ed that although students did develop an understanding of the global problem-solv-
ing strategy, somefelt uncomfortable with trusting the derivative functions provided
by the cas, which they were not yet able to verify (Drijvers, 1999a). This probably
hasto do with the black box character of the cas, which is addressed below. For the
purpose of this study, theissue of transfer from concept development in the compu-
ter algebra environment to paper-and-pencil techniques is very interesting.

The white box / black box issue

The white box / black box issue addresses the role that computer algebra can play in
thelearning process, and in particular the rel ation with paper-and-pencil work. In his
paper ‘Should students learn integration rules?, Buchberger (1990) argued that
while learning a new mathematical concept or technique the student should do the
relevant operations by hand. The danger in using a computer algebra system in this
phaseis that the student may lose control and understanding. Once the new subject
was mastered, computer algebra could be used to carry out the (now trivial) work,
especially while studying a new topic at a higher level. According to Buchberger,
the caswasthen used as ablack box that enabled the student to focus on new aspects
without being distracted by details that are aready known. In addition to this, the
CAS could also be used for scaffolding of gapsin the students' preliminary knowl-
edge (Kutzler, 1994).

The white box / black box sequence can also be inverted. Proponents of the black
box / white box approach suggested using the CAs as a generator of examplesand as
an explorative tool that confronts the student with new situations (e.g. Berry et d.,
1993, 1994). This black box phase can lead to discoveries that form the basis of the
explanation phase, where the findings are sorted and proved, or lead to the develop-
ment of new concepts, which is the white box phase. This approach can be catego-
rised as the amplifier function of computer algebra according to the Pea distinction.
Our experiences with ablack box / white box approach to discovering the chain rule
for differentiation showed that it was successful in the sense that students discovered
the procedure; however, this discovery had the character of pattern recognition with-
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out intrinsic meaning related to the concept of derivative (Drijvers, 1992). In cases
where the discovery of the pattern can hardly be done without explanation, the black
box / white box approach can be fruitful. An example of such atask isthat of finding
out how many zeros there are at the end of ‘big’ numbers such as 1997! or 1999!
(Drijvers, 1999b; Trouche, 1997, 1998).

In addition to these two approaches, Macintyre and Forbes (2002) suggested a grey
box approach, which consists of a step-by-step problem-solving procedurein which
students touch on black box operations, but do not rely on the technological device
in atotally dependent manner. Subprocesses are left to the computer algebra envi-
ronment, but the overall strategy is determined by the user.

The white box / black box issue distinguishes two possible ways of using computer
algebrain mathematics education. It isateaching rather than alearning concept, and
addresses the important question of the relationship between work in the computer
algebra environment and paper-and-pencil work (Drijvers, 1995a). In this study, we
consider establishing thisrelation as part of the instrumentation process, which will
be discussed in Section 5.6.

Research on cAs use in mathematics education

Two early studiesinto cAS usein education indicated a devel opment towards bridg-
ing the gap between the cas research and research on mathematics education in gen-
eral. These two studies were Repo’s study on differentiation and Pozzi’s study on
algebra. The research by Repo (1994) reported in the paper ‘ Understanding and re-
flective abstraction: learning the concept of the derivative in the computer environ-
ment’ is based on the concept of reflective abstraction, which is addressed in Sec-
tions 3.4 and 4.5 (Dubinsky, 1991; Piaget, 1980, 1985). By means of a genetic de-
composition of the concept of derivative, a learning trgjectory for this topic is
developed, in which the computer algebra system Derive plays an important role.
Repo reported that the conceptual understanding in the experimental group was sig-
nificantly better than in the control groups. The Repo study integrates a theoretical
framework from mathematics education with the, at that time, new approach to using
computer algebra.

In his paper ‘Algebraic reasoning and cAs: Freeing students from syntax? Pozzi
(1994) described how two students (16/17-year-olds) who were not high performers
in mathematics discovered the mechanisms of the product and quotient rule for dif-
ferentiation by using Derive. Besides the already mentioned problem of superficial
pattern recognition rather than intrinsic generalization, the students paid considera-
ble attention to the peculiarities of the computer algebra software, such as the spe-
cific means of representing and simplifying expressions. Pozzi argued that this can
be a source of misconceptions:
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Without a clear basis for explaining particular manipulations, students may
spontaneously develop their own models for what the computer is doing,
partly or wholly based on surface features of the generated algebra. This can
result in misconceptions unless the teacher supports the student in making
sense of these moves at some semantic level.

(Pozzi, 1994, p. 187)

New elements in the Pozzi study are the qualitative methodology, the age and level
of the students and the attention to obstacles that CAs can present while developing
algebraic insight. Especially the last-mentioned aspect isinteresting for the purpose
of our study, because it concernsthe relation between cAs use and conceptual devel-
opment, which is essential in the instrumentation theory.

Research on cAs use for the learning of algebra

In this section we describe some relevant research on the use of computer algebra
for the learning of algebra. It sketches the state of the art on which this study elabo-
rates. In the Pozzi study, algebrawas not the primary topic of investigation, although
algebraic issues did come up during the research. In asimilar way, algebraic aspects
show up in the work of Artigue and of Heid et al. discussed below. After that, we
consider three studies that really focus on the learning of algebrain a computer al-
gebra environment.

In her survey of French research on the integration of computer algebra, Artigue de-
scribed the phenomena of pseudo-transparency and double reference (Artigue,
1997a; Guin & Trouche, 2002). Pseudo-transparency meansthat the techniquein the
computer algebra environment is close to the paper-and-pencil technique, but is not
exactly the same and sometimes has quite subtle differences. Thisisparticularly rel-
evant to algebra. For example, if one enters (x+5)/3, in many CASSs one heeds to use
parentheses, but on the screen the formula appears without parentheses. In fact, the
horizontal fraction bar in X2 can be considered as a special notation for parenthe-
ses in the nominator, but the students often are not aware of that. In a similar way
the parentheses used to enter the square root of an expression disappear immediately
after entering. As a consequence of this pseudo-transparency, studentsworkingin a
computer algebra environment sometimes are not ‘ discovering mathematics', aswe
would expect, but may be discovering the software with all its peculiarities. Thisis
what is meant by double reference: referring to specific representations of the com-
puter algebra tool rather than referring to mathematical concepts. The difficulties
that are reported in the Pozzi study can be considered as results of this double refer-
ence.

Another study that reports on similar algebraic difficulties is that by Heid et a.
(1999). The authors report that college-level students, while working on non-routine
problems, had difficultiesin interpreting the output of the computer algebra device,
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inthiscaseaTI-92 symbolic calculator. To be ableto deal with this, students needed
to develop the ahility to recognize the typical idiosyncrasies of the computer algebra
tool concerning the representation of formulas and expressions.

The small-scale study by Boers-van Oosterum (1990) investigated whether students
could develop arich understanding of the concept of variable by means of acompu-
ter-intensive approach. Beside computer algebra, the ninth-grade students also used
spread sheets and graphical software. They showed a better conceptual understand-
ing of variable than students from the control group did.

Inasimilar, computer-intensive approach, O’ Callaghan (1998) investigated coll ege-
level algebra students' understanding of the function concept. He reported that stu-
dents showed an improved understanding of the function concept and better prob-
lem-solving skills. No significant improvement was found, however, as regards rei-
fying the function concept. The author reported that these students found it very dif-
ficult to reify functions.

The final relevant study is the research on the concept of variable using computer
algebra by Brown (1998). Students involved in this study (13/14-year-olds) worked
on ‘THOAN's (‘think of a number’-problems). Algebra in this study is primarily
generalized arithmetic; numerical values are substituted into variables. This ap-
proach is closeto the one of Graham and Thomas (1999, 2000), which was described
in the previous section: the variable acts as placehol der or as unknown. Thefacilities
that computer algebra offers are confined to the ones that support this placehol der
conception, and the higher variable roles are not addressed.

The studies reviewed here show that doing algebra in a computer algebra environ-
ment is not as simple asit might seem. The findings indicate that adequately using a
CAS requires insight into notational, syntactic and conceptual matters and is not just
a question of ‘leaving the work to the computer’. The technical work is related to
conceptual understanding. As a second remark, we notice that the studies described
here do not address the concept of parameter, nor do they seem to make full use of
the opportunities that computer algebra offers. In our study, we try to go one step
further, but without ignoring the findings from previous research.

Questions

In spite of the original optimism manifest in many of the early publications on the
integration of computer algebrainto mathematics education, a number of questions
are still unanswered (e.g. see Drijvers, 1997). For example, what is the relation be-
tween work with paper-and-pencil and work in the computer algebra environment?
How does computer algebra use affect the curriculum? How does it influence con-
ceptua understanding? What preliminary knowledge is required in order to use a
CAsinaproductive way? The Discussion Document for the 12th icmi Study entitled
‘The Future of the Teaching and Learning of Algebra’ raised the following ques-

87



5.4

Chapter 5

tions:

— For which students and when is it appropriate to introduce the use of a com-
puter algebra system? When do the advantages of using such a system out-
weigh the effort that must be put into learning to use it? Are there activities
using such systems that can be profitably undertaken by younger students?

— What algebraic insights and ‘ symbol sense’ does the user of a computer al-
gebra system need and what insights does the use of the systems bring?

— A strength of computer algebra systems is that they support multiple repre-
sentations of mathematical concepts. How can this be used well? Might it be
overused?

— What are the relationships and interactions between different approaches
and philosophies of mathematics teaching with the use of computer algebra
systems?

— Students using different computational tools solve problems and think about
concepts differently. Teachers have more options for how they teach. What
impact does this have on teaching and learning? Which types of system sup-
port which kinds of learning? Can these differences be characterized theo-
retically?

— What should an algebra curriculum look like in a country where computer
algebra systems are freely available? What ‘by hand’ skills should be re-
tained?

(Chick et al., 2001, p. 4)

Itisclear that the integration of computer algebrainto mathematics education raises
many questionsthat are still to be answered. For the purpose of this study, interesting
elements from the IcMm! list are the question concerning the age of the students, the
guestion of the relationship with an educational philosophy, the question of prereg-
uisite symbol sense, and the issue of the ‘by hand’ skills. These questions are ad-
dressed in the following section.

Opportunities and pitfalls of computer algebra use

In this section wefirst address the opportunities that computer algebra offers for the
learning of algebra and calculus. Then some pitfalls of the use of computer algebra
are discussed. In Section 5.5, we specify the opportunities that are relevant to the
learning of the concept of parameter.

Opportunities

In Section 5.2 we identified opportunities of 1T use in general for the learning of
mathematics. Most of these opportunities also hold for computer algebra use. How-
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ever, there are two additional issuesthat distinguish computer algebra environments
from other technological tools and offer educational opportunities.

Thefirst oneisobvious: computer algebra adds algebra. Computer algebratool s of -
fer awide range of algebraic features that allow for aflexible and sophisticated ap-
proach to algebraic problemsin away that is not possiblein other technological en-
vironments. This has far-reaching consequences. For example, notations and results
of the cas are mathematically correct and students feel confident about them (Heid,
1988). Exact solutions can be obtained, and expressions can be manipulated. The
compl ete repertoire of algebraic procedures allows for more than one problem-solv-
ing strategy, thus providing opportunitiesfor different approaches and for an explor-
atory approach to algebraic problems (Hillel et al., 1992). The results of such explo-
rations can be sources for generalization and vertical mathematization. In this sense,
computer algebracan act asan amplifier. Furthermore, the al gebraic representations
and manipulations can be linked with graphical and numerical representations and
manipulations, thus stimulating amore integrated view of the mathematical concept.
Another consequence is that more complex agebraic problems can be considered
and worked out, such as problems with realistic data (Hillel et a., 1992; O’ Calla-
ghan, 1998).

The second point is aconsequence of the availability of algebraic facilities. By free-
ing the students from the algebraic cal culations, the computer algebra offers oppor-
tunities to concentrate on the problem-solving strategy and on concept building.
While working in the computer algebra environment, students can think about the
next step in the problem-solving process without worrying about the actual perform-
ance, which in a paper-and-pencil environment would require attention and might
lead to disturbing errors. While using a CcAs, the student can leaveit to the computer
to carry out the procedures and concentrate on the strategy and the concepts in-
volved, asisreflected in the following quotations:

By passing the mgjority of algebraic manipulation over to the computer, CAS
can be used to redress the balance by moving away from the rote-learning of
manipulation skills and towards conceptual understanding.

(Pozzi, 1994, p. 173)

Computer algebra systems seem to beideal technologies for fostering growth
in the level of understanding of mathematical concepts. Using the cAs, stu-
dents can signify (and execute) actions on mathematical entitieswithout need-
ing to carry out the procedures by hand.

(Heid, 2002, p. 107)

The use of computer algebra affects the relation between concepts and skills. In the
previous section we discussed the idea of resequencing concepts and skills (Heid,
1988). Monaghan argued that cAs use hel psto distinguish concepts and skills (Mon-
aghan, 1993). Many other studies indicate that learning in a computer algebra envi-

89



Chapter 5

ronment allows for emphasising conceptual understanding (Hillel et al., 1992;
O’ Callaghan, 1998). Students in Heid's study (1988) reported that CAS use helped
them to keep track of the line of the overall problem-solving process.

A fregquently mentioned benefit provided by the use of computer algebraisan in-
crease in efficiency and a reduction in the time spent on algebraic calculations. In
secondary education, where computer algebra is used by novice users, this can be
questioned. The students lack both the mathematical expertise and the experiencein
using the cAsto be ableto use it efficiently (Artigue, 1997a).

Pitfalls

What are the most important pitfalls of integrating computer algebrainto the learn-
ing of algebra? From the literature and from our own experience, we see the follow-
ing three somewhat related difficulties (Drijvers, 2000, 2002b).

First, the computer algebra environment tends to have the character of a top-down
tool. Because a CAS contains so much mathematical expertise, arisk of using it for
an educational purposeisthat results are obtained in atop-down manner. Everything
‘isalready there', isalready invented. Furthermore, the cAsisoften quiterigid asfar
as syntax is concerned, and does not support informal notations. In that sense, acAs
is rather an explorative than an expressive tool (Doerr, 2001; Doerr & Zangor,
2000). From the perspective of RME, these are unfavourable characteristics that may
frustrate a student’ s motivation for construction and reinvention, unless adequate di-
dactic measures are taken. Heck (2001) suggests the following approach to this pit-
fall for the case of symbolism and variables:

Make avirtue of necessity: use the explicit symbolism of computer algebrato
make pupils conscious of the versatile use of variables and use surprising
results or bugs as opportunities to discuss mathematical topics further.
(Heck, 2001, p. 215)

A second pitfall, which is related to the top-down issue, is the black box character
of cass. Like many other technological tools, acas usually does not provide anin-
sight into theway it obtainsitsresults. The softwareisablack box that does not show
its methods. Specific to computer algebratools isthat these methods are often, even
in simple problems, far more sophisticated than the methods students themselves
would use. This may be manifested in unexpected outcomes or representations. As
a result, students may perceive a lack of transparency: they feel unable to ‘look
through’ the way the cAs arrived at its results, and cannot relate them to their own
experience with paper-and-pencil techniques. This can lead to experiencing a lack
of congruence between the computer algebra environment and the paper-and-pencil
environment: the paper-and-pencil technique and the computer algebra technique
are seen as unrelated, rather than as different implementations of the same technique
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(Drijvers, 2002ab, in press).

Thethird pitfall is described by Guin and Trouche who argued that a cAsisaclosed
microworld, and that students do not automatically link this microworld to the math-
ematical or real life world ‘outside’ (Guin & Trouche, 1999). Of course, this pitfall
also holds for other technical tools, but usualy to alesser extent. The perception of
CAS asamicroworld on its own may lead to the phenomena of pseudo-transparency
and double reference, which were discussed in the previous section (Artigue,
19974). Pseudo-transparency concerns the subtle differences between techniquesin
the computer algebra environment and paper-and-pencil techniques. Double refer-
ence refers to the fact that students are discovering the cAs microworld rather than
developing mathematical understanding.

Asafourth pitfall of computer algebra use one might consider the risk that students
will just pressthe buttons and thus no longer need to think. Our experiences are that
students sometimes do indeed exhibit such ‘fishing behaviour’: they try several
commands, hoping that one of them will lead to the correct answer. However, this
tactic rarely works. Working in the cAs environment reguires precise and well-for-
mulated expression of what needs to be done, and therefore necessitates thinking
(Malle, 1993). Zorn (2002, p. 1) stated: ‘... as machines do more and more lower lev-
el symbolic operations, higher level thinking and deeper understanding of what isre-
aly happening become more, not less, important’. The following remark by Heck is
in line with these opinions:

With a powerful repertory of tools at hand, it becomes even more important
for the user to realize what goals she has, what results aready have been
obtained in this direction, and what steps can come next. Stated simply in a
one-liner: computer algebrais not hands-on, but brains-on computing.

(Heck, 2001, p. 213)

We think it isimportant to pay attention to these pitfalls. In the early years of using
computer a gebra systemsin mathemati cs teaching and learning, there was much op-
timism among educators concerning the possible benefits of computer algebratools
for the learner, but questions concerning the pitfalls and obstacles were hardly ad-
dressed (see, for example, the topics addressed in Heugl & Kutzler, 1994). However,
we agree with Artigue, who argued in 1997 that an analysis of constraintsis relevant
to the understanding of the potentials of atechnological tool:

The analytical work of identifying the constraintsis essential for understand-
ing the possible functions of the knowledge that a given software package
allows for, for analysing the necessarily existing differences with the usual
school functioning of this knowledge and identifying the conflicts and the
problems of institutional legitimacy that may result from this.

(Artigue, 19974, p. 139, trandation PD)

Guin and Trouche (2002) el aborated on this by distinguishing different types of con-
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straints. Our point of view isthat the relation between the potentials of computer al-
gebra environments and the obstacles they may generate is important, because stu-
dents' difficultiesand errors can be opportunitiesfor real learning, and also may pro-
vide insightful datafor the teacher or the researcher.

Now that we have identified some of the opportunitiesand pitfalls presented by com-
puter algebra use in mathematics education, in the following section we will focus
on the specific potentials of computer algebra for the learning of the concept of pa-
rameter.

Computer algebra in this study

In this section we first discuss the potentials of computer algebrafor the learning of
the concept of parameter, which isthe central issue of thefirst research subquestion.
In the second part of this section, we motivate our decision to use the T1-89 handheld
symbolic calculator as the computer algebra device in our teaching experiments.

Potentials of computer algebra in this study

For the purpose of this study, we distinguish four important potential s of computer
a gebra environments that may enhance the understanding of the concept of param-
eter.

The first potential concerns the object character of algebraic expressions and for-
mulas. In the cAs environment, expressions and formulas have an object character
rather than a process character. They represent ‘things' rather than ‘actions’, entities
that can act asinput for subsequent procedures such as substitution or factorization,
and that show up as solutions of parametric equations. Therefore, a prerequisite for
dealing effectively with expressions and formulas in the computer algebra environ-
ment seems to be their reification. On the other hand, computer algebra use is sup-
posed to enhance the devel opment of amore structural view of algebraic expressions
rather than alimited operational view, becauseit forcesthe user to treat the formulas
and expressions as obj ects (Section 3.4). In the case of function, Weigand (1995) ar-
gued that working on chains of functions and composite functions in the computer
algebra environment supports reification. Monaghan (1994) stated that there is a
danger that cAs use might even stress the object character of function too much, so
that the function as input-output machine is neglected. For the case of algebraic ex-
pressions and formulas we do not share his concern, as these will till be considered
as processes by means of actions such as substituting numerical values.

The second potential concerns variables and parameters, which in a cas environ-
ment do not refer directly to numerical values, but are objects that represent arefer-
ence set of possible values. Theliteral symbolsin the castherefore are conceptually
different from their counterparts in numerical and graphical software packages that
do not do algebra. This opens the way to go beyond the conception of variables as
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placeholder, as pseudo-number, and to address the higher parameter roles of chang-
ing quantity and generalizer. Computer algebra goes beyond the level of the synco-
pic algebra and reaches for symbolic algebra (Monaghan, 1994). As a consequence,
‘al literal symbolsare equal’ within the computer algebra environment. Thisallows
for changing the roles that the user attributes to them, so that for example a param-
eter can act asunknown later in the problem-solving process. These features of com-
puter algebraenvironments are expected to foster the understanding of the higher pa-
rameter roles and the flexibility to deal with them.

Thethird potential concerns algebraic exploration. The CAS can serve asan environ-
ment for algebraic experimentation that generates examples which can be easily
changed and recal culated within the context of the cas. These examples invite gen-
eralization and vertical mathematization. Inthisway, computer algebraisused asan
amplifier of the possible range of examples, and — in Tall’s terms — as generic or-
ganizer (Tall, 1989). Thisis expected to stimulate students to make generalizations
and to discover the general in the particular. Such activities are expected to provide
access to the concept of the parameter as generalizer.

Finaly, the fourth potential is not exclusiveto CAS, asit is provided by other tech-
nological toolsaswell. It concernsthe facilities for visualizing the dynamic effect of
a dliding parameter. The investigation of the way the dynamically changing param-
eter val ue affects the graph and other properties of afunction isexpected to reinforce
the relation between formula and graph, and to improve the insight into the param-
eter as changing quantity at ahigher level than the changing variable. The possibility
to relate the effect of the sliding parameter to al gebraic properties makes the compu-
ter algebra environment even more suitable for this purpose.

In the previous section we stated that computer algebra use offers not only opportu-
nities but also pitfalls. For example, gradual formalization, as proposed within the
RME framework, isdifficult to realize within acomputer algebraenvironment, which
requires compl ete, well-formul ated procedures asinput. The process of symbolizing
— which was described in Section 3.5 as the building up of a dialectic relation be-
tween notation, symbol and meaning — is not easy to carry out withinacas. What is
needed, though, isfor the student to develop meaning for the conventional notations
and commands that exist in the computer algebra environment. This process, which
inevitably has a somewhat top-down character, can be considered as part of thein-
strumentation process addressed in the following section.

Which computer algebra device to use?

At the start of the research, we had to decide which computer algebratool would be
the best one to use for the purpose of this study.

The first decision was whether to use PC software or a handheld device. Using a
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desk top PC would offer the opportunity to have students work entirely at the com-
puter by typing in their explanations with the mathematical output. Our first experi-
ences with this approach, however, were not very successful. Although this may
change in the nearby future, the students preferred to write down results and com-
mentsintheir conventional paper notebook. Furthermore, in most secondary schools
in the Netherlands it is hard to arrange an instructional sequence of several lessons
in a computer lab. These labs are often not available for mathematics lessons, and
usually do not offer opportunities for classroom discussions and demonstrations us-
ing projections of the computer screens. Findly, it is difficult to arrange the use of
PC software at home, because students have different configurations at home and
home licences are lacking.

For these mainly practical reasons, we decided to use a handheld device. In the lit-
erature, the private character of handheld technology — which makes students feel
freeto try things and to make errors, and makes them perceive the technol ogy as per-
sonal — is seen as an advantage (Monaghan, 1994). Thereis arisk, however, of stu-
dents working too individually when using handheld technology (Doerr & Zangor,
2000).

In order to overcome the limitations of the small screen of the handheld calculators
we organized two lessons in the computer lab in the last teaching experiment.

Now, which of the available handheld symbolic calculators would be used? We
chose the Texas Instruments TI-89 (Fig. 5.5). The main reasons for this were the
completeness and high quality of the algebraic features that are also embedded ade-
quately in the other modules of the machine. An additional advantage of the T1-89
was that the students of the school where the experiments took place would be using
the Texas | nstruments graphing calculator T1-83 in tenth grade, and we assumed that
the change to the new machines would be easier it were the same brand™.
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Figure 5.5 Front and screen of the T1-89 handheld symbolic calculator

1. We thank Texas Instruments for providing the machines for this research.
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The screen on the right in Fig. 5.5 shows the bidimensional ‘pretty print’ output of
the T1-89. The input in the black bar at the bottom islinear. That is a disadvantage,
and the question iswhether thiswould present the studentswith difficulties. Theaim
of theresearch is not to eval uate one specific computer al gebra device or to compare
it with others, but to draw conclusionsthat are asindependent of the chosen platform
as possible. In the meantime, it is inevitable that at the micro-level of syntax and
command structure, the findings will be partially machine-specific.

Instrumentation of computer algebra

This section discusses the theory of instrumentation of T tools, which playsacentral
role in the second research subquestion. It was developed in the context of educa
tional research on the integration of computer algebra into mathematics education
by mainly French researchers, who prefer to call it the ‘instrumental approach’ rather
than the theory of instrumentation (‘I approche instrumentale’, Trouche, 2002, p.
187).

First, we briefly address the roots of this approach: the Vygotskian perspective of
tools, and the Vergnaud view of schemes. Then, the main elements of the instrumen-
tation theory are presented: the duality tool - instrument, instrumental genesis, utili-
zation schemes and instrumented techniques. The classroom aspects of instrumenta-
tion are discussed briefly, and finally we address the role of the instrumentation the-
ory in this study.

Background

One of the backgrounds to the instrumentation theory is the work by Vygotsky on
tool use (Vygotsky, 1978). A central issuein Vygotsky’swork is the ideathat tools
mediate between human activity and the environment. These cultural-historical ar-
tifacts can be material tools, but also cognitive tools, such as language or algebraic
symbols. More recently, Noss and Hoyles (1996) argued that technological tools
aso can mediate between the learner and the knowledge that is supposed to be
learned. From the Vygotskian perspective, the question in this study is how techno-
logical tools can act as mediators in the construction of new knowledge. An other
recent development in the line of Vygotsky isthe so-called cultural-historical activ-
ity theory (Engestrom et al., 1999). According to thistheory, learning is not consid-
ered to be an individual activity, but to be related to the ‘community of practice
(Wenger, 1998).

A second background of the instrumentation theory is the notion of schemes as de-
veloped by Vergnaud, who elaborated on Piaget. According to Vergnaud, a scheme
is ‘une organisation invariante de la conduite pour une classe donnée de situations,
an invariant organization of behaviour for a given class of situations (Vergnaud,
1987, 1996). For example, the scheme of counting is described as follows:
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Counting a set is a scheme, afunctional and organized sequence of rule-gov-
erned actions, a dynamic totality whose efficiency requires both sensory-
motor skills and cognitive competencies ...

(Vergnaud, 1987, p. 47)

A mental scheme has an intention, agoal and it contains different components, such
as‘operativeinvariants', the often implicit knowledge that is embedded in a scheme
in theform of ‘ concepts-in-action’ or ‘theorems-in-action’ (Guin & Trouche, 2002a;
Trouche, 2000).

Tool and instrument

The theory of instrumentation emanates from cognitive ergonomics (Rabardel,
1995) and concerns handling tools. It builds on the notions of tool use in thework of
Vygotsky. A key point in the theory of instrumentation istheideathat a‘bare’ tool
or artifact is not automatically a mediating instrument. As a simple example, let's
consider the hammer. A hammer may initially be a meaningless thing to a prospec-
tive user, unless he/she has used it before, or has seen somebody else using it. Only
after the need to have something like ahammer isfelt, and after the novice user has
acquired some experience in using it, does the hammer gradually develop into aval-
uable and useful instrument that mediates the activity. The experienced user has de-
veloped skills to use it in a handy way and knows in what circumstances a hammer
isuseful.

artifact mental scheme

JX2+y2 = 392y = 25—x

type of tasks

Figure 5.6 The instrument: atriad of artifact - mental scheme - task

A similar distinction between tool and instrument can be made for other artifacts,
such as calculators and computer algebra environments. Rabardel speaks of anin-
strument when there is a meaningful relationship between the artifact — or a part of
the artifact — the user and a type of tasks, in our case mathematical tasks (see Fig.
5.6).

The instrument, according to this view, consists not only of the part of the tool that
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isinvolved — in our case, for example, amodule of the symbolic calculator or CAS —
but also of accompanying mental schemes of the user — in our case the student — who
knows how to make efficient use of the tool to achieve the intended type of tasks,
which is the third component of the instrument.

Instrumental genesis and schemes

Thequestion now ishow the availability of atool or artifact |eadsto the devel opment
of auseful and meaningful instrument. The process of developing means to use the
tool in an appropriate and sensibleway iscalled theinstrumental genesis. Theresults
of thisinstrumental genesis are condensed in the form of utilization schemes; differ-
ently stated, the instrumental genesis consists of building up utilization schemes
(schémes d' utilisation in French). The idea of utilization schemes is close to the
Vergnaud - Piaget schemes that were described above. The word ‘ scheme' can also
be considered a synonym for ‘schema’ that is represented by the Sin the APOS ac-
ronym for Action - Process - Object - Schema (see Section 3.4):

A schema is a coherent collection of actions, processes, objects and other
schemas that are linked in some way and brought to bear on a problem situa-
tion.

(Cottrill et al., 1996, p. 172)

Two kind of utilization schemes can be distinguished (Guin & Trouche, 2002; Rab-
ardel, 1995; Trouche, 2000). The first category comprises the utility schemes
(schémes d’ usage) for adapting an artifact for specific purposes and thereby chang-
ing or extending its functionality. For example, a PC can be upgraded with a new
version of aword processing software package, cal culator menus can be customized,
and additional programs and applications can be downloaded into agraphical calcu-
lator. These schemes concern the instrumentalization of the artifact. By instrumen-
talization we mean that the user adapts the tool.

The second category comprises the schemes of instrumented action (schemes d’ ac-
tion instrumentée), which we define as coherent and meaningful mental schemesfor
using the technological tool to solve a specific type of problems. For example, the
‘problem’ of moving a text block while writing in a word processing environment
can be solved by means of the cut-and-paste scheme. An experienced user applies
this cut-and-paste scheme quickly and accurately by means of a sequence of key
strokes and/or mouse clicks. A novice user, however, has to deal with the technical
and conceptual aspects, such asthefact that the text block that he/she wantsto move
elsewhereisinvisible for amoment after it has been cut. The instrumentation proc-
essleadsto the building up of schemes of instrumented action that are useful for ful-
filling a specific kind of task.

Of course, the instrumentation and instrumentalization — the development of utility
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schemes and schemes of instrumented action — are related, and in some cases it is
not easy to decide what kind of schemes are developed. However, in this study we
concentrate on the second category of schemes — those of instrumented action — be-
cause we focus on using the computer algebratool to achieve specific tasks that will

contribute to an improved understanding. To avoid the somewhat long term
‘schemes of instrumented action’, we abbreviate it to ‘instrumentation scheme'.

An instrumentation scheme has an external, visible and technical part, which con-
cerns the machine actions. However, the most important aspect of the scheme isthe
mental, cognitive part. For example, suppose a student wants to solve the equation
2x2 -5 = 3% with a graphing calculator. The graphical solving scheme involves
the mental step of seeing both sides of the equation as functions y,(x) = 2x2-5

and y,(x) = 3%, which can be drawn. Furthermore, applying the scheme involves
the conception of a solution as the x coordinate of an intersection point of the two
graphs. Those are mental activities that give meaning to the technical actions such
as entering functions, drawing graphs and calculating intersection points.

A well-known examplethat illustrates the rel ation between conceptual and technical
aspects concerns the difficulties that students have with scaling the viewing window
of agraphing calculator (Goldenberg, 1988). The instrumentation scheme that needs
to be developed involves the technical skills of setting the viewing window dimen-
sions, but al so the mental image of the calculator screen asarelatively small window
that can be moved over an infinite plane, where the position and the dimensions of
arelevant rectangle need to be chosen. We conjecture that it is the conceptual part
of this scheme that causes the difficulties.

These examples illustrate that an instrumentation scheme is an interplay between
acting and thinking, and that it integrates machine techniques and mental concepts.
Technical skillsand algorithms on the one hand and conceptual insights on the other
areinextricably bound up with each other within the instrumentation scheme. In the
case of mathematical 1T tools, the mental part consists of the mathematical objects
involved, and of amental image of the problem-solving process and the machine ac-
tions. Therefore, the conceptual part of instrumentation schemes include both math-
ematical objects and insight into the ‘ mathematics of the machine'. During the in-
strumental genesis, such mental mathematical conceptions can develop paralel to
the development of the schemeitself.

Instrumentation, in short, concerns the emergence and evolution of utilization
schemes. The instrumentation schemes to which we confine ourselves can have dif-
ferent scopes: some are elementary, simple schemes that serve as basic components
for other, composed schemes. For example, the scheme to approximate exact an-
swers by decimal values is a simple scheme. It can be integrated into a composed
scheme, such as the scheme for calculating the zeros of afunction that involves the
approximation of the outcomes of a solve procedure.

In practice, theinstrumental genesis— that is, the construction of utilization schemes
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with technical and conceptual sides— isnot easy for the students. Often, this process
requires time and effort. Students may construct schemes that are not appropriate,
not efficient, or that are based on inadequate conceptions. Examples of difficulties
with instrumentation schemes can be found in Drijvers (2001abc, 2002ab, in press)
and Drijvers and van Herwaarden (2000, 2001). In Chapter 10, similar difficulties
that we observed in this study are addressed in detail.

Instrumented techniques

Thetechnical side of an instrumentation scheme may seem the less interesting part,
asthe primary interest in mathematics education concerns the cognitive, conceptual
development.

However, the two quotations below indicate that the technical work in a computer
agebraenvironment is not per sereduced, and that an eventual reduction of thetech-
nical work does not automatically induce conceptual reflection.

In fact, the view on the computer environment as an environment that would
alow for ‘unbalancing’ the relation between technical work and conceptual
work, allowing for a kind of economy of the technical work left over to the
machine, in order to concentrate on the conceptual work, does not seem to be
supported by our observations.

(Artigue, 19973, p. 164, trandation PD)

We found a common assumption: CAS lightens the technical work in doing
mathematics, and then students will focus on application or understanding.
(...) Our survey of the French classrooms showed neither aclear lightening in
the technical aspects of the work nor a definite enhancement of pupils con-
ceptual reflection (Lagrange 1996). Technica difficulties in the use of cAs
replaced the usual difficulties that pupils encountered in paper/pencil calcula-
tions. Easier calculation did not automatically enhance students’ reflection
and understanding.

(Lagrange, 1999c, p. 144)

Lagrange elaborated on the idea of instrumented techniques, in particular for the
case of computer algebra environments (Lagrange, 1999abc, 2000, 2002). He de-
scribes a technique as follows:

In this link with concepts, the technical work in mathematicsis not to be seen
just as*skills and procedures’. The technical work in agiven topic consists of
a set of rules, and methods and, in France, we call such sets ‘techniques, as
they are less specific and imply less training than ‘ skills' and more reflection
than ‘procedures’.

(Lagrange, 1999c, p. 144)

In line with this, we define a technique as a set of procedures in a technological or
non-technological environment that is used for solving a specific type of problems.
L agrange argues that techniques are still important in the computer algebra environ-
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ment, because they are related to the conceptual aspect by means of the instrumen-
tation schemes. He states that the character of the instrumented techniques in the
computer algebra environment differs from that of paper-and-pencil techniques.
Therefore, developing computer algebra techniques adds new aspects to the paper-
and-pencil techniques and makesthe students’ repertoire richer and more multiform.

Asisthe case with instrumentation schemes, techniques can be elementary or more
complex and composite. The elementary instrumented techniques, such as the direct
application of one single command, are caled ‘gestures’, and a composed instru-
mented technique usually consists of a set of such gestures. Theword ‘gesture’ here
has afigurative sense, and is not limited to physical movements.

Schemes and techniques

Now, what isthe difference between an instrumentation scheme and an instrumented
technique? According to Lagrange (1999abc, 2000, 2002), the instrumented tech-
nique is more than a sequence of key strokes; in fact, the instrumented techniqueis
close to the instrumentation scheme.

ure

composed scheme of instrumented action instrumented technique
or composed instrumentation scheme

constitutes

Figure 5.7 Instrumentation scheme and instrumented technique

The main difference, however, is that the instrumented technique concerns the ex-
ternal, visible and manifest part of the instrumentation scheme, whereas in the in-
strumentation scheme, the invisible mental and cognitive aspects are stressed.

In fact, instrumented techniques can be observed, discussed and taught, whereas the
more abstract instrumentation schemes are more difficult to observe. The visibility
of instrumented techniques is why they — rather than the instrumentation schemes,
which have amoreinternal and personal character — are the gateway to instrumental
genesis.
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The relation between instrumentation scheme and instrumented technique is sym-
bolized in Fig. 5.7, adapted from Trouche (2002, p. 208).

Instrumentation and classroom practice

So far instrumental genesis has been presented as the development of mental instru-
mentation schemes that have an individual character. However, the instrumental
genesisis not only a personal process (Docq & Daele, 2001). In education it takes
place in an educative setting, such as a classroom, and the instrumentation thereby
acquires a collective character as well. The way in which the teacher takes care of
the orchestration of the 1T toolswill influence theinstrumentation, aswill the discov-
eries or mistakes made by other students. As indicated above, this orchestration
takes place by teaching the ‘tangible’ instrumented techniques. The research studies
by Kendal and Stacey (1999, 2001) clearly indicated that the teacher may strongly
influence the collective instrumentation by privileging specific techniques and dis-
privileging others. We argue that the successes that were reported in the studies by
Doerr and Zangor and by Trouche can be attributed for an important part to the ef-
fective and adequate attention that was paid to the coll ective instrumentati on process
and the development of common instrumented techniques by the teacher (Doerr &
Zangor, 2000; Trouche, 1998).

Instrumentation in this study

Theinstrumentation theory was originally developed in the domain of cognitive er-
gonomics, but (mainly French) mathematics educationalists have applied it to the
learning of mathematics using IT tools and computer algebrain particular (Artigue,
1997b, 2002; Guin & Trouche, 1999, 2002; L agrange, 1999abc, 2000, 2002; Ruth-
ven, 2002; Trouche, 2000, 2002). Of course, that isthe role of instrumentationin this
study aswell.

In this study, the instrumental approach offers aframework for investigating the in-
teraction between student and technological environment. The combination of tech-
nical and conceptual aspects within the instrumentation scheme makes the theory
promising for this purpose, because it goes beyond the somewhat naive idea of re-
ducing skills and reinforcing concepts.

In addition, the theory of the instrumentation of 1T tools can be related to the theories
on symbolizing (Section 3.5). Both symbolizing and instrumentation concern the si-
multaneous development of meaning, notation and external representation. In the
case of instrumentation, these are condensed into utilization schemes and instru-
mented techniques that al so include the technical implementation within the compu-
ter algebraenvironment. Thetheory of instrumentation isalocal, technol ogy-specif-
ic addition to the perspective of symbolizing, and will be used in Chapter 10 asathe-
oretical framework for analysing, understanding and interpreting the interaction

101



Chapter 5

between student and cas.

The examples presented above show that the theory of instrumentation of 1T tools
concerns schemes for different kinds of tasks. However, in this study we confine
ourselvesto instrumentation schemes that address algebraic topics. In particular, we
study simple instrumentation schemes for solving equations, for expressing varia-
blesin othersand for substituting expressions, aswell asthe combining of these sim-
ple instrumentation schemes into composed instrumentation schemes.

This ends the theoretical part of this thesis. In Chapter 6 we will describe how the
theoretical points of departure aretransformed into a hypothetical learning trgjectory
and instructional activities, and report on the results of thefirst teaching experiment.
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The G9-l research cycle: learning trajectory and experience

Introduction

Thischapter isthefirst of the empirical part of thethesis. In Chapter 2, we described
that this design research study consists of three main research cycles, indicated as
G9-1, G9-1l and G10-I1, and one intermediate cycle, G10-1. At the heart of each of
these cycles is a teaching experiment. The arrangement of these teaching experi-
mentsis shown in Fig. 6.1.

| Chapter 6 | Chapter 8 | >
Jan 2000 Jan 2001 Jan 2002

Chapter 7 Chapter 8
Figure 6.1 Teaching experiment arrangement

This chapter addresses thefirst research cyclein ninth grade, G9-I. First we describe
the development of the hypothetical learning trajectory (HLT), which was based on
the analysis of the concept of parameter, on the analysis of the opportunities of com-
puter algebra and on the theoretical framework indicated in the previous chapters.
The HLT includes the global learning line, the intended mental activities of the stu-
dents and expectations concerning the contribution of computer algebra (Section
6.2). Thekey instructional activities and their expected effects are explained in Sec-
tion 6.3, which also provides an overview of the G9-1 teaching materials.

Then the experiences during the teaching experiment are described. The educational
setting, the pretest, the classroom experiences, the posttest, interviews and reactions
are presented consecutively. We briefly compare the different data types (6.4).
Finally, we reflect on the expectations that we had at the start of the teaching exper-
iment, and formulate the feed-forward of the G9-I research cycle for the next cycles
(6.5).

These follow-up research cycleswill be discussed in asimilar manner in Chapters 7
(G9-11) and 8 (G10-I and G10-I1). Together, Chapters 6, 7 and 8 thus provide a
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chronological description of the development of the HLT throughout the research cy-
cles. After that, Chapters 9 and 10 will revisit these cycles and their associated teach-
ing experiments from the perspective of the two research subquestions, the first on
the concept of parameter (Chapter 9) and the second on the instrumentation of com-
puter algebra (Chapter 10).

The G9-1 hypothetical learning trajectory for the parameter concept

In Chapter 2 we described the role of the hypothetical learning trajectory in this
study. The design process of HLT and instructional activities makes explicit the
choicesthat are made during the research. These choicesillustrate the shift of focus
during the subsequent research cycles and the development of the local instruction
theory. Inthe HLT, the intended learning trgjectory is described in terms of the men-
tal activities of the students and the expected effect on concept development.

In this section we first describe the starting points for the HLT and the expectations
that are investigated in this first teaching experiment. Then we motivate the global
trajectory through the different parameter roles. The activities that are supposed to
bring about the transitions between the different parameter roles are described next.
Thisleadsto the global HLT. Finally, we address some i nstrumentation aspectsin the
learning trajectory.

Starting points and expectations

The starting point for the development of an HLT for the concept of parameter isthe
level structurethat was devel oped in Section 4.5. There, we identified the placehold-
er asthe ground-level parameter role, and the generalizer, changing quantity and un-
known as the three higher roles of the concept of parameter. The reification of alge-
braic expressions and formulas was considered to beimportant in that conceptual de-
velopment (Section 3.4). Chapter 4 ended with some suggestions as to how this
higher level understanding might be brought about. Assuming that students have a
conception of the parameter as a placeholder, the HLT takes this as the starting level
and its goal is to extend the concept of parameter towards the three higher roles.

In Section 5.5, the main potentials of computer algebra use for the purpose of the
higher level understanding of the concept of parameter were identified. Thework in
the computer algebra environment was supposed to accentuate the object character
of algebraic expressions and formulas, to surpass the limited concept of variables
and parameters as placeholders, to allow for algebraic exploration and to visualize
the dynamic effects of the parameter change on graphs.

If we combine these means of achieving the higher level understanding with the
computer algebra potentials, we come to the following expectations that inform the
development of the HLT for GO-I:
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1 Withinthe computer algebraenvironment, students can easily work through sim-
ilar examples that vary only with respect to the parameter value. Repetition of
the problem-solving procedure is expected to make them aware of the overarch-
ing method and of the power of generalization. The specific cases can be consid-
ered as examples for every possible parameter value and for the generic class of
situations. The computer algebra device aso allows for repeating the procedure
for the general case. Thisis expected to facilitate the transition from the param-
eter as placeholder to the parameter as generalizer.

2 Thecalculation of general solutions of parametric equations in the computer al-
gebraenvironment and the substitution of algebraic expressionsand formulas are
expected to make students reify formulas and expressions.

3 Graphical models are expected to make students extend their placeholder con-
ception of the parameter towards the view of the parameter as generalizer (a
sheaf of graphs) and changing quantity (asliding graph or asequence of graphs).

4 A specific feature of the graph or a condition in graphical terms may cause the
parameter to take the role of unknown. The flexible way in which computer a-
gebraenvironments deal with variablesand parametersis expected to support the
students in making such shifts of roles.

Aswe described in Section 5.6, the instrumentation of the computer algebratool re-
quires our attention aswell. Asaconsequence of the above-mentioned expectations,
we expect that the most important instrumentation issues concern solving equations
and substituting expressions. The solve instrumentation schemeis expected to draw
the students’ attention to the variable and parameter as unknown. The substitution
instrumentation scheme, when applied to algebraic expressions, is expected to foster
the reification of formulas and expressions. A composed instrumentation scheme
that combines solving and substituting — the isolate-substitute-solve scheme (1SS)
that is described below — is expected to improve the understanding of the problem-
solving strategy and to generate a more flexible way of dealing with the different
roles of variables and parameters.

A trajectory towards the higher level understanding of the parameter concept
The first design question to answer while developing the learning trajectory con-
cerns the order of the higher parameter roles. Which of the three higher parameter
roles should be addressed first from the placeholder role? What activities invite the
student to advance towards the higher level? How can the use of computer algebra
support or foster this process?

In the G9-I teaching experiment, we chose the line placehol der - generalizer - chang-
ing quantity - unknown. The following arguments motivated this choice.

First, we consider the unknown to be best addressed as the last parameter role. For
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‘ordinary’ variables, the role of unknown is often taken as the starting point of the
concept development (e.g. Bills, 2001). It is argued that this was the historical de-
velopment of the concept of variable, and that the question of which value(s) of a
variable make(s) acondition becometrueisanatural one for students. The next step
is often the variable as undetermined. In the case of parameter, however, this does
not seem to be the adequate trajectory, because the parameter as‘ changing constant’

first appearsasaconstant. It isonly after that, that the parameter value changes. This
changeinvolvesthe concept of the‘ sliding parameter’, which leadsto anew but sim-
ilar situation. Only after the student realizes that the ‘family parameter’ generalizes
over al these situations is the question appropriate to ‘filter' out parameter values
that fulfil specific conditions within this class. Thisis why we think that the param-
eter as unknown should be addressed only after addressing the generalizer and
changing quantity role of the parameter.

Thenext question, then, concernsthe order of the generalizer and the changing quan-
tity roles of the parameter. If wethink of the process-object duality, and in particular
of theideathat the operational precedesthe structural, the optimal order seemsto be
to start with the parameter as changing quantity, which has a more dynamic and op-
erational character than the parameter as somewhat static generalizer. An argument
for the inverse order, the line generalizer - changing quantity, is that for the concept
of variable the changing quantity role, which is characteristic of functional algebra,
developed historically after the variable as generalizer. Also, the generalizer role of

the parameter is considered to be the most important in this study, so why not ad-

dressthe primary focus directly? For the G9-I learning trajectory, we found the |l atter
arguments decisive and chose the order generalizer - changing quantity.

» unknown

generalizer

changing
quantity

placeholder )

Figure 6.2 Learning trajectory through parameter rolesin G9-1

ground level second level

The conclusion so far is that the global |earning trajectory for G9-I follows the line
generalizer - changing quantity - unknown. Thisis sketched in Fig. 6.2, whichisa
variant of thelevel structurein Fig. 4.2. The design problem now isto define student
activities that bring about the conceptual transitions from the placehol der role of the
parameter to the generalizer, from the generalizer to the changing quantity, and from
the changing quantity to the unknown.
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How to bring about the transitions?

The first step towards solving the design problem isto globally describe the activi-
ties that foster the transition to the higher parameter roles.

Thetransition from the parameter as placeholder to the parameter as generalizer is
expected to be brought about by confronting the student with several situations that
are mathematically similar but have different parameter values. The ideais that the
student perceives the similarity of the problem-solving procedure in spite of the dif-
ferent numerical values. Thisis supposed to elicit the wish to ‘ solve the problem for
onceand for al’, viz. tofind asolution that includesall the different numerical cases.
To represent such a general solution, algebraic expressions and formulas are used
that need to be treated as mathematical objects, that do not refer to a cal culation rec-
ipe, but represent the solution of aclass of problems. Thisinvolvesthe mental reifi-
cation of expressions and formulas. Computer algebra use may support this devel-
opment by solving equations algebraically, by alowing for easy recalculation of
similar problem situations with different parameter values, and by generating gener-
al solutions. Graphs can be used for visualization in this process, and sheaves of
graphs may visualize the class of situations.

The transition from the parameter as generalizer to the parameter as changing
quantity is expected to be brought about by a graphical approach, in which the pa-
rameter value changes gradually and systematically. The student is asked to study
the effect of the changing parameter value on the graph. Mentally, the student real-
izes that changing the parameter value affects the problem situation as a whole, as
well as the complete graph. Computer algebra can be used in this transition for sub-
stituting numerical values and for graphing a sequence of ‘shifting’ graphs.

The transition from the parameter as changing quantity to the parameter as un-
known is expected to be fostered by applying additional criteria or properties to the
situation or to the graph. Such an additional criterion requires the filtering of appro-
priate parameter values out of the set that the dliding parameter goes through. For
example, a criterion might be ‘ For which values of p does the graph have only one
zero? . In the context of a sliding graph, such questions may arise quite naturally.
Often, the condition will concern graphical properties (intersection points, tangent
points, vertices), as they are easy to imagine for the students. Such questions are ex-
pected to lead to a mental shift of parameter role, so that the parameter will act as
unknown rather than as changing quantity. Computer algebra allows for this shift,
because for the cas, al litera symbols can play any role, and equations can be
solved with respect to any literal symbol. The parameter as unknown plays only a
limited role in the learning trajectory for G9-I. The teachers discouraged stressing
this role, because they considered the shift of roles as too difficult for the students.
An intermediate step towards the parameter as unknown might be the parameter as
asecond, independent variable. In that case, three-dimensional graphs can be drawn
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in the computer algebra environment. An argument for this approach is the experi-
ence from previous experiments that students find three-dimensional graphs quite
fascinating. Thisintermediate step is addressed briefly in the HLT.

The global learning trajectory for the G9-I teaching experiment is sketched in Fig.
6.3. The learning trajectory runs from top to bottom. The columns subsequently de-
scribe the role of the parameter, the algebrai c and graphic meaning of this parameter
role, the students' overt and mental activity that brings about the transition, and the
way computer algebra supports this activity.

& & @
5 & & .
& @) § )
R & 3 & & &
S s S D D %’QJ
2 ook & S S
S S S & & &
N > 5 > s S
& & O L
S & S
SO
one 24 N INES
p older | numerical onegraph exploresimilar| seesimilarity, |graph, solve
value o . .
situationsfor | generalize, for- | equations, gen-
. aset of asheaf of 4/ different value§ mulaasobject |era solutions
generalizer | numerica graphs  ~\ change see dynamical | substitute pa-
vaues
i parameter changes, graph | rameter values,
changing |2 changcl:‘lg achanging4/ values as object animate graph
quantity \r/l;angn graph ~\ filter specific | change parame-| solve with
parameter terrole respect to
subset of asubset of |/ yqjues parameter
unknown numerical graphsina
vaues sheaf

Figure 6.3 HLT scheme for the parameter concept in the G9-1 teaching experiment
Instrumentation aspects within the HLT

Theinstrumentation of relevant algebraic procedures requires attention in the learn-
ing trgjectory. The instrumental genesis of the solve instrumentation scheme in-
volves the awareness that an equation is always solved with respect to avariable or
parameter and that the solution of a parametric equation isan expression. This aspect
is addressed by means of solving equations with respect to different variables, and
by solving equations containing parameters.

The instrumentation of the substitution instrumentation scheme is addressed by
means of having students substitute algebraic expressions into other formulas. The
intention is for this to promote the reification of the expression that is submitted to
substitution.

Theinstrumentation of the composed instrumentation scheme that combines solving
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and substituting is stimulated by comparing the execution in the computer algebra
environment with the performance by hand.

Key activities in the teaching materials

In this section we describe the elaboration of some of the key activities of the HLT of
the concept of parameter into assignmentsin the teaching materials. These activities
were designed in interaction with the HLT development. In Chapter 2 we described
the design principles of guided reinvention, didactical phenomenology and mediat-
ing models that guided the design process.

For the G9-I teaching experiment the teaching materials consist of two booklets, ‘ In-
troduction T1-89" and ‘ Changing algebra’. The first booklet aims at introducing the
students to using the T1-89 symbolic calculator. Such an introduction is needed, be-
cause a successful completion of the learning trgjectory demands some preliminary
machine skills. Furthermore, it aims at directing the students’ attention to cAs tech-
niques that are important in the HLT, such as substitution, solving equations and ma-
nipulating expressions and formulas. The second booklet, ‘ Changing algebra’, aims
at the development of the concept of parameter in the indicated way. Fig. 6.4 pro-
vides the tables of contents of both booklets; the complete manuscripts (in Dutch)
are available at www.fi.uu.nl/~paul d/dissertation.

Introduction T1-89 Changing algebra
1 Arithmetic 1 Sum and difference
2Tables 2 Algebraic solution
3 Graphs 3 The power of algebra
4 Algebra 4 Rectangles with afixed perimeter
5 Investigation task 5 Substitution
6 A network of graphs
7 A sheaf of graphs
8 Three-dimensional graphs
9 Graphs with Derive
10Summary and exercises
11Investigation tasks

Figure 6.4 Contents of the two teaching units

The first three sections of ‘Introduction TI-89" address the elementary skills of op-
erating this device. Section 4 concerns algebra, and solving equations and substitut-
ing expressions in particular. It prepares for the future topic of the teaching experi-
ment. The goa of the substitution assignment in Fig. 6.5 is to make students realize
that a formula within the computer algebra environment can be ‘picked up’ as a
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whole to replace a variable. Thisis expected to prepare them for the reification of
expressions and formulas. The question is whether students understand what hap-
pens when an expression is substituted for avariable.

4.17 The volume of a cylinder is equal to the

product of the area of the bottom and the radius
height, in short a * h.

The area of the bottom equals = timesthe
square of the radius.

Soenter: a*h |a= 7w * "2

You can get  with 2nd 7.

Thisway, the formulafor the areais sub-
stituted into the formula of the volume. \_,/

height

Figure 6.5 Substitution task in ‘Introduction TI-89'

Section 5 of ‘Introduction TI1-89' contains a series of tasks on pattern recognition,
and prepares for the transition from placeholder to generalizer. The aim of the as-
signments (Fig. 6.6) is that students experience the power of the computer algebra
environment for generating examples that are the source materials for generaliza-
tion. The question is whether students can attach meaning to the pattern or whether
they will simply take it as a superficial recognition task. Fig. 6.6 shows that the in-
troductory booklet contains screen dumps of the computer algebra device, so that
students can verify their results.

5.1 Enter (x +y)?
Fi- Fz= |[FZ=| Fl-r FE F&~
HaVe the brackets eXpandaj Tools|A13ebra|Calc|0ther |FE3mi0{Clean Ur
5.2 Dothesamefor (x + 2)2, (x + 3-y)2,  [wexpandlix +w?]
(x + 4.y)?, and so on. What patters do M€+ 2oy byl
you discover in the outcomes? = expand(x + 22; ) 5
5.3 Verify the pattern you found by expand- | o + g4y
ing (x + C-y)z. S G R

Figure 6.6 Pattern matching task in ‘Introduction TI1-89°

The first three sections of the booklet ‘ Changing algebra’ focus on sum-difference
problems. Thetask is to find two numbers when their sum and difference are given.
This historical problem seems suitable for the transition from placehol der to gener-
alizer. Students approach this problem by means of afair share method that is close
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to the Rule of False Position that is described in Section 4.3 (van Amerom, 2002;
Radford, 1996; Stacey & MacGregor, 1997). Students are invited to describe their
approach in natural language as a means to temporarily avoid algebraic formalism
(seeFig. 6.7). If they are not able to do so, it may help to ask them how they would
solve the same problem with 800 rather than 700 and with 500 rather than 600.

2.1 Two numbers, x and y, are 700 together, and x is 600 bigger than y:
x+y = 700
X—y = 600
a How big are these numbers?
b Try to write down arecipe for the solution of this problem. Indicate
which steps you carry out to calculate x and .

Figure 6.7 Sum-difference assignment

In order to help the students with machine operations, T1-89 help frames are includ-
ed intheteaching material. Fig. 6.8 shows such aframethat bel ongs with assignment
2.1 showninFig. 6.7.

What do you want to do? How do you do that with the TI-89?
Isolate avariable in an expression, choose F2 option 1: solve
for example solveyinx + y =700 complete: solve (x +y =700, y)

finish with ENTER

Carry out a substitution, for example enter: x-y =600 | y = 100
replacey in x —y = 600 by 100 or by orx-y=600]|y=700-x
700 — x finish with ENTER
read the vertical bar | as‘with’
or ‘wherein’

Figure 6.8 TI-89 help frame

Section 4 of ‘Changing algebra’ addresses the sum-product problem in a similar
way. The dimensions of a rectangle with a fixed perimeter and surface are to be
found. The procedureis generalized into a generic one. Compared to the sum-differ-
ence problem, the solution formulas are more complex and harder to understand.

Section 5 contains a mixture of assignments that address substitution and generali-
zation. Most of the problem situations have a geometrical context. Fig. 6.9 provides
an example concerning aright-angled triangle. The ideaisthat solving the problem
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for two pairs of parameter values opens the way to the general solution in question
¢, so that the transition from placeholder to generalizer is addressed once more. The
question is whether students are able to make this jump.

5.4 The two right-angled edges of aright-angled
triangle together have alength of 31 units. -
The hypotenuseis 25 units long. 7/
a How long is each of theright-angled edges? / 25
b Solve the problem also in case the total
length of the two edgesis 35 instead of 31. v
c Solvethe problem in generd, that is
without the values 31 and 25 are given.

«— 317—>

Figure 6.9 Generalization in the right-angled triangle situation

In Sections 6 and 7 the transition to the parameter as changing quantity is made. For
example, Fig. 6.10 shows a task in which the effect of a‘diding parameter’ on the
graph is asked. Can students connect the dynamics in the graph with the formula?

NN

Aboveyou seethegraphsof y = s—x andy = x—V for several valuesof sand
v: svariesfrom0, 1, 2,... to 7 and for v the same. Thisyields anetwork of graphs.
With ‘flags’ one can indicate which value of sor v determinesthe line.
6.5a Make the drawing on the screen of your T1-89.

b What happenswith the graph of y = s—x when sgrows?

¢ Thesame question for the graph of y = x—v when v grows.

Figure 6.10 Assignment on the ‘ dliding parameter’
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Section 8 of ‘Changing algebra’ treats three-dimensional graphs that can be drawn
with the TI-89, athough this requires some patience from the user, and the screen
resolution islimited. To overcomethese limitation, Section 9 concernsaside-step to
a computer algebra environment on the PC that allows for fast, high-quality graph-
ing.

Section 10 summarizes the teaching unit and contains some assignments in which
the parameter role shifts to the role as unknown. For example, in the context of the
right-angled triangle (assignment 5.4, see Fig. 6.9), the length of the hypotenuse is
no longer fixed but iscalled k. The question in task 10.10 is for what values of k the
problem has no solution. Such assignments are expected to support the transition
from the parameter as changing quantity to the parameter as unknown.

11.1 A ‘fan’ of lines

The figure above shows the graph of the function y with

y = 4x2-8x+1
Also, a‘fan’ of linesthrough the origin is drawn. As you see, the number of
intersection points between these lines and the parabola varies.
Questions now are:
- Between which values can the number of intersection points vary?
» What determines the number of intersection points of line and curve?
» Find arulethat indicates how you can infer the number of intersection
points from the equation of the line.

Figure 6.11 Investigation task on the sheaf of lines and the parabola

Section 11 containstwo investigation tasks. Thefirst oneisshownin Fig. 6.11. The
ideais that the student needs to use the different parameter roles. First, in order to
find the general equation of the line through the origin, a parameter as generalizer is
needed. Second, a dynamic view of this parameter as changing quantity is required
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to see how the number of intersection points changes as the parameter valueincreas-
es. Third, the general coordinates of the intersection point(s) have to be calculated,
which requires the acceptance of an algebraic expression as the solution to the equa-
tion. Finally, the two solutions to the equation are to be set equal, in order to have
one single intersection point. This equation has to be solved with respect to the pa-
rameter, which thus acquires the role of unknown. We hope to see whether students
are flexible enough to switch between the different parameter roles.

The G9-1 teaching experiment

The aim of the G9-1 teaching experiment was to investigate how the developed HLT
would play out in the classroom and whether computer a gebra useimproved the un-
derstanding of the concept of parameter in the way it was expected to. Also, we
wanted to know how the instrumentation of the computer algebra environment took
place.

The method of carrying out the teaching experimentsin general is described in Sec-
tion 2.5; information on the school where the experiment was held is provided in
Section 2.8. In the present section, we first sketch the educational setting of the G9-
| teaching experiment (6.4.1). Then we describe theresults of the pretest (6.4.2). The
global findings during the experiment are presented in 6.4.3. Section 6.4.4 contains
theresults of the final test. In 6.4.5 and 6.4.6, the data from the evaluation interview
with the teachers and the student reactions are presented. Finally, we compare the
different kinds of data (6.4.7).

Educational setting

The G9-I teaching experiment took place in two ninth-grade classes, with 53 stu-
dentsall together. It lasted for 22 lessonsin class A and 24 lessonsin class B, includ-
ing apretest lesson and a posttest lesson. Class A (27 students: 13 females, 14 males)
was aregular Dutch class with agood working attitude. The average report mark for
mathematics on the previous report was 6.2 out of 10. The female mathematics
teacher was qualified to teach mathematics to 12- to 16-year-old students, and had
many years of experience. Her teaching style can be characterized as controlling. For
example, she often wrote down atimetable for the lesson on the blackboard and she
regularly checked student notebooks. During whole-class explanations and discus-
sions she demanded the attention of all the students, and created a climate in which
the students listened to each other. She invited students to contribute and was open
to interaction. The classroom atmosphere was good. The teacher’ s experience with
IT usein teaching was limited to some incidental lessons using graphical softwarein
the computer lab. For the students, using IT inthe mathematics |essonswas quite new
aswell.

Class B consisted of 26 students (16 females, 10 males). The average report mark
for mathematics on the previous report was 6.0 out of 10. The students’ attitude was
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not asgood asin class A. Some students were often absent. The atmosphere wasless
quiet than in class A. Some of the students sometimes talked loudly in class. The
class B mathematicsteacher — also female and qualified to teach mathematicsto 12-
to 16-year-old students— was not very experienced. The organization of the lessons,
and in particular of the whole-class explanations and discussions that require al the
students' attention, was not easy for her. Interactive whole-class discussions on the
topic were rare. The planning of the lesson was not always effectuated and the
whol e-class explanation sometimes lasted longer than estimated because of the stu-
dents' lack of attention. When students were working individually or in pairs, effi-
ciency was sometimes low. Neither the teacher nor the students had substantial ex-
periences with using technology in mathematics lessons.

See Section 3.7 for an indication of the preliminary knowledge of algebra of the stu-
dents from both classes. Information on data collection in this teaching experiment
isgiven in Chapter 2.

Before the teaching experiment, the two teachers and the researcher discussed the
aims and goals of the experiment. The teachers commented on the teaching materi-
als, and a planning for the teaching experiment was agreed upon. During the exper-
iment, each lesson was discussed by teacher and researcher, and decisions for the
next lesson were taken.

Pretest

The G9-I teaching experiment started with a pretest that was taken by 49 of the 53
students. The aim was to determine the knowledge of the students concerning pa-
rameters, general solution and dynamics at the start of the experiment. Furthermore,
some of the pretest items were intended to be matched with posttest items. A first
version of the pretest had been tested in a pilot test at another school. The full text
of the pretest is presented in Appendix A. Table 6.1 summarizes the results.

Iltem 1 2 3 4 5 6a 6b 6¢c
Correct 47 35 10 39 45 47 43 35
Incorrect 2 14 39 10 4 2 6 14

Table 6.1 Results of the G9-| pretest

We will now discuss the findings on the pretest items that involve preparation for
generalization (2, 3), preparation for dynamics (1, 6b, 6¢) and tasks that involve the
meaning of the literal symbols (4, 5, 6q).

Items 2 and 3 addressed solving systems of two equations with two unknowns,
which later were the subject of generalization in the teaching materials. In item 2,
many students revealed that they had informal strategies for solving the concrete
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sum-difference problem. Apparently, the problem was natural to them. Out of atotal
of 49, 19 students carried out a systematic method that essentially comes down to
(120+38)/2 or 120/2+ 38/2. Thework of Studentl (see Fig. 6.12) isan exam-
ple of this approach. He mentioned the average of 120 and 38 (‘gemiddelde’ in
Dutch) and also checked his answer (‘controle’). Some of the students, such as
Student2 in Fig. 6.12, mixed up different approaches. An approach that is based on
trial-and-improve was chosen by 15 students, sometimes with fair share as the start-

ing point. One student used equations to solve the problem and 14 students did not
find the correct solution.

Pretest item 2

If | add the age of my father and my own age, | get 120. If | subtract my agefrom
that of my father, the result is 38. How old am 1?
How did you find it?

Sudent 1 odes x v = \2o
VOOEL -\ = 3®
[PET'S

18 4__~1_L_~___J'Lo

d\\Ls\Mi'@mAddﬂldl ?\W\*‘»\SSM 1o en 3K,
(20-3€ =32 Rrla 39 \A,Gel\

a1 22 .0y corkfola » 38% i = \Zo Gl\eof
Student 2
2 47T i0m Xty =120 L= vedee
vz ilczelf
7.7 - 38 X -y =38

X = 120 2y
NS M X -38 +&/ ] g
w '%WM-
0> B
w0 18= 4 :?::;; R

Figure 6.12 Sum-difference problem in pretest: different strategies

L et us consider thework of Student 2inFig. 6.12 once more. Remarkably, she usesd
the symbol ? for the age of the father as well as for the age of the son. Some of the
other students did the same. Later, Student 2 introduced the literal symbolsx and y.
In both equations she isolated X, but she did not equal the two expressions for x. In-
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stead, she substituted x—y for 38 and subtracted this from 120. Finally, she divided
120 by 3 (maybe she thought the father is about twice as old as the son?) and adapted
the value of 40 until she found the correct solution. She started with formal strate-
gies, but ended up with trial-and-improve when the formal method did not produce
the result.

Item 3 revealed a different picture. In the more complicated situation of the right-
angled triangle, most students did not know what to do with the equations
(a+b = 31 and a2 + b2 = 252) that are more complex and probably do not mean
anything to them.

The items that involve dynamics (1, 6b and 6c¢) revealed good results. Apparently,
the students were able to see ‘what moves’ when the formulais meaningful to them.
Answers such as ‘thetotal costs get higher’ or ‘the slope remains the same’ for item
6b were common. However, some of the students tended to compensate; they
thought that a higher admission price should result in alower attraction price, so that
the total costs remain unchanged.

Attaching meaning to formulas and to the literal symbolsthat they containistheis-
sue of items 4, 5 and 6a. The results indicate that for linear relations, the students
were able to give meaning to the formulas and letters involved. For item 4, for ex-
ample, answers such as ‘ costs = 15 + price x number’ were common. In 5, we find
answers such as ‘p is the slope number and a is the starting number’. In 6a, many
students found the right formula.

Experiences during the teaching experiment

In this section we describe the experiences during the teaching experiment, based on
classroom observations and the written work of the students. First, we address the
reification of expressions and formulas. Then we follow the line of the HLT: the pa-
rameter as generalizer, as changing quantity and asunknown. Finally, we discussthe
concluding investigation task.

The protocols presented here are representative of the work of the students, unless
indicated otherwise. Observations or explanations by the observer are added be-
tween square brackets| ]. By (...) weindicate that a part of the text was skipped be-
cause it was not relevant. A (?) means that the registration was not audible. Dots ...
indicate that the speaker was interrupted or goes on later. Each protocol endswith a
code representing the teaching experiment during which the observation took place,
the fragment of the audio- or video-registration and the assignment.

Reification of expressions and formulas

At the start of the teaching experiment the students worked fast and with enthusiasm
through the tasks of the booklet ‘Introduction TI-89'. The instrumentation of solve
was difficult because of the specification of the unknown with respect to which the
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equation was solved. We supposed that substitution of formulas and expressions
would stimulate the studentsto reify them. One of the first assignmentsinwhich this
playsaroleisthecylinder task (assignment 4.17, see Fig. 6.5). Theexpression r - r2
needs to be substituted for oin a*h. In TI-89 language: a*th |a== * r*2. Many stu-
dents seemed to acquire an understanding of what was happening and started con-
sidering the formulas as objects that can be substituted. The following fragment
shows how Suzanne did not understand the situation completely at first, but then cor-
rected her formulation. She considered the formula as an object that can be moved.

Observer: Do you understand what happens, Suzanne?

Suzanne:  Yes, this[points at the part after the vertical bar] is mul-
tiplied by this[points at part before the bar] .

Observer:  Multiplied?

Suzanne:  Filledin.

(G9-1-B6, assignment 4.17)

A minority of the students found it difficult to give meaning to the substitution. For
example, one of the students replied to the question whether she understood what
was happeningina*h|a= - r2:‘No, infact I'mjust typing blindly.’

Wedid not give aname to the substitution bar |. Perhaps this would have helped the
students to see the meaning of the substitution procedure. The impression was, how-
ever, that carrying out this substitution in the cas fostered the perception of formulas
and expressions as objects.

The parameter as generalizer

The introductory booklet ended with an investigation task on the recognition of the
pattern in the expansions of (x + ¢ - y)?2 that is shown in Fig. 6.6. This was the first
step towards the parameter as generalizer. Computer algebra acted as the generator
of examples that were supposed to lead to pattern recognition.

Indeed, the examples generated in the computer algebra environment made students
recognize the pattern that some formulated in adirect and othersin arecursive way.
One of the students formulated the pattern in natural language as follows: ‘ For the
first number it doubles and for the second it goes times itself’. Another student: ‘If
you double the value of y, then the number itself doublestoo, and the second number
issquared’. Of course, in the latter formulation the student meant that the number in
front of the y doubles, not y itself. Some of the students introduced a parameter for
the formulation of the pattern before it was suggested in the task: ‘ The number a re-
turnsasa*2 and asa“’. It isremarkabl e that about half of the students did not explain
the pattern they found, although they could perform the squaring by hand to see how
it emerges. Insightful generalization was not observed very often. However, an ex-
planation was not explicitly asked for. A practical obstacle in this task was the dot
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for multiplication. Some students forgot this, entered (x+cy)Z, and got
X2+ 2. cy- X+ cy? asthe expansion. Students did not always realize that this was
not what they should get. More information about the result of this assignment can
be found in Section 9.4.2.

The second generalization task concerns the sum-difference problem (see Fig. 6.7).
Students did well in finding numbers with sum 700 and difference 600, in spite of
some calculation errors. If we take into account the good results on asimilar task in
the pretest (see Fig. 6.12), this was no surprise. The students devel oped a sense of
the general procedure, but had difficulty in formulating it by means of algebraic for-
mulas. Rather than using the general solution, some students preferred to start from
the beginning in anew case. For example, after the general solution of the sum-dif-
ference problem was given, one of the students found it confusing. She commented:
‘Thisway | don’t get confused so easily.” Maybe this situation wastoo simpleto feel
the need for the general solution and to makethe effort to understand it; concrete cas-
es could be solved easily.

Thethird instance of generalization was the sum-product problem: how can you find
two numbers, given the sum and the product? This was hard for the students, even
in concrete cases without generalization with a parameter. Many instrumentation
problemswith solve and substitute were encountered (Section 10.4). Apparently, the
tasks in the introduction booklet were too easy compared to the way solve and sub-
stitute had to be applied in the sum-product problem. Also, students seemed to miss
the intuition that guided an informal problem-solving strategy, as was the case with
the sum-difference problem. Furthermore, the formulasin the sum-product problem,
especially in the general case, were more complicated than those the students were
used to handling. Students showed difficultiesin ‘looking through’ the formulas and
understanding their meanings. Because of these difficulties, the parameter as gener-
alizer did not work out very well in this activity.

A fourth instance in which generalization was aimed at, was assignment 5.4 on the
right-angled triangle (see Fig. 6.9). The task wasfirst to solve systems of equations
such as x+y = 31, x2+y2 = 252, and later the general system x+y = s,
x2+y2 = k2. Thefirst, concrete system of equations can be solved by a composed
instrumentation scheme that is called isolate-substitute-solve (1SS). This schemeis
explained in detail in Section 10.4, but Fig. 6.13 gives an impression.
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mzolue(x +u=31,4) lx2+92=252|g=31—><
2,2 oel mIL o 2 %2 -62-%+ 961 =625
mETEY '35 |=31-x wsolvel2 %% - 62-x + 961 = 6P
2-oxT - B2-w+ 951 = 625 * =24 or m=7
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Figure 6.13 The isolate-substitute-solve scheme on the T1-89
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The observations in the classroom indicate that students had difficulties with the in-
strumentation of the isolate-substitute-solve scheme. These difficulties occurred al-
ready in the concrete case, when the parameter was not yet involved. These difficul-
ties concerned the solve procedure (e.g. solving with respect to the wrong unknown),
the substitution (e.g. substitution of non-isolated expressions) and the integration of
the simple instrumentation schemes into one composed scheme.

For the substitution, the students did not seem to care about substituting algebraic
expressions rather than numerical values. This supports the idea that the reification
of formulas and expressions was advancing. In the two classes, different problem-
solving strategies and instrumentation schemes became popular. Apparently, the
collective aspect of the instrumentation and the orchestration by the two teachersled
to different classroom practices. Theseissues are addressed in more detail in Section
10.7.

Despite these instrumentation issues, the written work that 39 out of the 53 students
handed in showed that the answers to the concrete situations were correct in most
cases.

The instrumentation problems also seemed to hinder solving the general right-an-
gled triangle problem. Out of the 39 students who handed in written work, 13 had
answered correctly, 4 only artially and 22 incorrectly. Our interpretation is that in
this phase of the teaching experiment, students were not very sensitive to the gener-
alization of the problem. Once they saw the aim of the task, the execution was not
too hard for them if they had managed the concrete cases before. However, the result
of the general case contained formulas that were hard to understand. For example,
many students had difficulties in copying the solution formulas correctly from the
screen of the T1-89 into their notebooks. The work shown in Fig. 6.14 is an excep-
tion: this student copied the formula correctly, and then rewrote it at least partially
by hand (this cannot be achieved with the TI-89!) in aform that she understood bet-
ter.

R

Pk (a*+0= (\”Lla_- “q0) =
b= m =D 3 \I_‘ch-?w—*‘rc
o= \>’L Ve -4

Figure 6.14 Solving by machine and rewriting by hand

The parameter as changing quantity

In Sections 6 and 7 of ‘ Changing algebra’, the transition towards the parameter as
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changing quantity is addressed by studying the effect of parameter change on the
graphs. Assignment 6.5 concernd the influence of parameters s and v on the graphs
of y=s—x and y = x—v. Most students saw the dynamics in the graphs, a-
though it was not always easy to match the parameter values with the corresponding
graphs. In the first protocol below, which was recorded during a classroom discus-
sion, two students were unable to formulate the dynamics correctly. In the second
protocol, one of these students started to see how it works.

Teacher:  Minke, what happens with the graph of y = s—x when

the sum gets bigger?
Minke: It goes steeper.
John: They get lower.

(G9-1-A14-15, assignment 6.5)

Observer:  What happens with the graph of y = s —x when s grows?

John: An additional line appears on the right side.

Observer: What happens with the graph of y = x —v when v grows?
John: An additional line appears on the left side.

Observer: How isthat?

John: When v gets bigger, y becomes smaller. [Looks at the

graph again.] Hey that’s not right, right-below.
(G9-1-A15, assignment 6.5)

To achieve a better insight into the parameter as changing quantity, a slider bar to
vary the parameter values might be more appropriate than the options for drawing
sheaves that the T1-89 offers.

The Sections 8 and 9 of the booklet * Changing algebra’ on three-dimensional graphs
with the T1-89 and with Derive were skipped during the teaching experiment for sev-
eral reasons.

First, the other sections took more time than was foreseen. Second, we were uncer-
tain about changing to the new interface of Derive. Third, our main argument was
that the students were getting used to the hierarchy between variable and parameter,
and that giving them similar roles in the three-dimensional graphs might confuse
them. For the students this was a pity, because they enjoyed making three-dimen-
sional graphs; some of them experimented with this option on their own.

The parameter as unknown

In some of the assignmentsin Section 10 the parameter got the role of unknown. For
example, in theright-angled triangle task (assignment 10.10, situation from Fig. 6.9)
the question was what values of the parameter k would lead to the system
x+y = 31, x2+y2 = k2 having no solution. In class B only two of the students
were able to answer this question. This change of perspective was really new to

121



Chapter 6

them. In some cases, they felt the need for the shift of roles, but were unableto carry
it out because they got lost in the formulas and literal symbols.

The concluding investigation task

The final section of the teaching materials consisted of two investigation tasks. The
students worked on the first task in small groups. This task, ‘A fan of graphs, is
shown in Fig. 6.11. Besides observational data we got the written work from 14
members of the groups.

Equation Perception of Two general Equal general

y =a-x? dynamics? solutions for x? solutions for x?
Yes 9 9 8 4
No 5 5 6 10

Table 6.2 Group results on the final investigation task

Thetask turned out to be more complicated than foreseen. First, some of the students
thought that only the graphs that were drawn in the figure had to be considered, rath-
er than all possible lines through the origin.

of x = (Yevib-e t ve+f): S
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Figure 6.15 Students’ work on the final task
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They relied heavily on the illustration. A second complication was that some stu-
dents did not understand the concept of a tangent line that ‘touches' the parabola.
This had not been taught in the class so far.

Third, some of the students did not know that a parabola always ‘wins' from aline,
and takes it over when the independent variable goes to infinity. These complica
tions frustrated the students’ work in other aspects than we intended. Therefore, the
findings do not provide a full insight into the capacities of the students.Table 6.2
gives an overview of the results of the handed-in group work. Out of the 14 groups,
9 were able to formulate the equation of the general line through the origin using a
parameter and saw the dynamics of this line as the parameter value changed. These
results indicate a sense for the parameter as generalizer and for the parameter as
changing quantity.

The general solution of the equation 4x2—8x+1 = a-x was found by eight
groups. This showsthat they accepted expressions as solutions. Finally, four groups
noticed that the two solutions should be equal if the line was atangent of the parab-
ola, and thus considered the parameter al so as an unknown. Fig. 6.15 showsthe work
of one of those successful groups. They found the ‘critical’ parameter values to be
- 4 and -12 and related their findings to the graphical problem situation

Posttest

The teaching experiment ended with awritten posttest that was taken by 51 students.
Thetest lasted awhole lesson (45 minutes) and students used their T1-89 during the
test. Thefull text of the posttest is presented in Appendix B. Table 6.3 shows the re-
sults. The row ‘Incorrect’ includes students who did not answer at all.

Item la 1b 2a 2b 2c 3a 3b 3c 4a 4b 4c

Correct 33 32 24 17 8 12 28 16 40 18 0

Partial score 3 1 2 0 0 17 7 3 0 8 10

Incorrect 15 18 25 34 43 22 11 32 11 25 41

Table 6.3 Results of the G9-1 posttest

The average marks were 4.7 out of 10 for class A and 4.5 out of 10 for class B. We
now discuss the items of the posttest in relation to the pretest items with which they
match, following the line of the learning trgjectory: the parameter as generalizer, as
changing quantity and as unknown.

The parameter as generalizer appeared in items 2b and 4c. The results of task 2b on
the length and the width of a rectangle with perimeter 20 and diameter d were not
very good: 17 correct answers, 8 incorrect answers and 26 non-responses were giv-
en. The errors in most cases concerned the instrumentation of the scheme isolate-
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substitute-solve. Similar errors occurred in the concrete task 2a, but less frequently:
for 2athere were 24 correct answers. Apparently, introducing the parameter led to a
decreasing number of correct answers. The number of non-responsesissurprising if
we consider the similarity of thistask with item 5.4 in the teaching unit (see Fig. 6.9).
Fig. 6.16 shows one of the better answersto question 2b. The student referred to task
2a where the length of the diagonal was 8, and wrote down: ‘Now enter the same,
but 8=d’. Then she carried out the solve command with a nested substitution. She
wrote down the result correctly, and concluded: ‘ Now you can substitute avalue for
d’. Thislast remark indicates a tendency to see the general solution as a means of
calculating numerical solutions. The pretest did not contain a comparable item.

B Ve war Lbeelfde i, allein 8= Dus
olve (Voo 3 =d _
Antiuogl.2 X = T a*;

W kern & ume d 3 @un adut nou((Een.

Figure 6.16 Student work on posttest item 2b

Item 4c involved the parameter as generalizer and as unknown, and will be discussed
below. Here, we just note that the results of 4c were not good. Overall, the results
from the posttest tasks that involve the parameter as generalizer were very modest.
Posttest items that involved the parameter as changing quantity were tasks 1a, 1b,
3b and, in a more complicated situation, 3c. The results of the items 1a, 1b and 3b
werefairly good: 33, 32 and 28 correct, respectively. Theresults of task 3c wereless
favourable (16 correct), which is understandabl e considering the increased compl ex-
ity; this question was completely new to the students. Overall, theresults on the post-
test tasksthat involved the parameter as changing quantity were satisfying. The stu-
dents had understood this parameter role and despite the limited capacities of the Tl-
89 on thisissue, they grasped the idea of parameter change that affects the complete
situation or graph. Apparently, the graphical visualization of this effect creates a
strong mental image. Compared to the results of the pretest on this parameter aspect
(items 1, 6aand 6b, see Section 6.4.2), we see that student considered graphs as ob-
jects, as manifested by such formulations as ‘ the complete graph shifts...”. Also, the
parameter was used in the students’ arguments more than in the pretest: ‘if a gets
bigger, then...”, whereas in the pretest formulations such as ‘if the 17.50 is replaced
by a bigger number,..." were more frequent.

The parameter as unknown appeared in item 2c in arather implicit way, and more
explicitly intask 4c. Theresults on both itemswere bad: for 2c eight correct answers

124



6.4.5

The G9-I research cycle: learning trajectory and experience

and for 4c ten partia scores, which mainly concerned graphical, non-algebraic ap-
proximations of the lines tangent to the parabola. Possible explanations for these re-
sultsarethat 2c builds on the result of 2b, which was not answered correctly by many
students. For 4c, the problem-solving procedure first required solving the general
equation —x—5 = —x2+c-x—7 (the parameter as generalizer, reification of the
solution formulas) and then setting the two solutions equal and solving with respect
to ¢, the parameter as unknown. Thisinvolved the shift of the role of the parameter
that students found hard during the teaching experiment. For 4c, the fact that it was
the last question of the test probably influenced the results as well.

The reification issue played arole in tasks 2a, 2b, 4a and 4c, where it isrequired to
accept expressions and formulas as solutions that can be processed further. The re-
sults on these items were not very good; however, we do not know whether it isthe
reification that is the bottleneck or other aspects, such as the instrumentation of the
TI-89 or the generalization by means of the parameter.

We conjecture that the overall modest results of the test have to do with theinterplay
of instrumentation difficulties, conceptual barriers concerning parameter, and anin-
complete reification of expressions and formulas. Also, alack of practising during
the teaching experiment may be afactor that resulted in alack of overview and mas-
tering of thetechniquesinvolved. The parameter as changing quantity istherolethat
scored best on the test, whereas the results on the items that address the parameter
as generalizer and the parameter as unknown were not so good.

Interview with the teachers

An interview with the two teachers was held after the teaching experiment. In this
interview, the teachers reflected on the students' learning process, the role of the
computer algebratool, the results of the posttest, and their own professional learning
process.

Theteacherswere satisfied with the students’ learning process. In particular, teacher
A stated that ‘ The students think broader about letters’, and that they ‘ Think about
letters and try to figure out what they mean’. Concerning parameters, teacher A
thought that sheaves of graphs and dliding graphs were the most appropriate models
to stress the difference between parameters and variables. The parameter as chang-
ing quantity, in her view, was the most accessible parameter role. In general, graph-
ical strategies are easier for the students than algebraic procedures are. Teacher B
thought that the students learned the most from the isolation and substitution
schemes. She argued that the benefit of the teaching experiment would pay off later
when teaching the solution formula for the general quadratic equation. Teacher A
said that the students still did not know how to isolate and substitute by hand, but
that they had experienced how it can be used in the problem-solving process. The
teaching experiment as a whole was considered to have too many new elements for
the students, given the time available. For example, students did not have much ex-
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perience with expressions and formulas, or with square roots and fractions. Thelines
in the teaching materials are long and require endurance.

The teachers were positive about the role of the computer algebra tool. Teacher A
commented that students had to be conscious of various aspects, such asthe window
settings of the graph screen. The immediate feedback from the machine and the ef-
fect of changes on formulas and graphs were considered important affordances of
the tool. Exploration and flexibility were stimulated and the machine corrected the
students. Sometimes, however, the students seemed to use the machine without
thinking, according to teacher B. Teacher A found that computer algebra use fos-
tered insight, but she regretted the limited screen dimensions of the handheld T1-89.
The students enjoyed using the machine and found it motivating.

Concerning the results of the posttest, the teachers were a bit disappointed. In their
opinion, the students had performed better during the teaching than in the test. The
teachers felt that they had not prepared the students for the test adequately, as they
did not know how to do so. Teacher A argued that the students had not understood
some of the questions, whereas a short explanation would have enabled them to
demonstrate their ability. There was a big difference between the work during the
lessons, which was often done in pairs, and the individual test. Asfar as the bad re-
sults concerning isolating and solving are concerned, the teachers admitted that the
way they handled these schemes probably had not been optimal. Teacher A had pro-
moted the nested form of the scheme, which turned out to be hard for the students,
and teacher B had appreciated the combined form using ‘and’, which did not work
for the posttest items.

Thisbrings us to the teachers' professional learning process. Both teachers indicat-
ed that participating in the experiment had meant alot of work for them. Also, they
tended to be guided by the computer algebra machine, and not by their professional
experience. Teacher B admitted that she feared working with such a machine and
with new teaching materials. Both teachersindicated that it was difficult to pick out
the relevant aspects from the teaching materials and to guide the instrumentation in
an efficient way. Using the T1-89 view screen during the whole-class teaching and
discussions had been difficult for them, as they were used to using chalk and black-
board rather than technology, and the view screen use required extra attention from
them.

Finally, the teachers said they had enjoyed taking part in the teaching experiment
and were willing to participate the following year (see Chapter 7). The following
words of teacher A show that she found participation in the experiment valuable:

I myself found it an extremely nice experiment and | think the students are
enriched by beautiful mathematical ideas that they maybe will apply when
they get back to normal work.
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Looking back at theteachers’ role during the teaching experiment and their reactions
intheinterview, we note that despite the information we provided beforehand, it was
difficult for them to distinguish the essential aspects of the learning trgjectory and to
stress these key issues in discussions with the students. In class B in particular,
whole-class discussions that stressed the central problems in the student activities
and revealed the main ideasin interaction with the students were rare. Collectivein-
strumentation and conceptual development might have benefited from that.

Student reactions

In class A the teacher asked the students to write down their reactions after the first
booklet ‘ Introduction T1-89" had been finished. Also in class A, a short post-exper-
iment interview was held with six students. All students gave abrief written reaction
to the teaching experiment after it was finished.

The reactions are quite coherent. Almost all students enjoyed working with the Tl-
89. In particular, they appreciated the graphical facilities. However, when asked
what they had learned from the |esson series, most indicated that they had learned to
use the machine, but did not mention any mathematical issues that they had |earned.
Arno’s answer, in which he refersto the assignment in Fig. 6.9, reveals a mixture of
technical skills and algebraic insight and therefore was quite exceptional :

| learned how to write formulas more easily (solve, expand, factor). In the
graph, | found it easy to use zoom square. Also, with three-dimensional
graphs | learned a bit what happensif you change the value of avariable. For
example, at the pretest we got the task on the right-angled triangle, | could not
solveit then, but later | did.

Several students argued that the tasks were difficult and the working speed was too
high.

Combining different types of data

Several kinds of data were collected in the G9-1 teaching experiment. The hard
points for the students seemed to be the generalization using parameters and the ap-
plication of the isolate-substitute-solve (ISS) scheme (see Fig. 6.13). In this section
we compare the different types of data on these two issues, in the expectation that
this data triangulation will provide a better view of them.

The results of the posttest on the generalization and the application of the ISS
scheme were not positive. If we compare these posttest data with the written work
on the substitution assignments that students handed in, we see that 16 students out
of the 53 did not show a good ISS scheme on either occasions. Apparently, the in-
strumental genesis of this scheme was not completed during the experiment. The sit-
uations of assignment 5.4 of the booklet and assignment 2 of the posttest are similar.
In both cases, the generalization of the situation was done correctly by about 1/3 of
the students. About half of the students did not show a good generalization in either
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the written work or the posttest. The data of written handed-in work wasin line with
the posttest results.

Theinformation from the students’ notebooks, classroom observations and mini-in-
terviews, however, is somewhat more positive. The classroom observations and
mini-interviews show many obstacles and barriers, but these often could be over-
come. Furthermore, nice examples of (informal) generalizations and of appropriate
applications of the ISS scheme were observed in discussions and written work, also
in situations that are close to the tasks in the posttest. These findings are different
from the data from the posttest and the hand-in tasks.

We notice an incongruence between data from hand-in tasks and posttest on the one
hand, and observations and notebook work on the other hand. How can this be ex-
plained? We conjecture that the following causes play arole. First, during the les-
sons students often worked in pairs, but during the test they worked individually. As
one of the studentswrotein her evaluation: ‘ Two know morethan one’. Also, during
the classroom work the solutions to the assignments were available, and the teacher
and the observers could be asked questions. There was no strict time pressure. These
circumstances offered opportunities, which were not available during the individual
test with limited time available, to overcome obstacles. We imagine that the relaxed
classroom setting is more appropriate for informal generalization and instrumental
genesis than the somewhat stressing test context. Of course, the observerswere will-
ing to appreci ate the steps towards generalization and application of the | SS scheme,
whereas at the posttest fully developed solutions were required.

Reflection and feed-forward
In this final section of the chapter we look back at our initial expectations and for-
mulate the feed-forward of the G9-1 research cycle for follow-up research cycles.

Reflecting on the expectations

Section 6.2 started with expectations concerning the opportunities that computer al-
gebra would offer for the learning of the concept of parameter. Did those expecta
tions come true? We address them one by one.

1 Thefirst expectation was that computer algebra use would make it easy for the
students to work through similar examples that vary only with respect to the pa-
rameter value, thus making the students sensitive to generalization. Thiswas ex-
pected to support the transition from the parameter as placeholder to the param-
eter asgeneralizer.

Computer algebraindeed proved to be an appropriate medium for repetition, ex-
ample generation and generalization. Thetask on expanding (x + ¢ - y)? indicat-
ed, however, that pattern recognition does not imply meaningful generalization.
The sum-difference task showed that in simple cases students may not feel the
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need for formal generalization. The sum-product assignment and the right-an-
gled triangle task made it clear that the students had difficulties in giving mean-
ing to general solution formulas that were more complex than they were used to.
Furthermore, the instrumentation problems that showed up while working on
these tasks hindered the students' performance. In the final investigation task,
general solutions were often found, but at the posttest this was not the case.

The calculation of general solutions of parametric equationsin the computer al-
gebra environment and the substitution of algebraic expressions and formulas
were expected to support the reification of formulas and expressions.

The impression is that most of the students started to perceive expressions and
formulas as entities that could symbolize ageneral solution, or that could be sub-
stituted. The cylinder assignment was the first indication of this. In other tasks,
we hardly observed difficulties with accepting formulas as solutions; as men-
tioned earlier, however, the understanding and interpretation of such expressions
was a hard issue for the students.

Graphical models were expected to mediate between the placeholder conception
and the parameter as generalizer and as changing quantity.

Despite the limitations of the T1-89 on thisissue, the graphical model of the dlid-
ing graph was helpful for visualizing the parameter as changing quantity. Many
students addressed thisin their reactions after the teaching experiment. It was not
evident to them, however, that the parameter does not necessarily have an integer
value, but can vary in acontinuousway. The perception of the sheaf of graphs as
representing a class of functions, symbolized by a parametric formula, was not
so helpful. Rather, students seemed to see the sheaf as the result of the one-by-
one drawing of the graphs.

The flexible way in which computer algebra environments deal with variables
and parameters was expected to enable shifts of roles, so that the parameter can
take the role of unknown.

Asindicated in Section 6.2, the parameter as unknown was not addressed exten-
sively in this teaching experiment. The modest experiences with this parameter
role showed that the shift of roles can be carried out easily in the computer alge-
bra environment, but that it requires a conceptual change of perspective that stu-
dents found hard to achieve. For example, in the final investigation task eight
groups found two general solutions, but only four groups solved the correspond-
ing equation with respect to the parameter. The results of the posttest assignment
that addressed the parameter as unknown were bad.

Feed forward

Thefindings of the G9-I research cycle generated feed-forward for the next research
cycles. We distinguish feed-forward that concerns the hypothetical |earning trajec-
tory, theinstructional activities and the research methodology.
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The feed-forward concerning the HLT addressed the global line through the parame-
ter roles. The results from the teaching experiment suggested that the changing
quantity is the most accessible parameter role for students, because of its dynamic
character and the attractive visualization by means of diding graphs. Therefore, we
decided to address this parameter role earlier in the learning trajectory. A second ar-
gument for thiswasthat the hierarchical relation between parameter and variable ap-
pears clearly in the ‘dliding parameter’, whereas this relation may look more sym-
metric in some of the generalization situations. A second issue concerning the HLT
was the generalizer role that did not come across in a satisfying way. This can be at-
tributed at least partially to difficulties with solving systems of equations, and the
instrumentation of the ISS scheme in particular. It isimportant to master these tech-
niques, so that they do not hinder in the generalization process. A third point for the
HLT was the need for meaningful contexts that invite generalization. Such contexts
should foster generalization in a natural and meaningful way. If the generalization
takes place at an abstract level, students may not see its meaning because the model
refers to ageneral level, which the students have not yet built up.

The feed-forward concerning theinstructional activitiesfollowed from the feed-for-
ward for the HLT. Firgt, students needed more practice in applying techniques such
as solving equations, substituting expressions, and the 1SS scheme. The component
simple instrumentation schemes required separated and integrated practice. Second,
for abetter visualization of the parameter as changing quantity, we aimed at using a
better slider tool than was available in the T1-89. Within the learning trgjectory dlid-
ing parameter - family parameter - parameter as unknown, the visualization could
also be used for the sheaf of graphs that represent the parameter as generalizer.
Third, in order to improve the understanding of substitution, we would give the ver-
tical substitution bar | aname, the‘wherein-bar’. Finally, we wanted to try to include
problem situations in the teaching materials that are meaningful to the students and
more closely related to rea-life phenomenathan was the case in G9-1. Asfar asthe
role of the teacher is concerned, we hoped that the two G9-1 teachers would be able
to use their experience in G9-11 for orchestrating the learning processin whole-class
discussions.

The feed-forward concerning the research methodol ogy addressed the teaching ex-
periments. First, we aimed at a better match between pretest and posttest, so that the
improvements in understanding during the teaching experiment could be monitored.
Second, although the method of mini-interviews during the lessons on selected key
items was appropriate and provided interesting data, the observer-interviewer may
be guiding the discussion too much to observe the students' thinking. Also, in par-
ticular when tasks are difficult, students have many questions and the observer may
get involved as a kind of assistant teacher. Therefore, in G9-11 we wanted to try to
avoid thisrole. Finally, informing and guiding the teachers were aspects of the prep-
aration and performance of the teaching experiments that would require more atten-
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tion. Soon after the G9-I teaching experiment, a short teaching experiment of five
lessons was carried out at the J.S.G. Maimonides school in Amstelveen. In this ex-
periment we used the PC software package Studyworks rather than the handheld Tl-
89. This software integrates text editing functions with computer algebra facilities,
so that teaching materials could be presented to the students within the computer al-
gebra environment, and students could add their answers in the same document.
However, the results showed that students did not add much explanation to their so-
lutions, whereas the students' notebooks in the G9-1 experiments did contain com-
ments on solutions, T1-89 commands and explanations. Furthermore, there were
practical complications such as unavailable computer labs and classroom discus-
sions that were difficult to hold in the computer lab. For these reasons, we decided
to continue using the T1-89 in our teaching experiments rather than switching to PC
software.
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7.1

7.2

The G9-ll research cycle: learning trajectory and experience

Introduction

In the previous chapter we described the first research cycle G9-1. This description
focused on the hypothetical learning trgjectory and on the global experiences during
the teaching experiment. The present chapter describesin asimilar manner the G9-
Il research cycle— the second cyclein ninth grade— and its teaching experiment. Fig.
7.1 shows how this cyclefitsin the total arrangement.

Figure 7.1 Teaching experiment arrangement

First, the development of the hypothetical learning trajectory (HLT) is described
(Section 7.2). Then we present the key activitiesthat areincluded in theteaching ma-
terials and their expected effects (7.3). The experiences during the teaching experi-
ment are described in Section 7.4. The educational setting, the pretest, the classroom
observations, the posttest, and the interviews with students and teachers are ad-
dressed. At the end of Section 7.4 we briefly compare the different types of data.
Finally, we reflect on the original expectationsfor this research cycle and formulate
the feed-forward for the next research cycle (Section 7.5). This next cycle — G10-I1
— isthetopic of Chapter 8.

The G9-1l hypothetical learning trajectory for the parameter concept

In this section we first describe the starting points for the HLT of the G9-I1 research
cycle and the expectationsthat were investigated in this second teaching experiment.
Then we motivate the global trajectory through the different parameter roles. The ac-
tivities that are supposed to bring about the transitions between the different param-
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eter roles are described next. Thisleadsto the global HLT. Finally, we address some
instrumental aspectsin the learning trajectory.

Starting points and expectations

The starting point for the development of the HLT for the concept of parameter isthe
level structure that identified the parameter roles of changing quantity, generalizer
and unknown as higher parameter roles (Section 4.5). Asin G9-1, suggestions con-
cerning how to achieve an understanding of these higher level parameter rolesby us-
ing the opportunities offered by computer algebra (Section 5.5) guided the develop-
ment of the HLT. Furthermore, the experiences and the feed-forward from G9-1 in-
formed the GO-11 HLT.

In addition to the expectations that we formul ated in the G9-I research cycle, we now

state the following expectations that guide the development of the HLT for G9-11:

1 The parameter as changing quantity isamore natural starting point for develop-
ing insight into the higher parameter roles than the parameter as generalizer.

2 A better dider tool that allows for gradually changing the parameter value helps
to perceive the parameter as changing quantity.

3 Practising the simple instrumentation schemes for solving and substitution and
the i solate-substitute-solve composed instrumentation scheme will lead to a bet-
ter instrumentation that creates room for generalization.

4 More attention to generalization that emerges from the dynamics of the ‘sliding
parameter’ will lead to a better understanding of the parameter as generalizer.

These expectations are elaborated on in the HLT that is developed in the following

sections.

The trajectory towards the higher level understanding of the parameter concept
The first question concerns the order of the higher parameter roles in the learning
trajectory. Themain global changeinthe HLT for G9-11 compared to the G9-1 trajec-
tory isthat it startswith the parameter as changing quantity rather than the parameter
asgeneralizer. Thus, theglobal G9-11 trgjectory followstheline of changing quantity
- generalizer - unknown for the following reasons.

First, in G9-1 we learned that students find the shift of parameter roles, which occurs
when the parameter has the role of unknown, very difficult. Also, considering the
parameter as unknown is seen as ‘filtering out’ specific parameter values from the
complete‘family’, so the parameter as generalizer is supposed to precede the param-
eter as unknown. Therefore, the parameter as unknown is addressed last.

Second, the G9-I findings suggested that the parameter as changing quantity is the
most accessible for the students, and therefore the most suitable to start with. Thisis
in line with the findings of Furinghetti and Paola (1994), who argued that ‘ The best
results are achieved (...) where students have to understand the meaning of the pa-
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rameter as an element that determines the position of geometrical entities.’
These two arguments led to the global learning trajectory according to the line that

isvisualized in Fig. 7.2.
changing
quantity

unknown

placeholder

ground level second level

Figure 7.2 Learning trajectory through parameter rolesin G9-11

How to bring about the transitions?

The next step now isto identify instructional activities that facilitate the transitions
to the higher parameter roles along the lines sketched in Fig. 7.2.

The transition from the parameter as placeholder to the parameter as changing
guantity is expected to be caused by using aslider tool that allowsfor systematic and
gradual change of the parameter values. The effect that this has on the position and/
or theform of the graph is supposed to hel p the students construe the mental concep-
tion of a parameter as a changing constant that acts at a higher level than an ‘ordi-
nary’ variable does and affects the graph as a whole. Students are invited to make
‘cartoon sequences or ‘movies that capture the process of graphical change as a
consequence of the dliding parameter. The computer a gebra environment supports
these activities by allowing for substituting different numerical parameter valuesand
by generating animations.

The transition from the parameter as changing quantity to the parameter as gener-
alizer is promoted by two means. The first approach is the graphical one: a number
of graphs that were encountered in the ‘movie’ of graphs as the parameter was
changing are now integrated into one figure, thus representing a sheaf or family of
graphs. The corresponding parameter values form a ‘family of values' and the pa-
rameter in the minds of the students thus acquires a set character rather than a nu-
merical or a sliding character. The graphics module of the computer algebra envi-
ronment allows for the drawing of such sheaves of graphs. The second means of
transformation was already used in G9-I and concernsthe repetition of similar prob-
lem situations for different parameter values, so that the student perceives the simi-
larity of the problem-solving procedure. Thisis supposed to raise the need for a so-
lution ‘for once and for al’ that includes all the different numerical cases.
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To represent such a general solution, algebraic expressions and formulas are used
that need to be treated as mathematical objects. This involves the mental reification
of expressions and formulas. Computer algebra use may support this development
by solving equations algebraically, by alowing for easy recaculation of similar
problem situations with different parameter values, and by generating general solu-
tions.

The transition from the parameter as generalizer to the parameter as unknown is
fostered by additional criteriaor propertiesthat are set for the general solution or for
the sheaf of graphs. Such a criterion requires filtering appropriate parameter values
out of the set that the parameter as generalizer represents. For example, such acrite-
rion might be: ‘ For which values of p doesthe graph have only one intersection point
with the horizontal axis? Often, the condition will concern graphical properties (in-
tersection points, vertices, tangent points) that are easy for the students to imagine.
Such questions are expected to invite amental shift of the hierarchy between param-
eter and variable, so that the parameter will act as unknown. Computer algebra al-
lows for this shift, because for the cas, al literal symbols can play any role, and
equations can be solved with respect to any literal symbol.
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i parameter dynamics, rameter values,
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situationsfor | generalize, for- [ equations, gen-
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Figure 7.3 HLT scheme for the parameter concept in the G9-11 teaching experiment

The global learning trajectory for G9-11 is summarized in Fig. 7.3. Thelearning tra-
jectory runs from top to bottom. The columns subsequently describe the role of the
parameter, the algebraic and graphic meaning of this parameter role, the students’
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overt and mental activity that brings about the transition, and the way computer al-
gebra supports this activity.

Instrumentation aspects within the HLT

As we noticed above, the instrumentation of relevant algebraic procedures requires
attention in the learning trgjectory. The experiences from G9-1 indicate that more
practice is needed to compl ete the instrumental genesis. The solve instrumentation
scheme involves the awareness that an equation is aways solved with respect to a
variable or parameter and that the solution of aparametric equation isan expression.
This aspect is addressed by solving equations with respect to different unknowns,
and by solving equations that contain parameters.

Theinstrumentation of the substitution instrumentation schemeis addressed by hav-
ing students substitute algebraic expressions into other formulas. The intention is
that this stimulates the reification of the expression that is submitted to substitution.
Compared to G9-1, we now explicitly call the substitution bar | the ‘wherein bar’ or
the ‘with bar’, and the substitution will be visualized by means of ovals.

We expect that a better instrumentation of the simple instrumentation schemes for
solve and substitute will lead to a better instrumentation of the composed isolate-
substitute-solve scheme.

Key activities in the teaching materials
In this section we describe the elaboration of some of the key activities of the HLT
on the concept of parameter into assignments in the teaching materials.

Introduction T1-89 8 Graphsand other solution strategies
1 Arithmetic 9 Comparing different methods

2 Tables and graphs 10Quadratic equations

3 Algebra 11Exercises

Changing algebra

1 Shooting and sliding with the T1-89

2 Fountains

3 A ‘strip cartoon’ of graphs
4 Sheaves of graphs

5 Changing rectangles

6 The agebraic solution

7 Perimeter and area

Figure 7.4 Contents of the two parts of the teaching unit

Similar to the G9-1 teaching experiment, the teaching materials for G9-11 consist of
two parts, ‘ Introduction TI1-89' and ‘ Changing algebra’, with similar aims asin G9-
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I. Thefirst part aims at introducing the students to using the T1-89 symbolic calcu-
lator, and in particular to CAS techniques that are important in the HLT such as sub-
stitution, solving equations and manipulating expressions and formulas. New in the
first part are the self-tests at the end of each section, which provide students with the
opportunity to practice the main machine skills.

3.13 Enter: solve(a*x + b =5, x)
The answer of solve can be a
formula: x is expressed in a and b.

Fi-| Fe= |F3=]| Fi=| FE Fi-
Toaols(AT13¢bra|CalcjOther |FFImi0jClean Ur

Bopluela-x+b=5,x

3.14 Changethe last x in the solve
command in the previoustask into b.
Thisway you solvethe equation with
respect tob and b isexpressedin a
and x.

Bzoluela-x+b=5,0]

lue { a¥x+b=5, b

L (e-5)
E|

b=53-a-x

L]

EAD AUTO FUMC

Figure 7.5 Solving with respect to different variables

< radius 9

3.20 The volume of a cylinder is equal to the
the area of the bottom times the height,
inshortv=a*h.

Theareaof the bottom equals  timesthe
square of theradiusr: a=m * r"2.

Enter these formulas and substitute the
formulafor the areain that of the volume.
You can get © with 2nd ~.

v givesv = h.nr?

height

~_

3.21 If the height of the cylinder equalsthe  [[rEsi{mstroléarelutnerermualcrdar ue|
diameter of the bottom, so if h = 2r, mu=ah w=ah
the cylinder looks square from beside.  [sz=n 12 a=n-r?
Expressthe area of this‘squarecylinder’ |su=a-h|a=n-r?
in the radius. u=h-m-rd

|MHIN

Figure 7.6 Cylinder assignment reformulated

FAD EXACT FUHC M0

The second part — * Changing algebra’ — aims at devel oping the concept of parameter
according to the HLT. Fig. provides the tables of contents for both parts; the com-
plete manuscripts (in Dutch) are available at www.fi.uu.nl/~paul d/dissertation.

Inthe part ‘ Introduction T1-89' somewhat less attention is paid to tables and graphs,
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and more to algebra, as the experience of G9-1 indicated that the algebra was the
hardest part. The third section, on algebra, pays attention to the fact that equations
are solved with respect to a specific unknown (see Fig. 7.5). The students are con-
fronted with different answers, depending on which unknown they solve. Thisis ex-
pected to make explicit the role of the unknown in an equation and the fact that the
solution of an equation can be an algebraic expression.

Some of the tasksfrom G9-1 appear in the GO-1l1 materialsin adightly revised form,
such asthe cylinder task (see Fig. 7.6). To visualize theidea of substitution, thistime
we put ovals around the expression that is substituted, asis aso done by otherswith
rectangular ‘boxes’ or ‘tiles’ (Freudenthal, 1962; Gravemeijer, 1990; TeamW12-16,
1992). We expect that this visualization contributes to the perception of an expres-
sion as an object.

The second part of the teaching materials — ‘ Changing algebra’ — starts with using
the programs sHooT and SLIDE that were installed on the T1-89 calculator®.

In the game sHOOT, the goa is to hit a target point with a line with equation
y = a-x+5. The left-hand screen in Fig. 7.7 shows that the students can set the
value of parameter a.

2 2
2 R:=.25 15 ] 1
HRIN RAD AFFROY _FUNC HRIN RAD AFFROY __FUNC

Figure 7.7 The sHooT game on the T1-89

Theright-hand screen shows the shot that is going to hit the point. Two versions are
available: one with the coordinates of the target point hidden, and one that shows
these coordinates. The aim of the game isthat students experience, in aplayful man-
ner, that a parameter influences the complete graph, and in this case the slope of the
line. The second program, SLIDE, is a more general slider tool, which produces a
‘movie’ of graphs. The functions, parameter range and steps are user-defined. The
guestions that accompany the work with sHooT and SLIDE concern the dynamics,
such as: ‘What happens with the graph of y = a -x + 5 when a gets bigger? and
‘What happens with the graph of y = A - x2 when A gets bigger?

Section 2 of *Changing algebra’ uses contexts of fountains, water pistols and garden
sprinklers to experience the dynamics of the dliding parameter. The attention is fo-

1. sHooT and SLIDE were programmed by Pieter Schadron and can be downloaded from
www.fi.uu.nl/~paul d/di ssertation.
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cused on specific features of the dynamic graph, such asthe vertex and the zeros that
aso change as the graph changes (see Fig. 7.8).

A

2.5 This page contains equations of theformy = x— e
a  What happens with the graph of these functions when a gets bigger?
b  Andwhat happens with the vertex and the zeros when a gets bigger?

Figure 7.8 Properties of the changing graph

Section 3 of ‘Changing algebra’ is an investigation task that asks the studentsto in-
vestigate the changes of the graph of the functiony withy = x+a- A/x2 + 1 while
the parameter changes. As a final product, a ‘cartoon sequence’ of graphs is re-
quired. Furthermore, the question isto find out which value(s) of parameter ais(are)
special and why. Whereas the overall task addresses the parameter as changing
guantity, the last part anticipates the parameter as unknown.

In Section 4, the graphs that belong to different values of the sliding parameter are
drawn together in one figure, so that a sheaf of graphs emerges. The distinct figures
in the ‘ cartoon sequence’ of graphs are joined to form the ‘family of graphs'. This
sheaf of graphsis considered asawhole when the curve that goesthrough all the ver-
tices of thefamily isaddressed. Thisis expected to prepare for the parameter as gen-
eralizer; the algebraic representation of the sheaf of graphsisaformulathat contains
ageneralising parameter.

5.4 Itisgetting boring; it is aways the same. ¢ \
Therefore the following questions.
— How do you solve these tasks al the time?
Explain in words.
— Does your method always work?
— Could you write down the result in the form of a
formula?

height

base —»

Figure 7.9 Generalization of the sum-difference problem
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In Section 5the central issueisthe sum-difference problem, but in adifferent context
than in G9-1, namely the context of a changing rectangle: a narrow, high rectangle
with afixed perimeter of 12 units changes gradually. The base grows, and the height
gets smaller. The question is to find the dimensions given the difference between
base and height. This question is repeated for several values of the difference and
this, we expect, elicits the desire for generalization that is asked for in assignment
5.4 (Fig. 7.9).

Section 6 then treats the general a gebraic solution of the sum-difference problem by
hand and using the cas. After that, some exercises are presented, of which assign-
ment 6.7¢ is the most complex one because of the squared parameters. The squares
attract the attention and may ask for actions such as rewriting or calculation. We
want to know if students are insensitive to this confusing cue and can still apply the
general solution of the sum-difference problem (Fig. 7.10).

6.7 Solvethefollowing systems of equations
(..)
c. Xx+y=a?
Xx—y = b?

Figure 7.10 Abstract sum-difference problem

Section 7 takes the context of the sliding rectangle (Fig. 7.9) as a starting point for
the sum-product problem: the perimeter is always 12, but how about the area of the
rectangle? Again, the calculation of the dimensions for several values of the areais
expected to lead to generalization in a natural way. The method of fair shareis an
appropriate starting point for finding the general solution (see Fig. 7.11).

Make the width a little
bigger and the height

o
1
=0
1
NI
(7]

smaller by the same
amount

Figure 7.11 Fair share as starting position for solving the sum-product problem

To see the parallel between the approach by hand and the cAs technique, the two
methods are both suggested in assignments 7.7 and 7.8 (Fig. 7.12).
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7.7a Substitute by hand in the product equation:
b=3s+aandh = Js-a.

b  Solvethe equation that you found in question a.

What expressions do you get thisway for b and h?

d Rewritetheexpressionsfor bandhsothat s2—4p comesunder the
square root sign.

(@]

7. 8aExecute the procedures of the previous assignment once more, but
now using the T1-89.

b  How canyou seein the formulafor the area after substitution the fair
share of the perimeter gives the maximal area?

Figure 7.12 Sum-product by hand and using computer algebra

In Section 8, different ways of solving systems of equations are summarized and
compared. The corresponding composed instrumentation schemes are called i sol ate-
substitute-solve, isolate-isolate-equal -sol ve and the fair-share method.

Section 9 contains a summary and additional assignments, such as the right-angled
triangle assignment that was discussed in the previous chapter (Fig. 6.9). Assign-
ment 9.4, on theintersection of acircle and a hyperbola, provides an example of the
isol ate-isolate-equal-solve scheme. Question 9.4c addresses the parameter as un-
known (see Fig. 7.13).

9.4 Consider the equations
x2+y2 =25 and x-y = 10 .

a Isolateyin both equations and have the
graphs drawn.

b  Solvethe system of equations.

c  What isthe biggest value that can be
substituted instead of 10 so that the
system still has a solution?

Figure 7.13 The circle-hyperbola task

Section 10 of ‘Changing algebra’ concerns the solution of quadratic equations, a
new topic for the students. By expanding the form (x + p) - (x + g) and comparing
the result with x2+ b - x + ¢, it appears that the general monic quadratic equation
x2+b-x+c = 0 can be solved using the sum-product problem: p and ¢ have sum
b and product c. Once more a shift of roles: parameters p and g become the un-
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knowns in the new system of equations p+q = b and p-gq = c¢. The solution of
this system leads to the generic solution of the monic quadratic equation. Thisis a
useful application of the sum-product problem.

The teaching materials finish with a section containing some additional exercises
that allow the students to practise and deepen the acquired insights and techniques.

The G9-1l teaching experiment

The method of carrying out the teaching experimentsin general is described in Sec-
tion 2.5; information on the school where the experiment was carried out is provided
in Section 2.8. In the present section, we first sketch the educational setting of the
GO9-11 teaching experiment (7.4.1). Then we describe the results of the pretest (7.4.2).
The global findings of the observations during the experiment are presented in Sec-
tion 7.4.3. Section 7.4.4 contains the results of the final test. In 7.4.5 and 7.4.6 the
data from the eval uation interview with the students and the teachers are presented.
Finally, we combine the data from the different sources (7.4.7). The method of se-
lecting and representing protocolsis similar to the one described in Section 6.4.3.

Educational setting

The GO9-11 teaching experiment was carried out in two ninth-grade classes compris-
ing 54 students. It lasted for 22 lessonsin class A and 19 lessonsin class B, including
a pretest lesson and a posttest lesson. Class A (27 students: 15 females, 12 males)
was anormal class with agood working attitude. The average report mark for math-
ematics on the previous report was 6.6 out of 10. The mathematics teacher was the
same as the class A teacher in G9-1, and her teaching style had not changed. Asin
GO9-1, using IT in the mathematics |esson was hew to the students of class A.

Class B consisted of 27 students (14 females, 13 males) and had adightly less good
working atmosphere than class A. The average report mark for mathematics on the
previousreport was 6.5 out of 10. Theteacher, the same as the class B teacher in G9-
I, managed the class better than she had the previousyear. The impression of the ob-
serversis, however, that the efficiency of classroom discussions and of the work in
pairs was less than in class A. Asin class A, the students did not have substantial
experiencein using IT for doing mathematics.

Before the teaching experiment, the aims and goals of the experiment were dis-
cussed with the two teachers. The teachers commented on the teaching materials,
and aplanning for the teaching experiment was agreed upon. During the experiment,
each lesson was discussed by teacher and researcher, and decisions for the next les-
son were taken.

Data collection took place in asimilar way asin G9-I (Sections 2.5 and 2.8). Addi-
tional datawere collected by video-recording classroom discussions and one pair of
students during the work in pairs. Furthermore, the observerstried to be less guiding
during the mini-interviews than they had been in G9-1. Post-experiment interviews

143



7.4.2

Chapter 7

were held with 19 of the 54 students; these 19 students had also been addressed in
mini-interviews during the teaching experiment. Section 3.7 gives an indication of
the preliminary knowledge of algebra of the students from both classes.

Pretest

The G9-11 teaching experiment started with a pretest taken by all 54 students. The
aim was to determine the knowledge of the students concerning parameters, general
solutions and dynamics at the start of the experiment. In order to allow abetter com-
parison between the results of pretest and posttest, the G9-I pretest was revised to
improve the match with posttest items. Appendix C containsthe full text of the pre-
test.

The results of the pretest are summarized in Table 7.1.

Item la 1b 2a | 2b 3a 3b 4 5a 5b 5¢c 6d
Correct 29 2 39 31 7 23 6 46 44 51 31
Partial score 15 5 0 0 6 0 0 0 0 0 0
Incorrect 10 47 15 19 41 21 48 8 10 3 23

Table 7.1 Results of the G9-11 pretest

We will now briefly address the findings on each of the pretest items.

The results of item 1 indicated that the students had a good idea of what a variable
is: question areceived 44 good responses, of which the variabl e as changing quantity
was addressed the most (20 times out of the 44). What a parameter is (question b)
was not clear to 47 of the 54 students; some of the others did have an idea: A pa-
rameter is a letter that remains the same number in the formula all the time, for ex-
ampley = 2x + b, b = starting position, starting position = 3, remains the same' or
‘for example, y = a—x, aisaconstant and then you get a graph and if it changes
then the complete graph goes differently’.

Item 2 concerned the sum-difference problem, first for the case in which the sumis
120 and the difference is 38, and later in general. Of the 54 students, 39 found the
correct answer, using different strategies. Then, question b asked for the general de-
scription of the problem-solving procedure. This resulted in 31 correct answers,
some in natural language, some with exemplary numbers (‘ a thinking example’, as
it was called by one of the students), and some using formulas. Two examples: ‘If
you call the added number x and the differencey then it isx —vy, divide result by 2’
and ‘An example, together two people are 100 years old. If you subtract one age
from the other, you get 26. Add 100 and 26 and divideit by 2. (100 + 26)/2 = 63,
63—-26 = 37,63+37 = 100°.

Item 3 concerned solving theequation a- x + b = ¢, first with respect to x and then
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with respect to b. The students were familiar with solving with respect to x, but not
when the equation contained a parameter. Many students (41) did not manage to
solvethis, but it isunclear whether thiswas because of the parameter or the algebraic
manipulation in general. The six partial scores were given to students who did not
put parentheses around the numerator: x = ¢ — b / a. Solving with respect to b was
new for the students, but probably because it is algebraically less complicated than
solving with respect to x, this was done correctly by 23 students. The fact that there
isan x in the equation, but that it should not be solved with respect to x, was appar-
ently not a big obstacle. After the pretest, some students were asked to explain their
answer. Let uslook at the reactions of Rianne and Sandra.

Rianne got x = c-a—b. She was able to solve linear eguations such as
3x+5 = 6,butona-x+b = ¢ shecommented: ‘ Then you don’t know what you
have, | don’t know what a and b and c are.’

Sandra, on the other hand, found x = (¢ — b) / a asa solution for x. She commented:

Observer: Why did you put the parentheses around it?

Sandra: Look, you get this answer, ¢ — b, so if you take that as, so
to say, an entity, so if you just call it d for example, that
you make a d of this, then atimesxisd, sod divided by a
iISX.

(G9-11-pretest, item 3)

To Sandra, theidea of aformulaasan object (an ‘entity’) was clear; expressions and
formulas seemed to be reified into objects for her.

Item 4 concerned the substitution of y = a—x into x2 +y2 = 10. Theresultswere
not good: only six of the students gave a correct answer. One of them — Marty —
wrote: (a—x)2+ x2 = 10. After the pretest he explained this as follows:

Observer: How did you do that, do you remember?

Marty: | thought a —x isthe same asy, soif | squarea —x, then
itisthe same asy squared, plus x squared is then 10.

(GY-11-2/19, item 4)

Item 5 was on the costs of visiting an attraction park. Deriving the formula for the
total costswent quite well (question 5a). Also, the dynamics of the change of the pa-
rameters was described well by most students (question 5b). To find out the param-
eter value when the total costs were given was not hard for the students either.

Finally, item 6 concerned solving equations of the form x2 = ..., with x2 = a as
the final one. Out of the 54 students, 31 answered x = ./a to the last item. We did
not blame them for forgetting the negative solution, for the focus of thisitem isgen-
eralization and the acceptance of ./a as a solution. To those students who did not
answer thisitem, thelack of closure seemsto bethe problem, asisindicated by com-
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ments such as ‘x can be anything’, ‘ Here there’ snothing to solve’ and ‘ Impossible’.

The conclusions of the pretest results were that the students did not know what a pa-
rameter is, and that some of them, but not al, suffered from not knowing the value
of the parameter. The dynamics of the parameter in the concrete and meaningful
context of item 5 was clear to many students. The generalizationsin items 2b and 6d
sometimes worked out well, although the method in 2d was often informal, and in
6d some students suffered from the lack of closure. The reification of expressions
and formulas (items 3 and 4) seemed to be difficult for the students. The instrumen-
tation of solve and substitute, anticipated in items 3 and 4, respectively, will require
attention during the teaching experiment.

Experiences during the teaching experiment

In this section we describe the experiences during the teaching experiment, based on
classroom observations and on the written work of the students. First, we addressthe
instrumentation of solve and the reification of expressions and formulas. Then we
follow the line of the HLT: the parameter as changing quantity, as generalizer and as
unknown.

The instrumentation of solve

In the first part of the teaching materials — ‘Introduction T1-89' — some of the stu-
dents had difficultiesin distinguishing approximated numerical results and exact re-
sults (see Section 10.5.2). More attention was paid to algebra than was done in G9-
I. We noticed that students wrote down algebraic results in their notebooks (for ex-
ample, the simplification of a*b*c*a*b/c into a2*b?), but did not seem to wonder
why this was an appropriate and correct answer.

Assignments 3.13 - 3.14 (see Fig. 7.5) concerned the instrumentation of the solve
command. Two factors played arole: the need to indicate the unknown with respect
to which the equation is solved, and the acceptance of an expression as a solution.
The instrumentation of solve is addressed in more detail in Section 10.2.

The following fragment indicates that the first issue was not a big problem.

Observer: And what is the difference between 13 and 14?

Maria: That you can calculate here[ pointsat assignment 13] the
a[should be x] and here [points at assignment 14] the b.

Observer: Yes. And if you wereto enter comma-a instead of comma-
x or comma-b, what kind of answer would you get then?

Maria: With the a at the beginning and then come both the b and
the x here [at the right-hand side].

(G9-11-1/41, assignment 3.13 - 3.14)

Some of the students wondered that the solution was an expression and not a
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number. The following dialogue took place after Donald found the solution for b. He
seems to have afeeling for the expressions as the solution, but is not sure.

Observer: Do you think b is solved?

Donald:  Ah, yes, itissolved asit is, but | don't know what a and
b, ehm, and x are, what values you can fill in there, what
variablesthey are.

Observer: Yes. But for the rest you think it is solved?

Donald:  Yeah, well, | don't know how | might solve it further.

(G9-11-2/29, assignment 3.13 - 3.14)

Reification of expressions and formulas

The substitution of expressions was expected to contribute to their reification. The
cylinder assignment (see Fig. 7.6) was similar to the one in G9-1 (see Fig. 6.5) but
now the substitution was visualized with ovals and the substitution bar was called
the ‘wherein bar’ or the ‘with bar’. This seemed to help the students understand the
substitution. Two issues played a role: the substitution mechanism itself, and the
idea that an expressions is an object that one can ‘pick up’ and ‘put into a letter’.
These issues are addressed in more detail in Section 10.3; here we just present one
observation, which indicates that Barbara understood the mechanism and, despite
her first reference to numerical values, saw that expressions can be substituted.

Observer: What does that mean, that vertical bar? What does it do?

Barbara:  Thenyou canoneof thelettersof theformula ... thereyou
can fill in what number has to be there.

Observer: Fill inwhat number... but here[in assignment 3.20] there
isno number at all.

Barbara: No, thereisaformula to calculate the a with.

Observer: And what happens to that formula?

Barbara:  Which one of the two do you mean?

Observer: The one behind the bar.

Barbara: W, infactitisfilledin, in the place of a.

(G9-11-1/45, assignment 3.20 - 3.21)

The overall impression of the introductory part of the teaching sequence is that the
instrumentation of algebrai c procedures went better than in the previous experiment.

The parameter as changing quantity

The learning trajectory for the concept of parameter started with the parameter as
changing quantity. First, the students played the game sHOOT on the T1-89 (see Fig.
7.7). This functioned well in the sense that students noticed the effect of changing
the value of the parameter ainy = a-x+5 so that the line hits a given point. In
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the following fragment, Maria found it difficult to explain the dynamics, but in the
end she managed. She referred to the sHOOT context by using the word *barrel’.

Observer: What do you see happening if that a value changes? What
happens in the game?

Maria: Then you get that x and that y things, they change.

Observer: But if you shoot with a different value of a, what do you
see happening then?

Maria: W, then the barrel so to say changes.

Observer: Yesthat barrel changes. So what happens to the line?

Maria: That graph? It changes.

Observer: Yes, and in what manner does it change?

Maria: Yes, it gets higher or lower, | think.

Observer: On what does that depend?

Maria: On the value of a.

(GO9-11-3/46, assignment 1.5 - 1.6)

Cadlculating the appropriate a value from the coordinates of the target point was too
hard in the context of the SHOOT game. Thiswas not asurprise, asthisisan algebra-
ically complicated procedure with ‘clumsy’ decimal numbers. Furthermore, the pa-
rameter a needed to be considered as unknown, and previous findings indicate that
this shift of roleis difficult for students to make.

The second T1-89 program that was devel oped to investigate the parameter as chang-
ing quantity was called sLIDE. Unfortunately, during classroom use the program
turned out to have some inconveniences. For example, it was not possible to adapt
the viewing window within the program, and the parameter change could only take
place with constant step size. Therefore, some of the students chose not to use SLIDE;
instead, they just entered the function into the function list and substituted the pa-
rameter values: y,(x) = A- x2|A={1,2,3,4,5}. Theresultisnot asliding graph
but a sheaf of graphs that are build up slowly, one by one. Other students stuck to
using SLIDE.

Despitethelimitations of both strategiesfor investigating the effect of the dliding pa-
rameter, the concept of the dynamics of the sliding parameter was well-perceived by
most students. The visualization was attractive to students. For example, one of the
students formulated the dynamics of the graph of y,(x) = A- x2 when A changes
asfollows: ‘If A isnegative, the graph getswider; ah, if A ispositive, then the graph
narrows.’

L anguage complicated the description of the dynamics. For example, some students
used the expressions ‘getting bigger’ and ‘growing’ in case of negative parameter
values for ‘getting further from zero’ rather than ‘dliding to the right’. Also, some
students used the word ‘turn’ rather than ‘dlide’, whereas for the dynamics from a
mathematical point of view the difference between rotation and translation isimpor-
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tant. However, despite occasionally incorrect formulations, the students perceived
the dynamics correctly most of the time.

So far, the concept of the parameter as changing quantity that affects the position or
the form of the graph had come across well. Assignment 2.5, which comprises the
context of fountains, is more difficult (see Fig. 7.8). The formula under considera-
tion,y = x— %lxz iscomplex and led to probl ems. For example, somelstudents for-
got the multiplication sign * between a and x2, which led to y = Xx—— . Parenthe-
ses did not aways help. More important was the difficulty in seeing tlaﬁe relation be-
tween the value of the parameter a and the right-hand zero of the function. Many
students did not seethat x = aisazeroin the formula. We did not see students using
the T1-89 solve command to find the zerosin general . This suggeststhat the dynamic
effect of the sliding parameter was understood, but that the students did not relate
the zerosin the graph with the solutions of the algebraic equation, even with acom-
puter algebra machine at their disposal. The observation of the diding effect appar-
ently had avisual and superficial character. Only after the coordinates of the zeros
and the vertex had been explicitly asked for were the results found, which led to pat-
tern recognition and generalization.

In Section 3 of ‘Changing algebra’ the focus on the parameter as changing quantity
ended with the task to make a‘ cartoon sequence’ or a‘movi€e’ that representsthe dy-
namics of the graph of the functiony withy = x+a- x> +1 asthe parameter a
changes. Many students produced reasonable ‘movies', but observations show that
they did not examine the graphs closely. Many did not notice specific features such
as asymptotes or asymmetry, and did not look for algebraic explanations of such
graphical features. The graphical and algebraic properties were not related. For ex-
ample, aimost al studentsfound it very difficult to seethat the formulais reduced to
y = x incase a = 0, which explains the linear graph for that case (see Section
9.7.3). As a possible explanation for this, we notice that this formulais far more
complicated than the students had seen before, and that they therefore were unable
to ‘look through’ the formula. Also, the students had had limited experience with
graphs, and these werein ailmost all cases linear or quadratic. Therefore, it is not so
surprising that in this assignment many students called the graph a parabola.

The parameter as generalizer

In Section 4 of *Changing algebra’ the different graphs from the animation or ‘ car-
toon sequence’ areintegrated into one figure. The students found the sheaf of graphs
that emerges this way quite natural and easy to understand. This was the first step
towards the parameter as generalizer.

Section 5 addresses the generalization of the sum-difference problem that is present-
ed in the context of the changing rectangle (see Fig. 7.9). The observations suggest
three remarks concerning, respectively, the generalization in natural language, the
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formalization of the generalization and the role of computer algebra in generaliza-
tion.

First, students showed a sensitivity for generalization on several occasions. Often,
the'general inthe particular’ wasexpressed in natural languagein animperfect way.
The next protocol provides an example for the case of the rectangle with given pe-
rimeter and difference of the edges.

Observer: How could you phrase that in general? What you would
have to do then?

Anita; First, yeah, just what isthere [ on the black board] . First
divide the perimeter by the, ehm, what's that called, the
sides, the edges, and then the difference divided by 2 and

then ...

Observer:  And how do you get then the values of the base and the
height?

Anita: Plus and minus.

Observer: Plus and minus. What do you do then?

Anita: Minus the difference.

Observer: And did you take the whole difference then?

Anita: No, half of it.

(G9-11-E3/9, assignment 5.4)

The second remark concerns the real difficulty: to compress, to condense the sense
of generalization, formulated in natural language, into the compact algebraic lan-
guage of formulas and expressions. Thisformalization isan obstacle, even when stu-
dentsunderstand the generalization informally. The next protocol shows how the ob-
server wanted to help the student to formulate the general solution of the sum-differ-
ence problem by means of an examplewith ‘ strange’ numerical values. To avoid this
big number, the student used the word ‘ perimeter’.

Observer: And if the perimeter is 700 thousand million 231, for
example, and the difference is 305017

Dean: Then you do divided by 2, ...

Observer: Yes

Dean: ... and then you do 7, ehm, the perimeter divided by 4 ...
Observer: Yes

Dean: ...and then you take half of the differenceand add it to the

one and take it away from the other.
(G9-11-6/13, assignment 5.4)

However, the formalization still was the bottleneck. Dean was unable to phrase his
procedure as aformula: ‘I really don't manage because | don't know how to write
down in aformula one quarter of P.” By P he meant the perimeter.
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One of the students, Rianne, managed to express the procedure into aformula. In her
notebook she wrote:

perimeter + difference
numbedges 2

The third remark on the parameter as generalizer concerns the role of computer al-
gebra. In fact, the CAS acts as a generator of examples that form the ‘raw data’ for
the generalization process. It can also help to find general solutions and relations.
However, the main step in generalization isamental one: to distinguish theinvariant
aspects in the problem-solving procedure, which do not depend on the specific nu-
merical values of the concrete problem situation at hand. While doing so, students
jump back and forth between concrete cases, generic situations and exemplary val-
ues. Thisissueis elaborated on in Section 9.4.2.

After the sum-difference problem had been solved in general, the students went on
with Section 6, which contained some exercises for practising. The hardest of these
was assignment 6.7¢, which concerns solving the system of equations x+y = a2,
Xx—y = b2 (seeFig. 7.10). Most students were able to solve this system, and some
of them explicitly considered it as a case of the general problem. For example, one
student wrotein her notebook s= a2 and v = b?, thusreferring to the general problem
X+y =S, X=y =V,

Others did not apply the formula for the general solution in this assignment, but did
apply the procedure of dividing by 2 and adding/subtracting the half of the value of
v. One of the students was asked why he solved with respect to x and y. His answer
“You haveto solve the equations and | think it is meant that you calculate x and y, so
that you know the answer’ shows that he was aware of the conventional roles of the
different literal variables. He considered the formula as a satisfying answer.

The results of this assignment suggest that the students were now so familiar with
the sum-difference problem that they could apply the generic approach to anew and
complicated situation.

In Section 7 the sum-product problem is generalized. This was difficult for the stu-
dents, because the formul as are harder to understand than in the case of the sum-dif-
ference problem. The by-hand method and the scheme i sol ate-substitute-solve (1SS)
were both discussed in the classrooms, but a complication here was that the CAS so-
lution is represented in a different way than the by-hand solution is:

1., NS =4-p 1 12
St rather than 3s+ /zs -p

Some of the students lost track, and it was necessary to go back to the concrete sit-
uations to give meaning to the formulas:

151



Chapter 7

Observer: Theheightis % minus a, well, here one half was 3, that
was half of that 6, isn't it?

Marg: Yes.

Observer: Andif here[in the position of the 6] there had been a 10,
what would you get here [in place of the 3] ?

Marg: AS.

Observer: Andif it were 100?

Marg: A 50.

Observer: And if there were an s here?
Marg: ls.

(G9-11-7/28, assignment 7.7)

Section 8, which aimed at combining different ways of solving systems of equations,
was skipped because of time constraints.
Section 9 contains the right-angled triangle assignment described in the previous
chapter (see Fig. 6.9). The system of equations x+y = 35, x2+y2 = 252 was
supposed to be generalized. One of the students showed a good sense for generali-
zation, but had difficulties in interpreting the algebraic formulas in the *nasty an-
swer’:
Dean: | found something nice, | thought if you put a letter
instead of this 35 here and that 25 there, soaand b, there
and there, that you get this solution, but then | got a some-
what nasty answer.
(G9-11-9/29, assignment 9.3)

Rianne, on the other hand, seemed to stick to the placeholder concept of parameter,
which led to alack of closure and prevented her from generalization:

Observer: The 31 first changed into 35, and now it changes again
into something else.

Rianne: Into something.
Observer: Pardon?
Rianne: Into simply, that you don't know.

Observer: Yes. Well |et'stake a letter for it.
Rianne: Oh, but then you can’t calculate it.
(G9-11-10/13, assignment 9.3)

The parameter as unknown

In Section 9 the parameter acquired the role of unknown in some of the assignments,
such as the circle-hyperbolatask (Fig. 7.13). The results of these and similar tasks
were not very good for two reasons. First, despite measures taken earlier in the
teaching experiment, there were still common instrumentation problems, in particu-
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lar with the | SS scheme and its components. These reappeared as soon as the formu-
las and the situations became more complex. Second, the graphical contexts in
which the conditions for the parameter were formulated directed the students to-
wards graphical solutions. For example, in assignment 9.2 it is asked for which value
of b the line with equation y = b—x ‘touches’ the haf circle with equation
y = /625 —x2. Most students solved this graphically, and only started looking for
an algebraic method after this had been suggested to them. This indicates that stu-
dents do not link the graphical and algebraic representations on their own.

Only class A had time enough to work through Section 10, which treats the general
solution of the monic quadratic equation x2+ b - x+ ¢ = 0. Thiswas successful to
the extent that students understood that the problem would be solved by finding a
factorization of X2+ b - x + ¢ intheform of (x+ p) - (x + q) , and that therefore the
sum-product problem re-appeared. This became understood by expanding
(x+p)-(x+q) inamultiplication table. The students were able to distinguish the
roles of the literal symbols, and noticed that p and q acquired the character of un-
knowns. The difficult part, once more, was ‘looking through’ the formulas of the
general solutions for p and g. In particular, the square root with a square underneath
inp = 5 b+ % - JJb2 —4c was overwhelming. It should be noted that this is the
first time that solving an equation with respect to the parameter led to expressions
rather than formulas.

Rather than working through the exercises of Section 11, thefinal lessons before the
posttest was given were spent on a self-test.

Posttest

The teaching experiment ended with awritten posttest that was taken by al 54 stu-
dents. The test lasted one lesson (45 minutes) and the students used their T1-89 dur-
ing the test. The full text of the posttest is presented in Appendix D. Because class
A worked through Section 10 during the teaching experiment and class B did not,
item 4 of the posttest was different for the two classes.

Table 7.2 shows the results. The column ‘Incorrect’ includes students who did not
answer at al. The A and B for item 4 refer to the differencesin the test.

Iltem 1 2a | 2b | 3a | 3b | 4a | 4b | 4a | 4b | 5a | 5b | 5¢c
A @ |6 ®6

Correct 33 | 46 | 25 | 24 | 11 | 18 1 21 8 39 | 31 5

Partial score 11 4 5 4 4 8 1 4 7 4 3 16

Incorrect 10 4 24 | 26 | 39 1 25 2 12 | 11 | 20 | 33

Table 7.2 Results of the G9-11 posttest
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The average marks were 5.0 out of 10 for class A, and 5.8 out of 10 for class B. We
will now discuss the items of the posttest in relation to the matched pretest items,
following the parameter learning trajectory of changing quantity - generalizer - un-
known.

Let usfirst consider the answersto the first posttest question: ‘What is a parameter?
Can you give an example? Most students (33 out of 54) gave an adequate answer.
Some of them referred to the parameter as placeholder: ‘ A letter that you useinstead
of anumber.” Some of the answers suggested some hierarchy, often related to the
changes of thegraphs. ‘ An extraletter inaformula, * A variablethat affectstheform
of thegraph.” Also, the parameter as' variable constant’ was often mentioned: ‘A un-
known that has a fixed value.” Compared to the same item in the pretest (item 1b,
see Appendix C), where most of the students did not have any idea of what aparam-
eter is, the adequate responses show an improvement in the posttest item.

The parameter as a changing quantity played arole in item 5b, which concerned the
dynamics of the graph of y = a- x—5a+ 2 while the value of a changes. Most of
the answers were correct (31 out of 54), including formulations such as ‘the graph
gets steeper’. The dynamics of the sliding parameter was clear to most of the stu-
dents. Compared to the pretest, the improvement was not that spectacular, because
the idea of the global effect was already noticed in the pretest (item 5b). A higher
level understanding of the parameter as changing quantity therefore cannot really be
noticed, although the context of the posttest item was far more abstract than was the
problem situation in the pretest.

The parameter as generalizer was addressed in items 2b and 3b of the posttest. Item
2b concerned the general solution of the sum-difference problem in the context of
calculating ages. Other than in the pretest, the general solution was explicitly asked
for. About half the students gave a correct response, which is not many if we take
into consideration that such activities had been addressed several times during the
teaching sequence. Also, in the corresponding pretest item (2b) many students
showed that they already had a sense of generalization. The correct answers to the
posttest item 2b reflected different methods: fair share on an empty number line, iso-
late-substitute-solve (nested or step-wise), isolate-isolate-equal-solve and simulta-
neous solve. Apparently, standardization of the method took place to alesser extent
than it did in GO-I.

The second posttest item concerning the parameter as generalizer wasitem 3b. The
task was to solve the system of equations x +y = 10, J/x2+y2 = d after the con-
crete case d = 8 had been solved. Of the 54 students, only 11 were able to solvethis.
Already for the concrete case, only 24 managed to find a correct solution. Students
did not know how to deal with thistask, or were frightened by the complex-looking
formulas. Probably thelack of insight into the formulasin thetask and in the answers
was the bottleneck here. Furthermore, instrumentation difficulties with the solution
scheme played arole. For example, non-isolated forms were substituted (Fig. 7.14
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upper part) and equations were solved with respect to the wrong unknown (Fig. 7.14
lower part).

Thereification of expressions and formulas played aroleinitem 4b for class B, and
to alesser extent in the generalization tasks 2b and 3b. The results were not very
good; however, we do not know whether it is the reification that caused this, or the
complexity of the situation, the generalization or the instrumentation.

b Solve T iy-1o | 'U‘?:'oc_“‘zw”z).-_f,\,;')
Y =10-2x i )
N 0~y

3.
A sole (/2 ty ~2) = -3¢, )
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Figure 7.14 Substituting a non-isolated form and solving to the wrong unknown

We conclude that a higher level understanding of the parameter as generalizer was
not assessed in the results of the posttest. Possible explanations are the complexity
of the problem situations and the formul as, the lack of symbol sense, and theincom-
plete instrumentation of the schemes involved. Thisisin agreement with the obser-
vations of the students' work on tasks from Section 9.

Finally, we consider the results concerning the parameter as unknown. Because this
parameter role was not addressed extensively in the teaching sequence, item 4b for
the class A posttest wasthe only item on thisissue. In that item, students were asked
what conditions hold for b and ¢ so that the general solution of x2+b-x+¢c = 0
could be calculated. The results for this item were bad (1 correct answer out of 27).
Rather than examining what is under the sguare root sign, most students saw the
sguare root sign as a reason to argue that b and ¢ should be positive. Clearly, there
is no evidence for a higher level understanding of the parameter as unknown; how-
ever, once more it can be argued that the hard issue was the complexity of the for-
mularather than the parameter role.

L ooking at the posttest asawhole, the total scores are reasonabl e and better than was
the casein G9-I. The parameter as changing quantity was well understood; however,
the results concerning the parameter as generalizer and as unknown are not very sat-
isfying. Possible explanations for this are the complexity of the formulas involved,
the lack of symbol sense and the instrumentation problems.
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Interview with the teachers

Weinterviewed the two teachers after the teaching experiment. In thisinterview, the
teachersreflected on the students’ learning process, the role of the computer algebra
tool, the results of the posttest and on their own professional learning process. The
teachers were satisfied with the learning process of the students. The students
worked hard and were actively involved. The teaching experiment was an intensive
way of doing mathematicsfor them, and some students were more challenged by the
tasks than they were normally. There was time to address issues more in depth; the
level of the topics was beyond the regular level for ninth grade. The teachers found
that there was much to explore, to find out, to struggle with, and at the end the stu-
dents were more confident about their mathematical skills.

Asaresult of thelearning process, the students were no longer afraid of using more
literal symbols within expressions and formulas. One of the teachers said:

I think they clearly understand more about all the different | etters that one can see, and
that they no longer are afraid of that. (...) | think they really understood what the dif-
ferenceis. They do not always formulateit very clearly, but they do see ‘these are the
letters that belong to the coordinate axes, to stateit simply, and the rest are the param-
eters.

The results on this point were better than in G9-1, according to the teachers. In par-
ticular, the students understood the parameter as changing quantity quite well. The
learning trajectory changing quantity - generalizer - unknown was better than the
GO9-I trgjectory, because the algebraic work with equations containing parametersis
more abstract than watching sliding graphs. The last section on quadratic equations,
which was only done in class A, suffered from time constraints and would have
needed more time. Another experience of the teachers was that the students were
ableto seetheglobal line of thelearning trajectory without getting lost in the details.

According to the teachers, the use of the computer algebra tool enabled the students
to keep track of the global line. Leaving the algebraic procedures to the machine al-
lowed them to focus on the main ideas. The capacities to quickly draw a number of
graphs and to show the dliding graph were powerful, even if the slider tool was far
from perfect. As far as algebraic procedures were concerned, the students had to be
Very precise in entering expressions and commands; instrumentation difficulties for
solve and substitute contributed to the students’ insight into what was happening. As
one of the teachers put it:

| think some of the students learned what they are solving, because if you enter an

equation such asx+y = something and enter solve, it does not work. Y ou haveto think
carefully ‘what do | have to solve', the comma-x.

Also, the students lost their fear of the machine, which isuseful in thistechnological
society.
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Concerning the results of the posttest, the teachers argued that the posttest was easier
for the students than in G9-I because there had been a self-test prior to it, so that they
knew better what to expect. This probably contributed to the improved resuilts.
Concerning theteachers' professional learning process, both teachersindicated that
they felt more confident about what to do, that they were ableto ‘ orchestrate’ the use
of the computer algebratool in a more adequate manner than they had beenin G9-I
and that they enjoyed combining different classroom arrangements such as class-
room discussion, demonstration by students, group work and work in pairs. For
them, the experiment was less tense than G9-I had been.

Overall, the teachers were positive about the course of the teaching experiment, the
relevance for the students and the improvements compared to the G9-I cycle.
Looking back at the teachers’ roles during the teaching experiments and their reac-
tionsin the interview, we think that they had improved as regards integrating com-
puter algebra use into the teaching and learning, and stressing the key steps in the
learning trgjectory. Still, we would have appreciated more interactive whole-class
discussionsfor collectively posing the main problems and devel oping the conceptual
thinking.

Interviews with students

After the teaching experiment, interviews were held with 19 of the students who had
been followed during the experiment. During these interviews, which took about 10-
15 minutes each, the following three items were discussed. Items 1 and 2 were part
of the pretest and the posttest, and item 3 was ageneral formulation of apretest task.

1 What isaparameter? Can you give an example?
2 Consider the equations
y = a—X
x2+y2 = 10
Make one equation out of these that does not containy.
Y ou do not have to solve this new equation!
3 Consider theeguationa-x+ b= c.
Expressxin a, b and c; in other words, write the equation in theformx = ....
b  Expressbinx,aandc.

QO

During these interviews, the students did not have the symbolic calculator at their
disposal, so they could only answer the questions using brains, paper and pencil.

The results of item 1 concurred with the answers to the corresponding item in the
posttest. Of the 19 students, 15 gave a correct answer, although sometimes formu-
lated in a clumsy way. The parameter is seen as an extra letter that determines the
form of the graph, and therefore is considered as changing quantity at the level of
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graphs. References to the parameter as generalizer or as unknown were not made.
Two of the students mixed up the variable and the parameter, while two others de-
scribed the parameter as determining the value of the solution. For example, if the
solution of an equationisx = a + 3, then the value of x depends on the value of a.
Asan example of the reactions, the foll owing fragment shows how Fred thinks about
parameters:

Fred: The parameter indicates, ehm..., how such a formula
develops.

Interviewer: Yes, that's a nice formulation. What do you mean by that?

Fred: WEell, then you can see what if you use different values for

a slope number or something like that, for a parameter,
ehm,... how the formula adapts to that.

Interviewer: Yes.

Fred: For example, for a parabola, you see it changes com-
pletely.

14 of the 19 students managed to perform item 2, in some cases after the interviewer
had given some hints. Of the 5 students who did not manage to perform it, 4 made a
mistake with the squaring, although they did show insight into the goal of the task
and into the process of substitution. One of the students did not know what to do with
thistask. It is remarkable that all students but one were able to carry out this substi-
tution by hand, because this had not been practised during the teaching experiment.
This suggests transfer from the work in the computer algebra environment to the pa-
per-and-pencil environment. Thisitemisdiscussed in moredetail in Sections 10.6.3.

The last part of item 3 was not discussed in most of the interviews because of time
congtraints. For item 3a, many students required a concrete examplefirst. Theinter-
viewers provided one, and the students were able to solve it. Then, guidance was
sometimes needed to advanceto the generalization. At theend, all the studentsfound
the correct answer, although some of them did not put parentheses around the nu-
merator (¢ —b). One of the studentsindicated that ¢ —b should be considered as one
thing, as Sandra did in the pretest (Section 7.4.2). Another student took one single
numerical example and deduced the general solution, without really understanding
the algebra behind it.

The results of the post-experiment interviews indicate that the students understood
the parameter as a changing quantity and were able to carry out the substitution of
an expression by hand. Solving by hand an equation that contains parametersis dif-
ficult if aconcrete exampleislacking.

Combining different types of data

Several kinds of datawere collected in the G9-11 teaching experiment. The main dif-
ficulties that students encountered in thisteaching experiment concerned the param-
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eter as generalizer, the parameter as unknown and the instrumentation of the ISS
scheme. In this section we briefly compare the different types of dataon theseissues,
to get a complete view by data triangulation.

The results of the posttest on the generalization and the application of the isolate-
substitute-solve instrumentation scheme were not very positive (items 2b and 3b).
For the parameter as unknown, the picture is even more negative (item 4b for class
A). Overall, the results of the posttest were better than in G9-1.

The datafrom observations and from the students' notebooks on these i ssues showed
more nuances. Indeed, the difficulties that appeared in the posttest were also ob-
served during lessons. However, the mini-interviewsin the classroom also indicated
agrowing awareness of generality, a gradual instrumental genesis and instances of
understanding the shift of parameter roles. Many good examples of appropriate in-
strumentation of the I SS scheme were found in the student notebooks.

The interviews with the teachers suggest that the students had learnt alot about lit-
eral symbolsand their use, and about using atechnological tool for doing mathemat-
ics. The post-experiment interviews indicate that the students were able to carry out
substitution by hand and to treat expressions as objects; finding a general solution
and expressing a variable in terms of others was still hard for them.

If we compare these data, we first notice that the disagreement in the data does not
concern the findingsin general, but shows gradual difference. In addition to the pos-
sible explanations in Section 6.4.7 concerning the phenomenon of differences be-
tween data types, we argue that the data differ in character. The data from observa-
tions and mini-interviews have a process character: we observed the process of stu-
dents who were struggling to make sense of phenomena and to formulate this by
mathematical means. We noted progress, even if it did not lead to fully correct for-
mulations and procedures. The written final test, on the other hand, has a strong
product character: we judged the correctness of the solutions as they were written
down, and the student did not have an opportunity to explain. The datafrom the stu-
dent notebooks and from the post-experiment interviews are somewhat in between
the two extremes: in the notebooks, the students condense their progressin a (usual-
ly) neat form, which makesit more product-like. In the post-experiment interviews,
students had the opportunity to explain issuesthat had arisen already in the posttest.

Overal, we see only gradual divergence between the different types of data. We at-
tribute this improved convergence, compared to the G9-I experiment, to an in-
creased attention to practising exercises, so that the benefits of the learning process
could be transformed into product performance to a greater extent than was the case
for GO-I.

Reflection and feed-forward

In this final section of the chapter we look back at our initial expectations and for-
mulate the feed-forward of the G9-11 research cycle for follow-up research cycles.
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Reflecting on the expectations

We started Section 7.2 by presenting expectations based on the feed-forward of re-

search cycle G9-1 concerning the opportunities that computer algebra would offer

for the learning of the concept of parameter. Did those expectations come true? We
will address them one by one.

1 The first expectation was that the parameter as changing quantity would be a
more natural start for devel oping insight into the higher parameter roles than the
parameter as generalizer would be. The findings of thisteaching experiment con-
firm this conjecture. Observational dataand test resultsindicate that the students
appreciated the parameter as changing quantity that affects the complete graph.
Thisview of parameter is supported by a strong visualization that was explored
by means of a diding tool on the TI-89. However, two remarks can be made.
Firgt, it seems that the parameter as changing quantity dominated the other pa-
rameter rolestoo much, probably because of the strong visualization. The param-
eter roles of generalizer and unknown may have suffered from that. Second, the
students' view of the effect of parameter change tended to remain somewhat su-
perficial. Often, graphical effects were not examined carefully, and a link with
algebraic features was not established.

2 The second expectation was that a better slider tool that alows for gradually
changing the parameter value would help students to perceive the parameter as
changing quantity. To a certain extent, this conjecture was confirmed in the
teaching experiment. Teachers and students referred to the use of the sLIDE pro-
gram that had been developed for this purpose. However, despite the success of
the ‘dliding parameter’, this dider tool on the T1-89 was too limited, so that the
image of a gradual and continuous change of the parameter did not come over
very well. For example, students seemed to think that the parameter value could
only run through sets of integer values rather than through real intervals.

3 Thethird expectation was that practising the simple instrumentation schemes for
solving and substitution, and the composed ISS instrumentation scheme would
lead to a better instrumentation that would create room for generalization. The
overall impression of theinstrumentationin G9-11 isthat more attention for solve
and substitute — with the ovd visualization and the name for the vertical bar — at
the start of the experiment indeed improved the instrumental genesis of these
simpleinstrumentation schemes. However, at the end of the teaching experiment
(Sections 9 and 10 of * Changing algebra’, and the final test) difficultieswith the
instrumentation showed up again, and in particular with the composed 1SS
scheme. We explain this by the more complex situations in which this scheme
had to be applied, and see this as an indication of an incomplete instrumentation.

4 The fourth expectation was that more attention to generalization as it emerged
from the dynamics of the ‘ sliding parameter’ would lead to a better understand-
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ing of the parameter as generalizer. This conjecture turned out to be false. Al-
though generalization scored better in the posttest than was the case in the G9-1
research cycle, the results still were not very good. The transition from the pa-
rameter as changing quantity to the parameter as generalizer apparently did not
work out very well. Possible explanations for this are the already mentioned
dominance of the changing quantity conception of the parameter, and the fact
that problem situations that stress the dynamics of the parameter are not neces-
sarily the best contexts to invite for generalization.

Feed-forward

The findings of the G9-11 research cycle generated feed-forward for the next re-
search cycles. We distinguished feed-forward that concerns the hypothetical |earn-
ing traectory, the instructional activities and the research methodology.

The feed-forward concerning the HLT first addresses the global learning trajectory.
The parameter learning trajectory from G9-1, which was characterized by the roles
generalizer - changing quantity - unknown, was changed for G9-Il into changing
quantity - generalizer - unknown. This change turned out to be an improvement, be-
cause the changing quantity is the most accessible parameter role and offers good
opportunities for visualization. Therefore, thisline remained unchanged for the next
research cycle. However, in order to avoid the parameter as changing quantity being
too dominant, we did not want to address this parameter role too extensively, so that
it would not hinder the transition to the other parameter roles such as the generalizer
and the unknown. The transition from the parameter as changing quantity to the pa-
rameter as generalizer required specific attention. The symbol sense — the insight
into the structure and the meaning of formulas and expressions — and the instrumen-
tation of the algebraic techniques involved were to be addressed particularly for
achieving better understanding of the parameter as generalizer and the parameter as
unknown. As far as the role of the teacher is concerned, we regretted that the two
G9-1 / G9-11 teachers do not teach in tenth grade, so that their professiona develop-
ment could not be monitored and used in the next research cycle.

The feed-forward concerning the instructional activities follows from the feed-for-
ward for the HLT. First, we aimed at using a better slider tool for the visualization of
the parameter as changing quantity than was available in G9-11. To avoid the T1-89
screen resolution limitations, we considered using a PC environment for that pur-
pose. Second, paying more attention to the elementary instrumentation of algebraic
techniques by means of more practice at the start of the teaching experiment did im-
prove the instrumentation, so this remained unchanged in the next teaching experi-
ment.

Third, the G9-11 teaching material contained more real-life problem situations than
was the case in G9-I; however, most of them addressed the parameter as changing
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guantity (fountains, sprinklers). For the improvement of the transition to the param-
eter as generalizer, we aimed at finding real-life problem situations that invite gen-
eralization. Rather than directly addressing the general level, we wanted to start with
referential models of problem situations that are meaningful to the students and that
could develop into models for mathematical reasoning at the general level in terms
of the Gravemeijer four-level structure (Section 3.6). This was expected to help the
students to give meaning to parameter and to understand the structure of the formu-
las. In order to diminish the role of the ISS instrumentation scheme, we looked for
contexts, which would lead to one function rather than a system of equations.

The feed-forward concerning the research methodology addresses the teaching ex-
periments. Despite our intentions after G9-1, there still was a danger that the mini-
interviews during the | essons were guiding the students too much. The observer was
tempted to influence the learning process. Of course, discussing the students’ ques-
tions yielded relevant data; however, it could interfere with the methodology of
questioning students on specific key itemsin the teaching material. In the next teach-
ing experiment, the balance between observer-driven interactions and student-driv-
en interactions was to be reconsidered carefully, so that gathering data on key items
would not be hindered by long discussions with students, which could acquire the
character of instruction.
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Introduction

In Chapters 6 and 7 we described the two research cycles in the ninth grade, from
the hypothetical learning trajectory through the global experiences in the teaching
experiments to the feed-forward for the next research cycle. The present chapter ad-
dresses the two research cycles that focused on the tenth grade, viz. G10-1 and G10-
I1. Fig. 8.1 shows the arrangement of the teaching experiments.

Go-l
Class A
Go-l
ClassB
| Chapter 6 | Chapter 8 | -
Jan 2000 Jan 2001 Jan 2002
G10-11
Chapter 7 Chapter 8

Figure 8.1 Teaching experiment arrangement

Thefirst research cycle for the tenth grade — G10-I — was an intermediate one that
included a short teaching experiment of five lessons with about half of the students
who had also been involved in G9-1. For several reasons, this research cycleis pre-
sented only briefly (Section 8.2).

The G10-11 research cycle was the third and last complete research cycle. It isdis-
cussed in a similar way as G9-1 and G9-11, viz. we first discuss the hypothetical
learning trajectory (Section 8.3), then the key activities for the students (8.4) and
then the global experiences of the teaching experiment (Section 8.5). The chapter
endswith a concluding section (8.6) that evaluates the development of the hypothet-
ical learning trajectory throughout the three research cycles and the global informa-
tion that emerges from the teaching experiments. In Chapters 9 and 10, the i ssues of
the concept of parameter and the instrumentation of computer algebra are revisited
in more detail.

The G10-1 intermediate teaching experiment: a global impression
The G10-1 teaching experiment was an intermediate experiment carried out in a
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tenth-grade class comprising 14 students. All but one student who had failed to pass
tenth grade the previous school year had participated in the G9-I teaching experi-
ment. After ninth grade, all of these students had chosen the exact stream, so the
G10-1 population consisted of those students from G9-1 who were interested in
mathematics and science.

For practical reasons, such as alack of facilities for additional lessons and the full
regular curriculum in tenth grade, only five lessons were available for the teaching
experiment. The teacher was an experienced mathematics teacher, who was used to
integrating technology into his teaching. Because of the time constraints, he felt the
need to stick close to the regular text book. In particular, he recommended the topic
of thetransformations of graphs. The teacher and the students had been using the Tl -
83 graphing calculator for eight months by the start of the teaching experiment.
The teaching materials for this short experiment first aimed at refreshing the T1-89
skillslearned in G9-1, in particular those concerning algebra. Then, the transforma-
tion of graphs wasinvestigated by changing parameter values. The experiment end-
ed with afinal investigation task concerning the dynamics of the graph of the func-
tiony with

-1 .3_3,
Yoo = 533

X2 + 2%

Because of practical constraints, the research aims could not be dealt with adequate-
ly. A complete HLT could not be developed and tested; rather, we consider G10-I as
ashort but meaningful experience, asawarm-up for the G10-11 teaching experiment
that is described hereafter.

On the basis of the analysis of the data from G10-1, the following findings that are
relevant to G10-11 can be stated. First, the students were able to pick up the TI1-89
skillsquite easily. Their experience with the TI-83 graphing cal cul ator could be used
in the graphical modules of the T1-89, and the algebraic procedures that were used
in the G9-1 experiment could be refreshed without much effort. Second, the method
of changing parameter values to study the dynamics of the graph was adequate, al-
though just replacing parameter val uesturned out to be an inefficient means of doing
so. A slider tool wasto be preferred. Third, the algebraic features of the TI1-89 were
not used very often. For example, only two out of seven pairs used the solve com-
mand to find out that (O, 0), (a, 0) and (2a, 0) were the coordinates of the zeros of
the function y in the final task. However, some of the students did notice by using
the factor command that y(x) = x- (x—a) - (x—2a)/a?. Onepair of students ver-
ified that the graph of y was obtained by multiplying the graph of f with
f(x) = x3—3x2+ 2x by afactor ain both the direction of the x-axis and the y-axis.
Expanding a - f X gave the expected result.

Theses global conclusions from the G10-1 intermediate teaching experiment were

164



8.3

The G10-Il research cycle: learning trajectory and experience

useful for the preparation of the G10-11 teaching experiment, which is the topic of
the rest of this chapter.

The G10-1l hypothetical learning trajectory for the parameter concept
In this section wefirst describe the starting points for the HLT of the G10-11 research
cycle, and the expectations that are investigated in this final teaching experiment.
Then we motivate the global trajectory through the different parameter roles. The ac-
tivities that are supposed to bring about the transitions between the different param-
eter roles are described next. Thisleadsto the global HLT. Finally, we address some
instrumentation aspects of the learning trajectory.

Starting points and expectations

Aswith research cycles G9-1 and G9-I1, the starting point for the devel opment of the
HLT wasthelevel structure for defining the higher level parameter roles and the sug-
gestions concerning how to achieve an understanding of these roles by using the op-
portunities that computer algebra offers (Sections 4.5 and 5.5). Furthermore, we
built upon the experiences and the feed-forward from G9-1 and G9-I1. Essentially,
we revisited the approach of the G9-11 research cycle. However, the feed-forward of

G9-11 led to the following intentions and expectations that were intended to improve

the results and inform the development of the HLT for G10-11:

1 Insight into the structure and meaning of formulas and expressions was one of
the bottlenecks in the G9-11 research cycle. Specific attention to this would im-
prove the students' symbol sense and facilitate the work in the computer algebra
environment.

2 In G9-ll the transition from the parameter as changing quantity to the parameter
as generalizer was problematic. For the parameter as changing quantity, the use
of aseemingly continuous slider tool was supposed to support the perception as
aparameter that runs through an interval; also, the use of generic functionsin the
slider tool environment, in which parameters have a graphical meaning, was ex-
pected to prepare for the transition towards the parameter as generalizer.

3 InGY-1l the studentsdid not see the meaning of the general level, which hindered
the conceptual development. Therefore, the use of real-life problem situations
with an intrinsic hierarchy of literal symbols was supposed to give meaning to
parameters at areferential level and foster meaningful generalization at the gen-
eral level; aso, afocus on functions rather than on systems of equations would
diminish the instrumentation difficulties.

4 A third means of improving the transition towards the parameter as generalizer
was an earlier intertwinement of the different parameter roles. Thiswould stim-
ulate the understanding of the parameter as generalizer and the parameter as un-
known and prevent the changing quantity role from becoming too dominant, as
was observed in G9-11.
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A trajectory towards the higher level understanding of the parameter concept

One of the conclusions of the previous chapter was that the G9-11 global trajectory,
which consisted of the line placeholder - changing quantity - generalizer - unknown,
was an improvement over the G9-1 trgjectory. Therefore we followed the same line
in G10-11 (Fig. 8.2). In order to prevent the parameter as changing quantity from be-
coming too dominant, the parameter as generalizer was presented asthe central issue
of the teaching materials by means of an introductory example at the start.

changing
quantity

generalizer

unknown

ground level second level

placehol der

Figure 8.2 Learning trajectory through parameter rolesin G10-11

The feed-forward from G9-11 suggested some refinements of the learning trajectory
within this global outline. First, the development of insight into the structure and
meaning of formulas would be stimulated by examining and explaining CAS output,
and by horizontal mathematization of problem situationsthat lead to meaningful for-
mulas. Second, in order to avoid atoo limited concept development of the parameter
as changing quantity, we intended to address this parameter role not as extensively
asin G9-11 and to anticipate on the parameter as generalizer and the parameter as un-
known from the beginning of thelearning trajectory. Third, thereferential level, hor-
izontal mathematization and the use of real-life contexts would receive more atten-
tion. This should lead to mathematical situations that can be represented by one
function rather than a system of equations, and that invite generalization using a
meaningful parameter and enable the development of ageneral level in terms of the
four-level structure, and vertical mathematization.

How to bring about the transitions?

The character of the student activities that were supposed to foster the transitions
from one parameter role to the next have not changed essentially compared to the
G9-11 research cycle. Fig. 8.3 provides an overview. The learning trajectory runs
from top to bottom. The columns subsequently describe the role of the parameter,
the algebraic and graphic meaning of this parameter role, the students' overt and
mental activity that brings about the transition, and the way computer algebra sup-
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ports this activity. We do not repeat the motivation for the HLT description that was
given already in Section 7.2. Here we just focus on the changes concerning the tran-
sition from the parameter as changing quantity to the parameter as generalizer that
was one of the hard issuesin the G9-11 research cycle.

& ;s
& & & o
g S o & & 3
S § $ D D %0)
2 > & N N
S S { & & &
§ > S X > s S
& < O Q
K & LS§
SO
one & § LS
placeholder | numerical | one graph | dide see global substitute pa-
value .

i parameter dynamics, rameter values,
changing ﬁ;gﬁ;%;g achangingy/ values graph as object | animate graph
quantity | e graph  \ exploresimilar | seesimilarity, |graph, solve

situationsfor | generalize, for- | equations, gen-
_ aset of asheaf of 4 different value§ mulaasobject |eral solutions
generalizer | numerica | e < ilter spedific | changerelation| solve with
values parameter parameter - | respect to
subset of | asubsetof |/ ygjyes variable parameter
unknown | numerical | graphsina
values sheaf

Figure 8.3 HLT scheme for the parameter concept in the G10-11 teaching experiment

Thetransition from the changing quantity role towards the generalizer role was sup-
ported by two additional means. First, while working with the slider tool, attention
was paid to the invariant properties of the sliding graph, such as zeros that do not
move or pointsthat are hit by all graphs. Such graphical invariants can be explained
algebraically, and this was supposed to open the horizon to generalization.

Second, more than was the case in G9-11, the starting situations for studying the dy-
namics of the parameter change in G10-11 also involved generic functions that con-
tained parameters, suchasy = a- x2+ b - x + ¢c. When two of the three parameters
were ‘pinned’ at a numerical value, the dynamics of the third one could be investi-
gated. Thiswasinspired by Doerr and Zangor, who used asimilar approach to match
data sets (Doerr & Zangor, 2000).

Instrumentation aspects within the HLT

Computer algebra in the proposed learning trajectory was used for substitution of
numerical values and expressions, for solving equations containing parameters, for
manipulation of expressions and formulas, and for graphing graphs/sheaves of
graphs and for animating graphs.
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The instrumentation of the computer algebra schemes was fostered by practising
simpleinstrumentation schemes, aswas done in the G9-11 teaching experiment. Fur-
thermore, the black box character of work in the computer algebra environment
would be countered by asking for explanations of the cAs output. Attention was paid
to the congruence of cAs technique and paper-and-pencil technique by comparing
them.

Because of the use of problem situationsthat would lead to one generic function with
a parameter rather than systems of equations, we expected that the instrumentation
difficulties with the isolate-substitute-solve scheme would be less important than
they were in previous teaching experiments.

Key activities in the teaching materials

In this section we describe the elaboration into assignments in the teaching materials
of some of the key activities of the HLT for the concept of parameter.

All but one of the students in the G10-I1 teaching experiment had been involved in
GO9-11, so they already had some experience in using the TI-89 symbolic calculator.
Furthermore, they had used the TI-83 graphing calculator since the start of the
school year, so an introduction to the graphical features of the T1-89, which are quite
similar to those of the TI-83, was not necessary. Therefore, the teaching materials
for G10-I1 did not contains an introductory part, as was the case in the previous
teaching experiments. Fig. 8.4 shows the table of contents of the teaching unit, enti-
tled ‘Fountains and sheaves'; the complete manuscript (in Dutch) is available at
www.fi.uu.nl/~paul d/dissertation.

Fountains and sheaves

Refreshing T1-89 skills

Starting problem

What happens to the graph?

The sliding parabolain Tl-Interactive
A ‘strip comic’ of graphs

Sheaves of graphs

Setting formulas containing parameters
Genera solutions

Using genera solutions

© O ~NO O WN P

Figure 8.4 Contents of the teaching unit

The first section aims at rehearsing the basic skills of operating the T1-89. It ends
with a self-test, which students are supposed to work through without any help.
Two assignments in this section address the devel opment of symbol sense by exam-
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ining the output of the cas. The aim of assignment 1.3b isto make students examine
the cas output and realize that it cannot always be trusted blindly (Fig. 8.5). Assign-
ment 1.11c concerns rewriting expressionsin other, equivalent forms. Solving equa-
tions and substituting expressions are also addressed in the first section.

1.3 a Go to the HOME screen and enter:
3a + 5a. You enter the letter a with Thaie| 1 cbe o e okheee [Prawinc 14 e
ALPHA =. You notice that the
TI1-89 immediately simplifies this.

b  Enter: arb*cra*bic m3at3a g5
Thisisimmediately smplified, too. n2bcrah 2242
Isthe answer true for all values of
a, bandc?

FUMC 2720

1.11 A right-angled iron wire with a total
length of 120 cm serves to reinforce a
box. At the sides of these boxes adver-
tisement textswill be attached. Therefore
X = 2y needs to hold. The volume| of the
box isequal to x-y- z.

a Enter: | =x*y*z | x=2y. X X

b  Usethetota length to set aformulathat
does not contain the height z anymore. y y

¢  Theformulafor the volume that you
found can be written in different ways.
Find at least three different forms.

Figure 8.5 First algebra assignments

The second section of ‘Fountains and sheaves aims at setting the scene for the
teaching sequence by providing an introductory example. Students study the rela-
tionship between the skin areaand the body weight of different species. Thisrelation
can be modelled by the algebraic formula A = ... - W2/3 ., The numbers on the dots
— the so-called Meeh coefficients — are given for different species. The central task
in this section concerns the generalization: what overarching formulareflectsthe re-
lation between skin area and body weight for all species?

In Section 3 the parameter as changing quantity is addressed. Parametersin the gen-
eral quadratic functions are systematically changed using the T1-89. Invariance is
also considered: what aspects of the graph do not change? Section 4 elaborates this
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using the slider tool of the PC computer agebra package Tl-Interactive (Fig. 8.6).
Students experience the dynamics of the situation by moving the dlider with the
mouse.

Figure 8.6 TI-Interactive screen for sliding parameter values

4.4 a Change the function into f(x)) = (x—a)2+a.
b  Makethegraph dide.
What is the effect of an increasing value of ato the graph?
¢ How canyoutdl the value of a from the graph?
Explain this from the formula
d  Forwhat valueof ais(3, 3) the vertex of the parabola?

Figure 8.7 Dynamics and meaning of the parameter

Fig. 8.7 shows that the parameter in the assignments has a graphical meaning that
can be understood algebraically, such as the slope, the coordinate of an intersection
point or avertex. Assignment 4.4 anticipates on the parameter as generalizer in ques-
tion ¢, whereas the parameter as unknown is addressed for the first timeinitemd.
In Section 5, the slider tool of Tl-Interactive is used for the investigation task that
endsthe part on the parameter as changing quantity. It concernsthe context of James
Bond, who needs to bring a secret message from position R out at seato point Son
the beach (see Fig. 8.8). The total time spent on rowing and running has to be mini-
mized. The parameter for the wind velocity leads to a function that is complicated
for the students:
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N3Z2+x2 4-x

T=a- A

6 12
R
3km

sea
X
——F—B
A Zkm beach

5.3a Draw in your notebook a ‘comic strip’ that represents the change of
the graph of T as a gets bigger. Please make global sketches and indi-
cate the corresponding values of a and the formula

b  Also consider values of a that are smaller than 1: if the wind blows
from the right direction, the rowing time gets shorter!

¢  Describe in words how the graph changes as the parameter value in-
Creases.

d What valuesof agivea‘specia’ graph? What is special in those cas-
es? How can you explain that using the formula?

Figure 8.8 James Bond's mission

The final question of task 5.3 prepares for the use of the parameter as unknown.
Section 6 concerns the transition from the parameter as changing quantity towards
the parameter as generalizer. Initially, thisis done by considering sheaves of graphs
rather than dynamic graphs. The first context is the traffic flow. A general formula
for the circulation flow f as function of the speed v of the traffic flow is set up, in
which therisk factor r that drivers take is the parameter:

_ 100 - v
6-(4+r-0,0075-v2)

The second context in this section concerns a sheaf of graphs that represent jets of
water from a garden sprinkler.

In Section 7, the parameter as generalizer is addressed further by setting up general
formulas containing parameters that describe classes of situations. The parameters
have a meaning in the problem situations. Fig. 8.9 provides an example.

Section 8 concerns the general solutions of equations with parameters that emerge
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from physics or geometry contexts. The aim of the activitiesis to help students per-
ceive the inefficiency of repeating the same solution procedure for several different
parameter values. Therefore, a general solution is useful. Assignments 8.5 - 8.6,
which wereinspired by Trouche (1998), provide examples of this approach (see Fig.
8.10).

7.1 A vulture is an excellent glider. While gliding without moving his wings
and without turbulence avultureloses one metre of height for eleven metres
of horizontal movement. In a sketch:

11m

Mlm

a A vultureglidesaway from arock at a100 m height. Find aformulafor the
height and the horizontal distance.

b Analbatrossdeclinesonly 1 metre on 20 metres horizontal distance. Adapt
the formula for the albatross.

¢ Thehorizontal distance covered by abird while losing 1 metre of height is
called the finesse f. Make up aformulawith thisfor the flight from 100 me-
tre height for every ‘glider’.

Figure 8.9 The glider assignment

85 The parabola with eguation
y = x2—4x+5 is intersected by a
sheaf of lines, represented by
y = a-x—2. The central question
in thistask is: which lines ‘touch’ the
parabola?

a Caculatethe coordinates of theinter-
section pointsin casea = 5.

b  Dothesamefora=6andfora=-10.

8.6a Generalize the problem of the previous assignment: cal culate the x-coor-
dinates of the intersection points without choosing avalue for a.

b  Verify your general solution by substituting anumerical valuefor ainthe
solution formula and have the graphs drawn.

¢ How doesthe formula of the general solution show for which values of a
the lines touch the parabola? Cal culate those values of a.

Figure 8.10 Which lines touch the parabola?
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From now on the parameter acquires the role of the unknown more often. The idea
is that selecting one or more parameter values from the complete range reinforces
the perception of a parameter representing a reference set and thus the parameter as
generalizer. An example of this approach is assignment 9.4 (Fig. 8.11).

9.4 |n assignment 4.5 the jets of water from a

fountain were described by the formula
f(x) = a-x—(1+a?)-x?

It looks as though two jets end at the same
point of the ground. Y ou can use algebrato
verify that.

a  Solvetheequation f(x) = 0in general.

b  Verify that this gives the same solutionsfor a=5and a = gl) , and also for
a=3anda= 3.

c Isittruefor every value of a that you find the same zeros if you replace
a=phbya= [—1)? Motivate your answer.

MAIM RAD EXACT FUHC

Figure 8.11 The garden sprinkler revisited

The G10-1l teaching experiment

Theway the teaching experimentswere carried out is described in general in Section
2.5; information on the school where the experiment was held is provided in Section
2.8. Inthe present section, wefirst sketch the educational setting of the G10-11 teach-
ing experiment (8.5.1). Then the global findings are sketched (8.5.2). Section 8.5.3
contains the results of the final task, which ended the teaching experiment. In 8.5.4
and 8.5.5 we present the datafrom the eval uation conducted with the teacher and the
students. Finally, we combine the data from the different sources (8.5.6).

Educational setting

Theteaching experiment of research cycle G10-11 was carried out in one tenth-grade
class of 28 students (11 females, 17 males). It lasted for 15 lessons, including one
lesson for evaluation. For practical reasons, the experiment was interrupted for two
weeks after the eleventh lesson.

The class was a normal class with a fair working atmosphere. The average report
mark for mathematics on the previous report was 7.3 out of 10. With two exceptions
(one exchange student and one student who failed to pass tenth grade the previous
school year), al the students had participated in the G9-11 teaching experiment the
previous school year. After ninth grade, these students chose the exact stream; thus
the G10-11 population consisted of the students from G9-11 who were interested in
mathematics and science.
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The male mathematics teacher was at the beginning of his career and had not been
involved in the other teaching experiments. He is qualified to teach mathematics to
12- to 18-year-old students. His style of teaching is informal. He had good contact
with and left much responsibility to the students, who were given more freedom than
they had in the ninth-grade mathematics classes. Classroom discussions or whole-
class instructions were not very frequent. The teacher was not very experienced in
using IT in histeaching. He and his students had been using the TI-83 graphing cal-
culator for three months before the start of the teaching experiment.

Pre-experiment meetings were held between the teacher and the researcher to dis-
cuss the aims and goals of the experiment. The teacher commented on the teaching
materials, and a planning for the teaching experiment was agreed upon. During the
experiment, each lesson was discussed by the teacher and the researcher, and deci-
sions for the next lesson were taken.

For the following reasons it was decided that no pretest or posttest would be held.
First, for the students doing adifficult pretest can be adiscouraging start to the teach-
ing experiment. Second, the preliminary knowledge of the students in this case was
known, asthey all had participated in the G9-11 experiment. Third, the teaching ex-
periment suffered from considerabl e time constraints, so we preferred to usethetime
for the teaching experiment itself. As no pretest was held, we thought it would be
more informative to end the experiment with afinal task rather than with a posttest.
An important difference between the ninth-grade and the tenth-grade experiments
was that for the latter experiments there was no extra teaching time available. Asa
consequence, the regular topics for the G10-11 class had to be taught at a higher
speed than usual. When the students noticed this, they were less enthousi astic about
the teaching experiment.

Data collection took place in asimilar way asin G9-I1. Thisis described in Chapter
2. The method of selecting and representing protocols was similar to the one de-
scribed in Section 6.4.3. After the experiment, the students filled in a short evalua-
tion questionnaire.

Experiences during the teaching experiment

In this section, we describe the experiences during the teaching experiment, based
on the classroom observations and on the written work of the students. First, we ad-
dressinsight into the structure and meaning of formulas. Then we follow the line of
the HLT: the parameter as changing quantity, as generalizer and as unknown.

The structure and meaning of formulas

The teaching experiment got off to a quick start. The students were motivated and
soon got used to using the keys on the T1-89 again. In the introductory first section
of the teaching unit, the structure and meaning of formulas and expressions were ad-
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dressed. In assignment 1.3, for example, a*b*c*a*bic is simplified as a%*b? by the
machine (see Fig. 8.5). The students often did not pay attention to the results that the
machine provided. In the following dialogue, a question by the observer was needed
to make them consider the CAS output in detail.

Observer: Do you understand what the machine does when it sim-
plifies this [a*b*c*a*b/c] into this[a®*b?]?

Ada: No, not really.

Observer: If you wanted to simplify the left part without using the
machine, how would you do it?

Ada: Wl yes, then | would just, in fact | wouldn't use b square.

Observer: But if you look at this, a*b* c*a*b/c, could you simplify
that yourself if you look at it?

Ada: Inthe end | would’ ve divided by ¢, but not that the c dis-
appears. Oh yes, c divided by ¢ disappears; yesitisright.

Observer: OK, so you would skip the c?

Ada: And then the rest, a squared times b squared.

(G10-11-v1, assignment 1.3)

The question whether thissimplification is correct for all values of a, b and ¢ had not
been answered. After some explanation, Ada noticed that ¢ = 0 is a problem.
Equivalence is an important issue when rewriting expressions and formulas. In as-
signment 1.11, for example, the substitution | = x*y*z | x = 2y and
z = 120—4x—2y ontheTI-89resulted in —20y2 - (y —12) (seeFig. 8.5). The stu-
dents were asked to rewrite in equivalent forms. During the classroom discussion, it
appeared that that many of the studentsfound thishard. Suggestions such as‘ remove
brackets and ‘expand it' gave —20y3 + 240y2 . Rewriting this as 20y2 - (12 —vy)
needed by-hand skills and was only done correctly after some errors. Rewriting the
expression in another form by hand revealed a lack of algebraic skills. Meanwhile,
the issue of rewriting an expression into a form that is more transparent was ad-
dressed; it appeared to be quite new to the students.

During the work on the first section of the teaching materials, the instrumentation of
solve and substitute seemed to work well; also, the reification of the formulas and
expressionsthat appeared as solutions or as objects that needed to be substituted was
no longer a problem.

The parameter as changing quantity

Sections 3, 4 and 5 of ‘Fountains and sheaves address the parameter as changing
quantity. The use of the TI-Interactive slider tool was an improvement compared to
the visualization on the TI-89. The students perceived the dynamics, although they
did not always find them easy to describe. In the context of the garden sprinkler, for
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example, students investigated the dynamics of the graph of
f(x) = a-x—(1+a?)-x2. Maria referred to the context in the description she
wrote in her notebook:

From % to 5 -> It isamountain parabola (below the x-axis) that gets smaller all the
time (+higher, a sort of garden sprinkler effect) as a gets bigger.

The context of the garden sprinkler seemed to help some students to imagine the dy-
namics. However, the complexity of the formula caused difficulties with entering it
correctly, and with relating graphical features and algebraic properties.

The intention to also use the sliding parameter to anticipate the parameter as gener-
aizer and the parameter as unknown was realized to a certain extent. For the param-
eter as generalizer, assignment 4.4 isan example (seeFig. 8.6 and Fig. 8.7). The stu-
dents explored the dynamics of the graph of f(x) = (x—a)2 + a asaincreased. The
guestion ‘How can you tell the value of a from the graph? led to generalization:

Ada: | seeit already, the vertex isat a. You see, y=5 here and
the vertexisat 5.
Maria: OK, the vertex of the graph...

Ada: So the y-coordinate of it is....

Maria: No, because, look thisis 5 [points at the y-coordinate of
the vertex] and thisis 5 [the x-coordinate] .

Ada: OK, so let'stry.

Ada dlides the graph using the slider bar.
Maria: Yesit isright indeed.

Ada: 2,(2,2
Maria: The vertex of the graph...
Ada: y- and x-coordinate are the same as a.

(G10-11-v2, assignment 4.4)

Apparently, the fact that the parameter had acquired a graphical meaning made gen-
eralization more accessible to the students .

Ti-| Fer |Fee| Fir| FE | FGr Ti-| Fer |Fee| Fir| FE | FGr
Teulz|aackr a|Cate|other|Praminfcican up Teulz|aackr a|Cate|other|Praminfcican up
wfactor(x? +18-x2 + 108 P

[+ 6)°
mxd 418 %2 4 108 % + 216 =(F]| [= 5nlue[(x - ajs =xd+18-x2P
L a= "G
A2+ 103k 21E= Gora) 3 | = . 3= 3+ B2+ 108 H 216, 2)
HAIN KAD AUTO FUNE ezn | |HAIM AL ALTO FUNE 130

Figure 8.12 Algebraic verification
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In assignment 3.3, the graphs of functions of the form y = (x—a)3 were investi-
gated. The perception of the dynamicswas no problem. However, it was hard to ver-
ify algebraically whether the function y = x3 + 18x2 + 108x + 216 wasa‘member
of thefamily’. No students realized that the expression could be factorised (first line
of the left-hand screen of Fig. 8.12). Two students found graphically that a = -6,
and verified this by checking that x3+ 18x2+ 108x + 216 = (x+a)3|a = 6
yielded ‘true’ (seelast line of the left-hand screen). One student treated the parame-
ter a asthe unknown and solved the equation with respect to a (right-hand screen of
Fig. 8.12).

The final assignment on the parameter as changing quantity was the James Bond in-
vestigation task, which was handed in by the students (see Fig. 8.8). The task wasto
investigate the dynamics of the graph of

[22 1 2 _
T=-a. 3+x+4 X

6 12

as the parameter a (the wind factor) is changing. The product should be a ‘cartoon
sequence’ of graphs. The results of thistask show that many students liked the con-
text and referred to it in their answers. For example, trandations of values of a into
thewind situation were frequently made. To infer the formulafrom the problem sit-
uation was a difficult task, but the students understood the formula, although some
needed help.

The use of the slider bar clarified the dynamics of the graph. However, while copy-
ing the graphs into their ‘ cartoon sequence’ on paper, some students seemed to be-
lieve that the graphs were parabolas. Others did not know what graphical featuresto
pay attention to. This phenomenon is well known from research on the use of the
graphing calculator (e.g. Drijvers, 1995b). One of the studentsintegrated the graphs
into one picture, commenting: ‘1 find thiseasier.” The dynamics were described ap-
propriately in most cases. For example, Martin and Cedric wrote:

The graph narrows as the parameter increases. For avery small value of a, it's nearly
adtraight line, and as a grows the graph becomes more narrow.

The final part of the task concerned the values of a that provided a‘ specia’ graph.
Most students saw that a = 0 was the only special case; it gave alinear graph. How-
ever, substituting a = 0 into the formulaled to calculation errors. For example, Mar-
tin and Cedric thought that the graph in that case was the x-axis, as they wrote:

| think the value a= 0 isthe only one that gives a specia graph. It'sastraight line on
the x-axis. Y ou do the atimes the whole formula, so if you have a=5 you do 5 times
the whole formula. Because 0 times something always remains 0, then you do 0 times
the formula. And that is and remains 0.
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Apparently, Martin and Cedric did not see the structure of the formula. Others had
difficulties with entering the formula correctly. The ‘ pretty print’ facility that TI-In-
teractive offered did not always prevent difficulties. Dealing with the length of the
sguare root sign or with factors that appear in the denominator rather than the nu-
merator, for example, remained difficult.

Despite the difficulties with entering the formula, most students seemed to consider
the formula as an object and perceived its parts as entities as well. For example,
Rianne and Mandy found that a = 0 provided the straight graph, and noticed that this
parameter value would cancel the first term of the formulafor T. However, they did
not notice that the remaining part (4 —x)/12 wasalinear expression.

The work on the James Bond task showed that the problem situation gave meaning
to the parameter and the formula, that the parameter as changing quantity was well
understood, that copying graphs from the screen was not an obvious thing to do and
that substitution in a complex formula can go wrong easily. The reification of the
formula and its sub-expressions was not a problem.

The parameter as generalizer

In the second section of ‘ Fountains and sheaves' students studied the Meeh example
concerning the relationship between skin area and body weight for different species.
The generalization of relations of theform A = ... - W2/3  with adifferent number
on the dots for each species, into A = k- W2/3 was quite natural for the students.
The next fragment indi cates that Mariaunderstood the power of the general formula:

Observer: Do you know the advantage of that formula?

Maria: WEl| that you spontaneously ,at once, for example | want
to know the bird you can just fill in the bird, the frog.

(G10-11-1/24, assignment 2.4)

Inthetraffic flow problem in Section 6, the students were supposed to generalize the
formula of the traffic flow for the risk factor of 0.8 or 0.9 to the general case withr:

_ 100 - v
6-(4+r-0,0075-v2)

This generdization step was not difficult for the students. The context seemed to
support the generalization. Carrying it out, however, sometimesled to errors, due to
the complexity of the formula. Mariamanaged well: she replaced the 0.8 by the pa-
rameter a and added in the function library: | a={0.1, .2, .3, .4, .5, .6, .7, .8, .9, 1}.
Thisgave asheaf of graphs. Jeff, however, had difficultieswith theformulaand built
in the risk factor in awrong place in the formula.

Section 7 concerns setting up and generalising formulas. The gliders assignment
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asks for aformula for the height if the starting position is 100 metres high and the
abatrossloses 1 metre for every 20 metres of horizontal displacement (see Fig. 8.9).
Marty and Sandra had difficulties in finding the formula, but in the end found
h = 100-x/20, where h stands for height and x for the horizontal movement.
Then the formula was adapted for areal glider, that has a finesse of 30.

The following dialogue took place.

Observer:  So what do you do with that number here, the horizontal
movement?

Marty: This one, you can make a parameter fromit.

Observer: Yes. What kind of formula would you get then?

Marty: 100 —a, no 100 —x/a, wherein a dot dot dot [referring
to the wherein bar of the TI-89].

Sandra saysitinfactitisf. (...)

Observer: Sothe general formula?

Marty: 100 -x/a.

Sandra: Couldn't you better then put here [instead of 100] * start-
ing height’?

(G10-11-2/40, assignment 7.1)

Apparently, the generalization was clear after the concrete cases. Sandra even sug-
gested further generalization. The computer algebra device was of no help in this
generalization process.

Once the generalization of the formulas was managed, the general solutionsthat ap-
peared in Section 8 were no longer problematic. The students accepted the formulas
as solutions. For example, solving thelensformula 1/f = 1/v+ 1/b with respect
to v or b was no longer hard. In assignments 8.5-8.6 on the lines that touch the pa-
rabola, calculating the general solution was the easiest part of the task (see Fig.
8.10). However, the continuation required changing the roles of the literal symbols.

The parameter as unknown

The perception of the parameter as the unknown requires a change of perspective
that many students found difficult to make: the hierarchy between parameter and
variableis turned upside down. In the next observation, which concerns the assign-
ment of the lines that touch the parabola (8.5 - 8.6, see Fig. 8.10), Misha determined
the x-coordinates of the general intersection points of the line with equation
y = a- x—2 withthe parabolainterms of the parameter a. Then he shifted theroles
of the literal symbols and solved the equation with respect to the parameter.

The observer explained that the two sol utions should coincidein order
to touch the parabola. Misha had not seen this so far.

Observer: When are the two solutions the same?

Misha: O, that’s very easy: then you do solve once more. But |

179



Chapter 8

didn't understand that that was the problem.
Observer: That's the most difficult thing indeed.
Misha: No but, that is, you generalize.
Misha equals the two general solutions for x and solves this with
respect to x rather than a.
(G10-11-3/25, assignment 8.6)

After Section 8 the experiment was interrupted for two weeks. When we continued
with Section 9, we noticed that many students had lost some of their machine skills,
as well as the main thread of the teaching sequence. Furthermore, for the students
the assignments of Section 9 were very complex.

For example, let us consider assignment 9.4 on the garden sprinkler (see Fig. 8.11).
It took some time for Rob and Jack to generalize the idea that two water jets with
reciprocal parameter values meet the ground at the same point. They did, however,
notice that the graphsfora=5anda= % shared the same zeros:

Observer: Exactly. And then | come by again and ask if it isalso
right fora=7anda= 17

Rob: You can try that.

Observer: Yes, but -

Jack: Then you are busy for hours.

Observer: Then | would ask: isit also correct for a= 100 and a =
19

Rob: %%)s, one can try that as well, but probably you mean that
we reason about that or so.

Jack: With a, then you have to do a and 1/a.

(G10-11-4/14, assignment 9.4)

Many students did not do this assignment, but some did reason (often not compl etely
correctly) on the general x-coordinate of the zero, thatis x = a/(a2 + 1) . Thenthey
verified that substitution of 1/a and a provided the same result.

L L
P * _F
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Figure 8.13 Substituting p by 1/p by hand
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This approach shows the ability to deal with the different roles of the literal symbols
involved and the perception of the solution expression for x as an object. Helen even
did the two substitutions completely by hand (see Fig. 8.13). She added to the cal-
culation: ‘1t comes out right for every p, except for a = p = 0, because then you are
not allowed to use [1) J

Final task

The teaching experiment ended with atask that was performed by 27 students, who
worked onit in 12 pairs; 3 students handed in individual work. The task lasted for a
double lesson (90 minutes in total). The full text of the assignment is presented in
Appendix E.

Table 8.1 shows the results of the 15 groups. The column ‘Incorrect’ includes stud-
nets/ pairs of students who did not answer at al.

Item la 1b 2 3a 3b 4a 4b 5a 5b 6a 6b 6¢C

Correct 15 14 14 13 15 13 10 15 9 12 8 6

Partial score 0 0 0 0 0 0 3 0 1 0 4 5

Incorrect 0 1 1 2 0 2 2 0 5 3 3 4

Table 8.1 Results of the G10-11 final task

The assignment revisits the traffic flow context that was addressed in Section 6, and
is afollow-up to the assignment on the lines that touch the parabola (see Fig. 8.10).

HMAIN EAD EXACT FIJ-'NIZ

Figure 8.14 Movement of atraffic flow as function of its velocity

The central ideais that the maximum of the movement of the traffic flow as afunc-
tion of its velocity can be found by intersecting the graph with horizontal lines, and
then finding the line that has exactly oneintersection point (see Fig. 8.14). Note that
differentiation had not been taught to these students.

We will now discusstheitemsof the final task one by one, and then relate the results
to the parameter learning trajectory of changing quantity - generalizer - unknown.
Finally we will address the issues of the role of the context, the structure and mean-
ing of the formulas, the reification of the formulas and the instrumentation.
Thefirst item concerned reproducing the picture in Fig. 8.14 on the screen of the Tl-
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89 and approximating the vertex of the graph. Setting up the formula for the flow
and drawing the graphs was easy for the students. Most of them read from the graph
that the vertex is somewhat below the line at height 50. Some students used trace,
while one pair made atable of function values.

The second item concerned verifying algebraically that at height 40 there aretwo in-
tersection points, and at level 50 none. Some students did not understand that the
word ‘agebraically’ refersto solving rather than watching the graph. Of the 14 cor-
rect answers, 11 got anumerical result, probably because they entered 0.0075 in the
formulafor the average distance between two cars. Asthisisadecimal number, the
TI1-89 in auto mode only gives approximations. Of course, the problem situation sug-
gests approximated answers.

Thethirditemconcerned the general formulafor intersection pointsof linesat height
h and the flow graph. Most students used the solve command here. Five of the cor-
rect answers were exact; the others were approximated. Misha and Marty verified
their general solution by substituting the known case h = 40. Initem 3b, all students
noticed that there should be only oneintersection point in the case of thetangent line.
Thefourth itemwas crucial: what isthe height of the horizontal line through the ver-
tex? Most students took the expressions below the square root sign in the answer to
item 3 and found its zeros by solving with respect to h. Only Dirk and Kevin pre-
sented the exact expression for h; the others gave approximated answers. Some stu-
dentsused atable or agraph. Helen found it difficult to read the formulafor the gen-
eral solution due to the strange representation with the minus signs. Ada combined
different approaches, including the graphical intersection method that she preferred
because she knew it from the graphing calculator. Two pairs entered

solve(x;—xo = 0, h), where x; and X, were the general solutions from the previous
items. In order to find the optimal velocity, most students substituted the optimal
flow hinto the general solution formula. Due to the approximations, this did not al-
ways lead to a correct answer.

In thefifth itemthe risk factor of 0.7 had to be incorporated into the formula and the
solution procedure was repeated. All students got the right formula. While perform-
ing the problem-solving procedure, some errors were made, such as solving with re-
spect to the wrong unknown, or confusing solve and substitute. Some students used
the graphical method or atable, and one pair provided the exact results.
Thesixthitem, finally, addressed the generalization over the general risk factor r. All
but two pairs got the right formula; the two pairsthat did not get the right one entered
0.0075"r rather than 0.0075* r. These were probably copying errors, astheir answers
further on were correct. Some of the students took the question concerning the rela-
tion between therisk factor r and the optimal flow as aqualitative one, and described
the dynamics rather than providing a formula. Only one pair showed an exact for-
mula for the maximum of f as function of r (see Fig. 8.15). The way in which the
change of r affected the maximum flow was not clear to all the pairs. Language was
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complicating this: ‘a higher risk’ meant in this formulathat the risk factor r was de-
creasing. Thisled to mixed answers to question 6¢. One of the students formulated
his response oraly in relation to the context while answering the question what hap-
pened with the optimal flow when more risk was taken: ‘ The flow gets better, but if
only one person brakes, you get an accident.’

DL by oot A=
% Q‘Wp‘-n.ttn MLU\M. q,)-g—J& 'LJTJIPGL& cLuuvit/'M
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Figure 8.15 Exact solution for the maximum of f in terms of r

We now briefly review the results of the final task according to the global learning
trgjectory for the concept of parameter, which followed the line changing quantity -
generalizer - unknown. The parameter as changing quantity was involved in items
6¢ and, to alesser extent, 6b. The results indicate that the students understood how
the changing parameter affected the complete situation, the graph and its vertex, de-
spite some difficulties in explaining this clearly. For the parameter as generdlizer,
items 3a and 6ab are of particular interest. The results here show that the idea of
generalizing by a parameter was understood by most students, and that they saw the
meaning of the general solutions. For the parameter as unknown, the further process-
ing of the general solution in item 4a, and its repetition in 5b and 6b, was informa-
tive. Theresults suggest a better insight into the parameter as unknown than was the
case in the previous teaching experiments. Although some confusion concerning the
role of the different letters was observed, such as solving with respect to the wrong
unknown, the general impression is that the students were flexible enough to deal
with the shifts of roles.

What is the role of the problem situation in this final task? The traffic flow context
seemed to motivate the students, and allowed for a meaningful parameter in a situa-
tion that the students could imagine. A disadvantage of the concrete context is that
it possibly encouraged students to cal culate numerical approximations and to refrain
from algebraic solutions.

The observations concerning the insight into the structure and meaning of the for-
mulas were positive. The students showed insight into the formula, for example
when they built in the risk factor. They accepted the formulas as solutions, which
suggests the reification of the formulas. Also, they were able to see sub-expressions
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(such as the expressions under the square root sign) as entities, as objects that were
submitted to further processing. A complication was the way in which the TI-89 in
some cases represented the formula, as the example in Fig. 8.16 shows.

Fir] Fe= [F3~] Fi=] FE Far
Tools|A1dcbrajCalc|Other |FrAmIOjClzan Up

®zoluelyl(x) =h, x)

Fl '4EI-[ E2500 - 27 k2 - 25EI]
9-h
solwetyl (xi=h, x|
MAIN FAD ERACT __FUNC EATT 1,730

Figure 8.16 T1-89 representation of general solution

Asfar asthe instrumentation was concerned, not many problems were encountered.
The solve instrumentation scheme was usually applied correctly, despite incidental
difficulties, such as solving with respect to the wrong unknown. For substitution,
similar observations were made. Substitution of expressions was no problem and
concrete values were used incidentally for verification purposes. The combination
of solve and substitute in a more integrated scheme led to confusion in some cases,
but this was not the general impression. An important instrumentation issue in this
task was the relation between exact and algebraic cal culations on the one hand and
numerical, approximated cal culations on the other hand.

In general, the results of the final task are more positive than those of the posttests
in the previous teaching experiments. This suggests a positive conceptual develop-
ment. We should remember here, though, that the student population of G10-11 was
a subset of the G9-11 population, so this development was to be expected. Further-
more, an important difference between the G10-11 final task and the G9 posttest was,
of course, that it was done in pairs and that the teacher and the observer were avail-
ableto give additional explanationsif necessary. However, the observational data of
the students at work do not differ from the final results. We were surprised by these
results asthe observational datafrom lessons 10 - 12 suggested many conceptual dif-
ficulties. Theitemsin Sections 8 and 9 were difficult, and the students seemed to suf-
fer from alack of motivation (because they had become aware of the time conse-
guences of the experiment) and from the interruption of the experiment. Perhaps be-
cause the final task was graded, or because the students knew this was the last part
of the teaching experiment, their motivation increased and the results showed con-
ceptual progress.

Interview with the teacher

A post-experiment interview with the teacher was held. During it, the students
learning process was discussed, aswere the role of the computer algebratool and the
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teacher’s professional learning process.

The teacher was critical of the students' learning process. He argued that the stu-
dentsdid not realize the main idea of the teaching materials, namely that you can af-
fect afunction by using a parameter. He considered the level of the teaching materi-
als adequate, but alittle too high at the end. The abstraction, the conceptual part and
theinterpretation of the results were hard. The learning trajectory was built up well,
in his opinion. The learning process at the end of the teaching experiment was hin-
dered by the fact that the students realized that they had to go through the regular
topicsin ashorter time after the teaching experiment. Despite all this, the teacher ad-
mitted that the students seemed to know what they were doing and that the results of
the final task had surprised him in apositive way.

Theavailability of the computer algebra device changed the work, asthe interpreta-
tion of theresults became moreimportant. However, the teacher argued that working
with paper and pencil sometimes seemed to have led to a better understanding than
working in the computer algebra environment had. He considered the T1-89 a useful
tool for students at a higher level, such as eleventh and twelfth grade of the exact
streams.

Asfar as his professional learning processis concerned, the teacher said that he en-
joyed participating in an exciting teaching experiment. Looking back, he regretted
not having had more time to familiarize himself with the T1-89 before the experi-
ment, because it would have made it easier to foresee student difficulties and to an-
ticipate on them. However, becoming a routine user would have required time that
was not available. A second regret concerned the limited time spent on classroom
discussions. Were heto do it again, the teacher would organize more classroom dis-
cussion and plenary teaching moments, so that the main thread and the essential s of
the teaching sequence would be more clear to the students.

In general, the teacher was satisfied with the experience and with the teaching ex-
periment in practice, although he was critical of the conceptual benefits for the stu-
dents.

Looking back at the role of the teacher and at the interview, we agree that more
whole-classdiscussionsto interactively discussthe central issues of thelearning line
might have stimulated the collective cognitive development in the class.

Student reactions

During the final lesson of the teaching experiment, 25 of the 28 studentsfilled in a
guestionnaire that consisted of five questions. This took 10 minutes. We will now
summarize the reactions to these questions.

Thefirst question was. what is your opinion of the experiment with the T1-89? Most
students replied that they found it ‘nice’. Some found it interesting, whereas others
stated that it was awaste of time. A few quotations:
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— Ittook alot of time that we didn’'t have, but for the rest it was nice
and informative.

— Nice. I likeworking with computers and searching for solutionsto
problems.

— Easy, not much homework.

The second question was: what did you learn from the experiment with the TI-89?
Many students replied that they had learned how to operate the TI-8; not so many,
however, referred to the learning of algebra. Perhaps mentioning the T1-89 in the
guestion prompted this. A few quotations:

— Operating the TI-89 and extra functions.
— How to deal with the machine.
— Towritegeneral formulas.

The third question was:. did you find it useful? Why or why not? Many students re-
plied that it was no use, because they had to return the T1-89 and revert to the graph-
ing calculator after the experiment. Two of them also indicated that they preferred
to work with paper and pencil:

— No, you get lazy from these sort of things. | can’t do these kinds of
things (solve, expand) on paper.

— Yesbecause you learn to look at mathematics in a different way.

— Youlearn to solve by button pressing and not how to solve it with-
out machine (for example solve).

The fourth question was: did you enjoy it? Why or why not? Most students enjoyed
the experiment, although three students did not. A few quotations:

— Nice until it appeared that the chapters [from the regular text
book] now need to be done extra fast.

— Yes, you can do many nice things with it that we did not do in the
lessons.

— It was nice to work on solutions for a long time, and to find them
inthe end is a challenge, | think.

The fifth and last question was: do you have other remarks or comments to make?
There were not many reactions to this. A few students commented that they had
learned to use the T1-89, but now had to get back to the TI-83 again.

In general, most students had enjoyed working with the T1-89, but were not able to
express what they had |earned about algebra. They regretted that they had to return
the T1-89 and get back to the T1-83; they also regretted that the time for the teaching
experiment had been at the expense of the regular teaching. These two points were
not relevant to the teaching experimentsin the ninth grade, as extralessons had been
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arranged and the students did not have the T1-83, so the differences between the ma-
chines was not an issue.

Combining different types of data

Several kinds of data were collected in the teaching experiment. In this section we
briefly compare them. We first discuss the triangulation of observational data and
the written work of the students; we then consider the comparison between the ob-
servational data and the handed-in final task in particular.

The observational datafrom mini-interviews during the lessons, from classroom dis-
cussions and from video registrations of one pair of students clearly indicated the
conceptual and technical difficulties the students encountered while working
through the teaching materials. There had been many struggles, conceptual obstacles
and misconceptions. The written data from the handed-in task on James Bond and
the work from the student notebooks, on the other hand, contained many good sol u-
tions and sometimes good explanations as well.

There are several possible explanations for this difference between the data types.
First, the observations during the lessons were quite close, so that every temporary
wrinkle in the students' thinking was registered, even if it was solved soon after-
wards. From this perspective, the observations might have given atoo negative im-
pression. Second, students possibly only wrote down in their notebook the things
they werereally sure about, and perhaps later added results from colleagues or from
classroom discussions. In that case, the written data might have provided a some-
what too positive impression. Third, and most important, we would argue that the
observational data and the written data are two data types with a different character
that complement each other. The observational data give insight into the students
learning process, whereas the written data have a product character. The two types
of data stress different aspects of the teaching experiment that are not conflictual but
complementary: the observational datahelp to map the learning process and the con-
ceptual difficulties and developments involved, whereas the written data providein-
sight into the final products of the learning process.

It is remarkable that the written data from the G10-11 teaching experiment are more
positive than the observational data, whereas this was the other way around in the
previous teaching experiment. We conjecture that this is because the G10-11 experi-
ment ended with atask that was donein pairs, and not with afinal individual test, as
wasthe case for G9-1 and G9-I1. Thefinal task provided better results, and linked up
better with the style of working during the teaching sequence than was the case for
the previous experiments. Partially, this can be attributed to the fact that the G10-11
students had been involved in G9-11, and so had had some experience with parame-
ters already.
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Reflection and conclusion concerning HLT and teaching experiments

In thisfinal section of the chapter, we first look back to our initial expectations for
the G10-I1 teaching experiments. Then we consider the hypothetical learning trajec-
tory and the teaching experiment experiences throughout the three research cycles.

Reflecting on the expectations for G10-II

Section 8.3 started with expectations concerning the opportunities that computer al-
gebra would offer for the learning of the concept of parameter, based on the feed-
forward from research cycle G9-11. Were those expectations justified? We will ad-
dress them one by one.

1 Thefirst expectation was that specific attention to the structure and meaning of
formulas and expressions would improve the students' symbol sense and facili-
tate the work in the computer algebra environment. The findings of thisteaching
experiment confirm this conjecture. By questioning the meaning of CAS output
and by using real-life contexts, the students examined the formulas more careful -
ly and were able to attach meaning to expressions/ parts of expressions and for-
mulas. Evidencefor thisistheway the students dealt with complex formulas, for
examplein the James Bond context and the traffic flow problem (see Fig. 8.8 and
Appendix E). The lack of closure obstacle no longer played an important role;
the reification of formulas and expressions seemed to be fostered by the attention
to their meaning and structure.

2 The second expectation was that the use of a continuous slider tool would sup-

port the perception of the parameter as a changing quantity. Also, the use of ge-
neric functionsin the slider tool environment, in which parameters have agraph-
ical meaning, was expected to prepare the students for generalization. These ex-
pectations were justified to a certain extent. The continuous slider tool did
stimulate the perception of the parameter as continuously changing quantity. Ev-
idence for thisis the students' work on the tasks in Sections 3, 4 and 5 (e.g. see
Fig. 8.6 and Fig. 8.7). However, the ‘pretty print’ facilities of Tl-Interactive did
not solve al the difficulties with entering complex formulas.
The dlider tool and the way its use was didactically structured allowed for ad-
dressing the parameter as generalizer and as unknown at an earlier stage than had
been the case in the previous teaching experiments. The generalization of the
vertex of the graph of f(x) = (x—a)2+ a in assignment 4.4 is an example of
this.

3 Thethird expectation was that the use of real-life problem situations with anin-
trinsic hierarchy of literal symbolswould give meaning to parameters and foster
generalization; also, a focus on functions rather than on systems of eguations
would diminish the instrumentation difficulties. Asindicated in point 1 above,
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the use of real-life contextsindeed fostered generalization. In thisway, thejump
from the referential level to the general level was made. Evidence for that is pro-
vided by the students' work on the relation between skin area and body weight,
and their work in the glider context (Fig. 8.9). The contexts did give meaning to
the formulas. Also, the fact that they did not lead to systems of equations made
the instrumentation easier; in particular, the difficulties with the isolate-substi-
tute-solve scheme were not as dominant as they had been in previous teaching
experiments. Two comments on this issue can be made. First, it seems that the
intrinsic generalization step was primarily a mental one, in which the contribu-
tion of thecaswaslimited. Second, despite the meaningful formulas, in complex
situations the students still had difficulties keeping track of the problem-solving
strategy and distinguishing the roles of the different literal symbals.

4  Thefourth expectation wasthat, using the appealing visualizations of the param-
eter as changing quantity, an earlier intertwinement of the different parameter
roles would stimulate the understanding of the parameter as generalizer and the
parameter as unknown. This expectation was justified. The visualizations of the
dliding parameter were used to raise questions concerning the parameter as gen-
eralizer and the parameter as unknown (e.g. see assignments 4.4 cand d in Fig.
8.7). This earlier intertwinement of the different parameter roles led to a less
dominating perception of the parameter as changing quantity and a better under-
standing of the parameter as generalizer and as unknown. Evidence for thisis
provided by the students' work on the final task.

While considering these rather positive conclusions, we should stress some impor-
tant differences between the G10-11 teaching experiment and the G9-1 and G9-11 ex-
periments. First, the students in G10-11 were now ayear older and had more mathe-
matical experience. Furthermore, the G10-11 population consisted of those students
in the G9-11 population who had chosen the exact stream, so it consisted of students
who were better at and more motivated to learn mathematics. Third, many of the top-
ics addressed in the G10-11 teaching experiment had been addressed already in G9-
I1, so they were not completely new to the students. We suppose that the students’
experience in G9-11 made them more receptive to the notions of generalization and
reification. Nevertheless, the findings of G10-11 suggest that the new didactic ap-
proach with more attention to real-life problem situations, to intertwining the differ-
ent parameter roles and to limiting the importance of systems of equations was an
improvement. We areistempted to conclude that computer algebrause for thelearn-
ing of the concept of parameter is more appropriate for tenth grade than for ninth
grade.
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Conclusions drawn from the three research cycles

Chapters 6, 7 and 8 described the development of the HLT throughout the research
cycles. Furthermore, the experiences of the teaching experiments were sketched. In
this section we briefly look back at these three chapters and summarizethemainis-
sues that will be considered in more detail in Chapters 9 and 10.

Theresearch cyclesled to the development of an HLT according to the parameter role
line of placeholder - changing quantity - generalizer - unknown. Student activities
were developed that were intended to foster the transitions in a natural way. These
activitiesincluded manipulationsin the computer algebraenvironment and in the pa-
per-and-pencil environment, and, of course, the related mental activities. Depending
on the grade and the student population, these activities were changed and empha-
sized different aspects. In this way, optimization of the HLT was achieved.

This learning tragjectory was far from easy for most of the students. We often ob-
served struggles with obstacles and misconceptions concerning the concept of pa-
rameter, particularly when the parameter acted as generalizer and as unknown. Bear-
ing in mind the conceptual analysis of the concept of parameter in Chapter 4, this
was not asurprise. The computer algebra use was sometimes helpful in this concep-
tual development; on other occasions, however, it did not help or even confused the
students. The last teaching experiment suggests that the role of the problem situa-
tionsisimportant, and that real-life contexts may hel p studentsto perceive the mean-
ing and structure of the formulas involved. Seeing the structure and meaning of the
formulas is part of symbol sense. A related issue is the reification of the formulas,;
such reification is required in the computer algebra environment, but was also fos-
tered by the cas work. The understanding of the different parameter roles, the func-
tion of computer algebra therein, and the role of the problem situations and the in-
sight into formulas and expressions are considered in more detail in Chapter 9,
where the data on these aspects from the three experiments are combined. In this
way, we will address the first research subguestion on the understanding of the con-
cept of parameter.

A second issue isthe instrumentation of computer algebra. Many observations from
the teaching experiments show how students got bogged down in technical problems
while operating in the computer algebra environment. In some cases this lasted so
long that it was no longer efficient, but frustrating. Frequently encountered problems
concerned the instrumentation of the solve command, of the substitution of expres-
sions and of integrating these two into acomposed instrumentation scheme. Howev-
er, it turns out that these problems are not just technical, but also have a conceptual
component. According to the theory of instrumentation, which was discussed in
Chapter 5, the conceptual and technical aspects are intertwined in the instrumenta-
tion schemes. Theinstrumentation of computer algebra, theinteraction between con-
ceptual and technical aspects, and the obstacles that students encounter while work-
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ing in the computer algebra environment are considered in more detail in Chapter
10. The data on these aspects from the different teaching experiments will be com-
bined, thus allowing the second research subquestion on the instrumentation of com-
puter algebra to be addressed.
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9.2

9.21

Results on computer algebra use and the concept of parameter

Introduction

In Chapters 6, 7 and 8 we sketched the devel opment of the hypothetical learning tra-
jectory for the concept of parameter and the global experiencesfrom theteaching ex-
periments for the consecutive research cycles. Thisled to an HLT for the concept of
parameter along the line placeholder - changing quantity - generalizer - unknown.
In the present chapter we discuss the contribution of computer algebra useto the de-
velopment of the understanding of the concept of parameter throughout the three re-
search cycles. Thereby it treats the first research subquestion:

How can the use of computer algebra contribute to a higher level
under standing of the concept of parameter?

The structure of the chapter follows the learning line for the concept of parameter.
First, we present the findings concerning the parameter as placeholder (Section 9.2).
Then we address the parameter as changing quantity (9.3), as generalizer (9.4) and
as unknown (9.5). In Sections 9.6 and 9.7 we discuss two related topics, namely the
importance of realistic problem situations (9.6) and of the insight into the meaning
and structure of formulas (9.7). Section 9.8 contains an overview and a discussion.
Sections 9.2 - 9.7 share the following structure: they start with the conclusions on
the section issue. These conclusions are then motivated in two ways: first we present
aglobal overview of the data by means of representative protocols and (in Sections
9.3 - 9.5) adatatable. Second, we illustrate these general findings by more present-
ing detailed descriptions of the conceptual development of one of the students.

The parameter as placeholder

Conclusions on computer algebra use and the parameter as placeholder
In Chapter 4 we defined the placeholder view of the parameter as the understanding
of the parameter as an ‘empty place’, asa‘box’ that contains a numerical value. As
a consequence, systematic variation of the parameter is not considered and the dif-
ferent parameter values are not related or integrated into ageneral image. Thisplace-
holder role of the parameter is seen as the basic level — in Van Hiele€' s terminology,
the ground level — of the concept of parameter: the parameter asanon-changing con-
stant, as a pseudo-number. At thislevel, the students substitute numerical values for
the parameter and are reluctant to accept that the parameter value is unknown. Our
aim isfor the students to devel op amore versatile and rich concept of parameter that
includes the higher level parameter roles of changing quantity, generalizer and un-
known.

We conclude from the data that the students initially did view the parameter as a
placeholder for numerical values. This placeholder view can indeed be considered
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astheground level of the concept of parameter and asthe starting point for the learn-
ing trajectory. The computer algebra environment supports the placeholder view by
alowing for substituting numerical values for parameters in a transparent way by
means of the ‘wherein bar’, written as |. For example, (x—a)3|a = 4 yields
(x—4)3. Such substitutions are required for using the graphical module within the
computer algebra environment: if no numerical value is substituted for the parame-
ter, two-dimensional graphs cannot be drawn and error messages are the resullt.
Within the students' placeholder conception, we found two main views. The first
concerns the parameter as referring to a numerical value, which by preference is
known, so that further numerical calculations can be carried out. If the parameter
valueis unknown, in some cases students choose one themselves. The second view
considers the numerical values of the parameter as generic examples, as * specific
cases of the general, without having anything that is specific’. The latter view pro-
vides chances for extending the placeholder view towards higher level parameter
roles. The computer algebra option to easily change the value of a in
(x—a)3|a = 4 can start the preparation for the parameter as changing quantity.
The substitution of sets of parameter val ues opens the horizon for sheaves of graphs
and therefore for the parameter as generalizer.

The placeholder conception of the parameter should not be considered as irrelevant
or incorrect. In the computer algebra environment, numerical substitutions have to
be done in order to produce two-dimensional graphs and to consider concrete cases
as verification of general findings. The observations indicate that it was hard for the
studentsto decide when the placeholder conception is appropriate and when it isnot.
However, an exclusive placeholder view is limited, and combined with the lack of
closure obstacle it may hinder the extension of the concept of parameter towards the
parameter as changing quantity, generalizer and unknown.

Overview of the data

Because the placeholder level isthe basic level of this study that students are sup-
posed to have already reached at the start, we did not define specific key items for
this parameter role in the instructional activities. Instead, al incidences of the stu-
dents' behaviour that were interpreted as related to the placehol der conception were
identified as such and included in the category that our prior coding system had pre-
pared for this parameter role. By means of a constant comparative method the anal-
ysis of these observations led to an overview of the data on thisissue and to the dis-
tinction of different aspects of the placeholder view of parameter.

Theresults of thisanalysisfirst indicate that the parameter as placeholder can indeed
be considered at the ground level of the concept of parameter, and that al students
considered the parameter as placeholder for numerical values, which links up with
the similar perception of ‘ordinary’ variables. No observations indicated that stu-
dents had difficulties with the parameter as placeholder. Also, even while consider-
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ing the higher parameter roles, students regularly came back to the placeholder role.
The second result of the analysisisthe distinction of five aspects of the placeholder
view of parameter that were identified by means of a sub-coding. These are ad-
dressed below one by one.

a The parameter as a fixed (known or unknown) number

The students often understood the parameter as a reference to a numerical value, to
a particular numerical value or even to more than one number. The parameter was
considered as a kind of label that refers to a number. The numerical substitution
within the cas supported this. After substituting a numerical value for a parameter
b, one of the student expressed this view by saying ‘that indicates the points of b’.
Such aview of the parameter as a‘ pseudo-number’ can be adequate, but istoo lim-
ited to deal with other aspects of the concept of parameter.

b The need to know the value of the parameter

It was observed that students sometimes felt that they could not proceed as long as
the values of the parameters were not known. A typical dialogue that suggests this
took place between Anne and Caroline while they were solving the sum-product sys-
tem of equations x +y = a2, x—y = b2 with respect to x and y:

Anne: OK, % a2 plus, and the sumis ...
Caroline:  But how can you calculate this then?
If you have 1 a2 + 1b%?
Anne: You can't calculateit, then you need to enter numbers.(...)
Anne: But then you cannot fill inx, 3a% + b2
(G9-11-E4/9, assignment 6.7)

In such observations we see the lack of closure obstacle (Section 3.4): the students
perceive 1/2- a2+ 1/2 - b? asanon-closed result, probably because the plus op-
erator, and need numerical values for the parameters to be able to carry out the ad-
dition. Note that the computer algebra environment does not cause this, asit allows
symbolic calculations as well as numerical calculations. This lack of closure obsta-
cle seemed to hinder the progresstowardsthe parameter as generalizer and as chang-
ing quantity.

¢ The tendency to choose a parameter value if it is unknown

Some students solved the lack of closure obstacle by simply choosing a concrete pa-
rameter value. In some cases this numerical value had played a role earlier in the
context or in a previous assignment; on other occasionsit wasjust an easy numerical
value that suited the student.

For example, one of the students wanted to solve the general sum-product problem:
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b+h =s,b-h = p.Sheenteredsolve(b+h = s| b = s—h, b), whichyielded
‘true’. Then she changed her input into solve(b+h = 20 | b = s—h, b), asinthe
previous assignment the value of swas 20.

d The use of exemplaric parameter values

Some observations showed that students substituted a numerical value for a param-
eter that seemed to have an exemplaric function. The numerical value served to
make the situation more concrete, more tangible, but in the meantime the student
was aware that the specific value was not important and was no more than akind of
generic example.

In the following observation, Veratried to explain the general procedure of finding
the dimension of arectangle with a given perimeter and a given difference between
base and height. While doing so, she chose a difference of 3, although she did not
use that value.

Vera: Just half of the perimeter and then ... if the difference for
instance must be 3, then just the other half added to the
half and the other half off.

(G9-11-E3/11, assignment 5.4)

e The moving between specific parameter values and a generic parameter
Along thelines of the previous aspect, some studentsjumped back and forth between
generic parameters and specific, examplaric parameter values. They referred to con-
crete numbers, but in the meantime formulated in generic terms. This turned out to
be a sensible step towards generalization.

The next fragment concerns the same assignment as the previous observation: the
task isto find the dimensions of arectangle with given perimeter and difference be-
tween base and height. It shows the use of concrete values to illustrate generic rea-
soning.

Donald:  OK. First you do the perimeter that you need to have, in
most casesthat is12 or 15, divided by 4, and that number
that you get then plusthe difference that you should have,
yes, well there are differences that you need to have, for
example 5, yeah, for example 3, and thenyoudo 3 + ...

(G9-11-6/5, assignment 5.4)

L ooking back at these five issues, we notice that the issues a, b and c reflect the lim-
ited view of a parameter as referring to a numerical value, which by preference
should be known. This view is related to the lack of closure obstacle (Section 3.4)
and links up with the tendency to prefer numerical answers to algebraic results, es-
pecially in concrete problem situations. However, it hindered the acceptance of a-
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gebraic expressions as results as long as the parameter values are not known, and
therefore was an obstacle for the transition to the higher parameter roles of changing
quantity and generalizer.

The views described under points d and e, on the other hand, reflect the idea that a
parameter may have acertain numerical value but also could have another numerical
value, and that the concrete value may not be important. This view opens the way to
a higher level understanding of the parameter as generalizer and, to alesser extent,
as changing quantity.

The substitution of several different parameter values, and the discussion of the pa-
rameter as placeholder versus its variation, are activities that foster the transition
from the limited placeholder view explained in a - ¢ to the generic view addressed
ind - e, and to the parameter as generalizer.

Throughout the teachi ng experiments, sometimesthe conception of the parameter as
placeholder for numerical values appeared, possibly also becauseit isindispensable
for graphing. We conjecture that language also playsarolein the students tendency
to revert to the placeholder view. For example, words like ‘solve’, ‘calculate’ and
‘determine’ were related to numerical solutionsfor the students, whereas sometimes
the answer was aformula. It might have been better to use formulations as ‘ express
..in..” or‘findaformulafor ...’ in order to avoid the placeholder association.

Exemplary development of one of the students

In addition to the global findings concerning the parameter as placeholder that were
presented in the previous section, we now describe some episodes on thisissue from
thework of Maria, who sometimes collaborated with Ada. Inthe G10-11 teaching ex-
periment, this pair was constantly observed by means of video registration.

Maria is a student with a good working attitude, who likes to express herself. Her
mark for mathematics on the previous report was 8 out of 10. She has an efficient
and practical approach to mathematics, directed towards ‘ knowing how’ and not so
much to ‘knowing why’. Her partner in the video pair, Ada, scored 7 out of 10 for
mathematics on her previous report. Dutch is not her native language. She speaks
less than Maria, and operates quite independently. She seemsto have a more inves-
tigative and exact attitude than Maria, although the report marks do not expressthis.
Adathinks about what is behind the tasks and enjoys understanding why, but is not
very concerned about the effect on her marks.

The following episodes illustrate how Maria struggled with the lack of closure ob-
stacle. She found it hard to accept not knowing the parameter value, which made it
hard to understand the parameter as changing quantity or as generalizer.

At the start of G10-11, Maria and Ada were using the continuous slider tool in Tl-
Interactive to investigate the dynamics of the graph of f(x) = x2+2x+c as ¢
changed (see Fig. 8.6). However, they did not change parameter values using the
slider bar, but substituted each concrete parameter value in the formulaby hand. As
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a consequence, they did not perceive the dynamics in the situation. Thisindicates a
placeholder view of the parameter. In the next assignment they saw that the graph
intersects the vertical axis at height ¢, which is a form of generalization, and then
used a concrete value to verify this. Ada commented: ‘ Try another one, then we're
sure, take c=5." For verification, the placeholder view is adequate.

Later in the teaching experiment, Maria got used to formulas that contain parame-
ters, but sometimesforgot that the parameter needed to have avalue before the graph
could be drawn. For example, when asked to make a sheaf of graphs, Maria entered
y,(x) = a-(1+a?)-x2, but did not substitute avalue for a, so she did not get any
graphs.

Later, in the context of the lens formula, Maria and Ada suffered from the lack of
closure obstacle when asked to isolatebin 1/5 = 1/b+ 1/v. They felt unableto
proceed as long as they did not have values for the parameters. Ada commented: ‘I
mean you can't find it. I’ sjust 1/5 = 1/b+ 1/v, you can't find anything else.’
Similarly, thetask of finding the general coordinates of the intersection points of the
graph of f(x) = a-x2+b-x+c with the horizontal axis presented the two stu-
dents with problems:

Maria: Thisis an extremely difficult question. Find the general
coordinates. How can you find coordinates of something
if it has no numbers?

Ada: [reads the assignment]

Maria: That'simpossible, isn't it?

Ada: ax®+bx+c ... last year ...

Maria: But how can you know in general where it intersects?
That's different for each...

Ada: I nter section points with the x-axisis just filling in zero,
that’s what they want, isn't it?

Maria: But you can't fill inanythingin aformulawitha’s, b'sand
c's?

(G10-11-v6, assignment 9.1)

These observations show that is it difficult for Maria and Ada to go beyond the
placeholder view and see the parameter as generalizer, despite the earlier work with
the dlider tool and with generalizationsin easier examples.

In the final example of this section, the task was to find the general coordinates of
the vertex of the function f(x) = x2+ b - x+ 1. In the assignment it was suggested
to first calculate the zeros in general, because the x-coordinate of the vertex would
be the average of the two zeros. Maria once more was reluctant to work with the ze-
rosin general:

Maria: But how do you get the zeros then?
Observer: Thenyousay x2+b-x+1 = 0.
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Maria: But it'sno useto know that it [the vertex] lies between the
two zeros if you can't calculate them.

Observer: You get something that contains the b, and you can con-
tinue with that.

(G10-11-4/16, assignment 9.2)

The parameter as changing quantity

Conclusions on computer algebra use and the parameter as changing
guantity

In Chapter 4 we described how viewing the parameter as changing quantity concerns
systematically changing the parameter value, so that the parameter acquiresthe char-
acter of arealy changing constant or, in other words, a siding parameter. The pa-
rameter runs through a reference set in a continuous, dynamic way. This parameter
change affects the problem situation at a higher level than variable change does: it
changes the formula as a whole, and moves the complete graph.

We conclude from the data that the designed instructional activities indeed brought
about the transition from the placeholder view of parameter towards the changing
quantity view. Students experienced how parameter change affected both the graph
as awhole and the entire formula. In terms of the level structure for the concept of
parameter (Section 4.5), thisis seen asahigher level understanding. Throughout the
consecutive teaching experiments, a modest improvement of insight into the param-
eter as changing quantity was observed, which we attribute to the improved learning
trgjectory and the use of a dider tool.

The computer algebra environment supported this devel opment by allowing for easy
changes of the parameter value, substitution of sets of parameter values, and dynam-
ic change of the parameter value using a dlider tool. The latter is not exclusive to
computer algebra environments. graphical and numerical software (e.g. Excel) of-
fers similar options. The additional power of computer algebra came into play as
soon as the rel ations between graphical features and algebraic properties were con-
sidered, so that the algebraic facilities of the cAs could be integrated into the graph-
ical approach. During the teaching experiments this integration was not obvious. We
noticed that students examined the dynamics of the graphs only superficialy, with-
out linking graphical phenomena to algebraic properties: they saw what happened,
but did not know why. A careful design of the assignments and an aert teacher were
needed to link the graphics with the algebra and to capitalise on the affordances of
computer algebra. Only when the teacher suggested that the students should use a-
gebra to explain what they saw, as was done in G10-11, did computer algebra use
have a surplus value compared to graphical and numerical software. If the parameter
had a graphical meaning for the students, asking for an algebraic explication of
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graphical features created the need for algebraic verification and generalization.
Thisway, the parameter as changing quantity anticipated on the parameter as gener-
alizer and as unknown.

Besidesthisrisk of superficial examination of the effects of the changing parameter,
we also noticed the danger of the parameter as changing quantity becoming too ex-
clusively the students' parameter view, so that the devel opment of the other param-
eter roles (generalizer, unknown) was hindered. Therefore, instructional activitiesin
which the parameter as changing quantity invited generalization had the best effect.
Furthermore, the observations show that some students tended to see the parameter
as running through integer values rather than continuously changing. The use of the
continuous slider tool helped them to overcomethis. Asafinal remark, the students
had difficulties with adequately formulating the perceived dynamics in the moving

graph.

Overview of the data

Before the teaching experiments, we identified key instructional activities that were
supposed to foster the understanding of the parameter as changing quantity and that
would be appropriate to monitor the students' development on thisissue. We formu-
lated our expectations on these key items and tested them by means of mini-inter-
views with students during the teaching experiment.

While analysing the data, the collection of key items was dightly changed, for ex-
ample when a key item had been skipped because of time constraints, or when ob-
servations were not done for practical reasons. Then the observations were analysed
and coded. To each observation one of the labels‘+', ‘0’ or ‘-’ was attributed.

The + scoresrefer to observationsthat reveal the expected insight into the parameter
as changing quantity. The next protocol provides an example of a‘+ score. Josef
showed an adequate grasp of the dynamics of thegraphof y = a-x—(1 + a?) - x2
when a increased.

Josef: Then you seethat the vertex gets higher and the zero goes
to the y-axis.(...)

Sudent:  Josef, the vertex gets higher?

Josef: Ehm, yes.

Sudent:  What do you mean ‘higher’?

Josef: The a gets bigger and then you see that it gets, ehm,
higher all thetime.

Teacher:  And what happens to the shape of the graph?

Josef: WEI| yes, it gets more narrow.

(G9-11-5/3, assignment 2.8)

The ‘0’ scoresrefer to insights into the parameter as changing quantity that are not
completely correct but do contain valuable elements. For example, the next protocol
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was on the James Bond assignment. The description of the effect of an increasing
value of a on the graph of a- /32 + x2/6 + (4 —x)/12 by Robert and Jack is val-
ued withan ‘o’:

Observer: Do you know what happens to the vertex if the value of a

changes?
Rob: The vertex?
Jack: It gets higher or lower.
Rob: At a certain moment somewhat more to the left.

(G10-11-2/11, assignment 5.3)

The ‘- scores refer to conceptions concerning the parameter as changing quantity
that are not adequate. For example, in the following observation the students do not
know what happens to the line with equation y = s—x when the sum sincreases:

Teacher:  Minke, what happensto thegraphof y = s—x whenthe

sum gets bigger?
Minke: It gets steeper.
John: They get lower.

(G9-1-A14-15, assignment 6.5)

Table 9.1 providesthe scoresfor the key items concerning the parameter as changing
quantity for the three teaching experiments.

Asafirst comment on thistable, it should be remembered that the learning trajecto-
rieswere not the samefor all teaching experiments. In G9-1, the parameter as chang-
ing quantity was addressed after the parameter as generalizer, whereasthis order was
inverted in G9-11 and G10-11.

A second difference between the learning trajectories concerns the use of a dider
tool: this was not done in G9-1, a simple tool was used in G9-11 and a more sophis-
ticated onein G10-11.

The number of observations on the key itemsissmaller for G10-11 than for G9-11 be-
cause only one class was involved. For G9-1 it is smaller than for G9-11 because of
alessefficient way of carrying out the observations.

Table 9.1 confirms the conclusions from Chapters 6, 7 and 8: most observations on
the key items indicate an understanding of the parameter as changing quantity. Stu-
dents noticed the effect of parameter change and were able to formulate it. This re-
vedls insight into the dynamics of the sliding parameter. By means of the proposed
activities, the students developed the image of a sliding parameter that affects the
graph and theformulaas awhole. Thisview of the parameter seemed to be quite nat-
ural.
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G9-l Changing quan- GO-ll Changing quantity G10-1l | Changing quan-
key item tity scores key item scores key item tity scores
6.5bc +++00—— 15-1.6 R 3.1c +
6.8 ++0 111 ++++00 3.3b +
7.1b +0— 1.12 ++++0 4.2c ++
7.2c ++++— 2.5 ++++++++++00— 4.4c +++++
7.4c ++ 2.8a +00 4.6b +
2.9b +++++++++0— 4.7a ++++++—
3.1a ++++++++0— 5.3abc +++++++0
6.5b (o]

Table 9.1 Key item scores for the parameter as changing quantity

The positive resultsthat appear in Table 9.1 link up with thefindings of thefinal tests
of G9-1 and G9-11 and the final task of G10-11 (6.4.4, 7.4.4 and 8.5.3, respectively).
These results also revealed a good insight into the parameter as changing quantity.
In the interviews with some of the students after G9-11, this parameter conception
turned out to be the most dominant one (Section 7.4.6).

The conclusions from classroom observations in Chapters 6, 7 and 8 were that the
change in the HLT and the use of a better slider tool improved understanding of the
parameter as changing quantity. The slider tool apparently offers an appropriate
model for the notion of the diding parameter. However, these positive results need
to be considered with care. A further analysis of the observations and of the written
materials revealed four issues that complicated the understanding of the parameter
as changing quantity. The following are the four issues.

a The superficial examination of the effect of the sliding parameter

Although theimage of the dynamically moving graph isapowerful one, students of -
ten examined the effect of parameter change only superficially and found somewhat
phenomenological results, such as ‘ when the parameter slides to the right, the graph
does ....". They often did not wonder why this happened, and did not examine char-
acteristic features of the graph, such as zeros or vertices. Relations between the
graphical change and the algebraic properties of the corresponding formula were
hard to make. The subtlety of the dynamics of the graph was not always discovered.
For example, after drawing parabolas with equation y = x2—a-x+a+ 3 for dif-
ferent values of the parameter a, one of the students thought that the parabolasimply
shifted to the right asthe parameter a increases, whereas the movement is more com-
plex than that. The complexity of the formula seems to play arole here: the results
on the dynamics of the graph of y = (x—a)2 + a (G10-11 task 4.4) were better.
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b The dominance of the changing quantity view of parameter

Aswasindicated by theresults of the G9-11 posttest and post-experiment interviews,
the conception of a parameter as a changing quantity that affects the graph tended to
dominate the concept of parameter (7.4.4 and 7.4.6). One of the conclusions of G9-
I was that this dominance hindered the devel opment of insight into the parameter as
generalizer and as unknown. In order to reduce this dominancein G10-11 wetried to
intertwine the different parameter roles and to link the parameter as changing quan-
tity to the parameter as generalizer or unknown at an early stage. This turned out to
be an improvement, and the conclusion is that the possible dominance of the chang-
ing quantity view of the parameter hasto be dealt with carefully in thelearning proc-
€ss.

¢ The perception of the parameter as a discrete changing quantity

Often students seemed to consider the parameter as an integer value rather than a
continuous changing quantity. They often chosevalues 1, 2, 3, 4, ... for the parame-
ter, and rarely fractions or negative values. The use of the continuous dider tool
helped in perceiving the parameter running through a continuum. We al so made stu-
dents investigate the dynamics of parameter changes with steps smaller than 1. The
following dialogue shows how Michael reacted to change with a step size of % .

Observer: What'sthedifferenceif thestepsizeis 3, becausein other
assignments it was 1? Do you know what the difference
is?

Michael:  Hereit's more exact, for %

Observer: What do you mean ‘more exact’ ?

Michael:  Then you see better, ehm, (...), then you better see the
changes.

(G9-11-3/44, assignment 1.12)

d The formulation of the dynamics in natural language

It was observed regularly that students did perceive the dynamics caused by the dlid-
ing parameter correctly, but were not able to express it clearly in natural language.
For example, sometimes the phrase ‘the graph goes upwards was used to indicate
that the graph got steeper. Also, the words ‘rotate’ and ‘ slide’ were sometimes con-
fused. We noticed a difference between the informal natural language and the pre-
cise use of some terms within mathematics. An additional complication while for-
mulating the dynamics was the meaning of ‘ getting bigger’, ‘growing’ or ‘increas-
ing’. Students had difficulties with the meaning of these expressions. For negative
parameter values they indicate that the parameter values slide towards O, but stu-
dents sometimes interpreted them as increasing absol ute val ues, thus amovement in
the opposite direction. In one of the observations, one of the student expressed this

203



9.3.3

Chapter 9

while discussing the dynamics of thegraph of y = A - x2. Heput it asfollows: ‘ For
negative it is in fact: if it [the parameter value] gets bigger in the negative, it gets
smaller, but if it gets more positive, it [the graph] gets bigger.’

Exemplary development of one of the students

In addition to the overall picture of the previous section, we now describe the behav-
iour of Maria, who was sometimes assisted by Ada. Generally speaking, Maria un-
derstood the parameter as changing quantity quite well. The only issue that really
caused her difficultieswas the relation between * specia’ graphsthat show up during
the process of sliding the parameter, and the corresponding ‘ special’ parameter val-
ues. Substitution of parameter values in a complex formula was the bottleneck.
One of the observationsin Section 7.4.3 concerned the SHOOT game on the T1-89, in
which the parameter a in y = a- x + 5 determines the direction of shooting (Fig.
7.7). It showed that Maria gave meaning to the parameter in the context, saw the dy-
namics and realized that the graph depended on the value of the parameter. She did
not notice from the formulathat the graph was astraight line for each parameter val-
ue. Later she explained the dynamicsto the class, but had difficulties phrasingit. The
teacher might have pointed out that the parameter was the coefficient of the variable,
thus therefore the dlope of the line:

Teacher:  And what's the influence on the graph itself of that slope
number ?

Maria: WEl| that it changes, so to say.

Teacher:  If theagetshigger ...

Maria: It changes the direction, then it changes here, it gets big-
geror ...

Teacher:  Yes. How doesit change? Show it with your hand.

Maria: Yeah, then it changes like this, | think, more upwards.

[Maria makes a gesture of getting steeper]
Teacher:  Then it gets steeper.

Maria: Seeper, yes, that'swhat | mean.
(GO9-11-3/47, assignment 1.5-1.6)

The G9-ll investigation task concerns the ‘cartoon sequence’ of the graphs of
y =Xx+a- x*+1 asa changes (Section 7.3). Maria produced a fair cartoon se-
guence on paper. After that, she commented on the difference between drawing one
graph by hand and considering asliding graph in the computer al gebra environment.
In fact, she seems to be referring to the fact that the graph is no longer the result of
aprocessof drawing point after point, but isan object that is submitted to the process
of dliding.

Maria: Yeah, but | think it's a bit strange because hormally you
have a graph and you draw from point to point, but here
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you suddenly have for each a a different graph.
Observer: Yes.
Maria: Whereasif you draw yourself, that never happens.
(G9-11-5/11, assignment 3.1)

In the G9-11 post-experiment interview the changing quantity appears to be Maria' s
main perception of the parameter, although her reference to the set of graphs also
suggests the generalizer role. The next fragment starts with Maria reading her an-
swer to the posttest question of what a parameter is:

Maria: A parameter isan extra letter, so not x or y, in a formula
or equation. The graph changesif you change the value
of the parameter. For example, iny = ax+ 1, aisthe
parameter. The graph looks different when you fill in dif-
ferent values for a. a thusindicates a set of graphs.

Interviewer: Well done. That's a very good answer, too. Now what's
the function, what can it be useful for, such a parameter?

Maria: W, then, ehm, you can seewhat kind of graphitis, alit-
tlehit its shape. And yes, if you didn’t have the parameter,
then you couldn’'t say anything about it. Well, at least if
you have no parameter, you can't indicate the set of
graphs, so to say.

(G9-11-12/11, final interview)

In G10-11 a continuous slider tool was used. Aswe indicated (9.2.3), Mariaand Ada
first substituted different parameter values by hand. After starting to really use the
slider tool, the sliding graphs soon led to them noticing that the vertex of the moving
graph of y = (x—a)2 + a had coordinates (a, a). Ada commented that ‘the vertex
isat @ and‘y- and x-coordinate arethe sameasa’. Later, during the whole-classdis-
cussion, Mariaexplained this generalization by referring to an exemplaric parameter
value.

Maria: Yes, | think that vertex, that were the x and y coordinates,
they were, so to say, equal to thea. The vertexwas (1, 1),
then a was 1 too.

(G10-11-2/18, assignment 4.4)

These observations show how the parameter as placeholder may raise the issue of
generalization in a natural way.

The parameter as generalizer
Conclusions on computer algebra use and the parameter as generalizer

In Chapter 4 we argued that viewing the parameter as generalizer concerns general-
ising over similar concrete cases and unifying them by means of one parametric for-
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mula. In thisway, the ‘family parameter’ represents a sheaf of graphs and a class of
problems that can be solved in a generic algebraic way. The formulas and the solu-
tions share a meta-character, in that they organize all concrete instances of the prob-
lem or the solution. This involves the reification of the formulas that represent the
generic problem and the general solution.

We conclude from the data that the designed instructional activities indeed fostered
the development of the generalizer view of the parameter, but that this development
was successful only to alimited extent. Students experienced how the parameter as
generalizer unified a class of situations, formulas and solutions, but in the meantime
the generalizer view often remained abstract and not very meaningful to them. If the
generalization started with ameaningful context, the jump from the referential to the
genera level was morelikely to be successful. In terms of the level structure for the
concept of parameter (Section 4.5), thisis seen as a modest form of higher level un-
derstanding. Comparison of the HLTs for G9-I and G9-11 suggests that the order
changing quantity - generalizer is better than the inverse order.

The computer algebra environment supported this development by allowing for re-
calculating problem situations by substituting different parameter values. In thisway
the cas generated the examples that formed the basis for the generalization, and
freed attention for the investigation of regularities and patterns. However, in some
cases such activities led to superficial pattern recognition rather than meaningful
generalization. In those cases we observed empirical abstraction rather than reflex-
ive abstraction. The black box of computer algebra did not automatically foster the
understanding of the pattern. This phenomenon is not new, although examples of the
successful use of cAs asagenerator of examples can befoundintheliterature aswell
(Berry et al., 1994; Drijvers, 1999b; Trouche, 1998). Factors behind these successes
arean intriguing problem situation that students can imagine, aval uable contribution
of the cas for generating examples, and the need to reason with the examples.
Asasecond means of supporting the development of the generalizer view of param-
eter, the computer algebra environment alowed for carrying out procedures without
substituting a parameter value. This enabled the students to formul ate generic equa-
tions and to find generic solutions that consisted of algebraic expressions rather than
of numerical values. This required that the students were able to perceive expres-
sions as entities, in other words, were able to reify expressions and formulas. On the
other hand, this kind of cas use, which for the students had a somewhat top-down
character, stimulated the reification of formulas and helped them to overcome the
placeholder conception and the lack of closure obstacle. The need for and the power
of general solutions were not always felt by the students, who found it difficult to
attach meaning to the resulting formulas. Switching between concrete and generic
sometimes promoted the generalization.

Third, the graphics module within the cas allowed for the fast drawing of a sheaf of
graphs that represented the family of functions. This representation emerged quite

206



9.4.2

Results on computer algebra use and the concept of parameter

naturally from the dliding graph that resulted from the changing parameter. The ad-
jective ‘fast’ refers to a comparison with by-hand drawing: compared to the PC en-
vironment, graphing sheaves on the symbolic calculator is quite slow. The T1-89 no-
tation y;(x) = x-(s=x)|s = {0,1,2,3,4,5} helped the students to realize that
the parameter represents a set of values rather than one individual value (Section
10.3.3). Of course, the affordance of graphing sheavesisalso provided by graphical
software and is not exclusive to computer algebra environments.

Finally, an essential step in the generalization process — the setting up of the general
relation or formulathat represents the generic problem — is not done by the computer
algebra environment. The power of computer algebra lies in solving general prob-
lems, not in posing them. This is probably the hardest mental task involved in the
process.

Overview of the data

Before the teaching experiments we identified key instructional activities that were
supposed to foster understanding of the parameter as generalizer and that would be
appropriate to monitor the students' development on this issue. We formulated our
expectations on these key items and tested them by means of mini-interviews with
students during the teaching experiment.

While analysing the data, the collection of key items was dightly changed, for ex-
ample when a key item had been skipped because of time constraints, or when ob-
servations were not done for practical reasons. Then the observations were analysed
and coded. To each observation one of the labels‘+’, ‘0’ or ‘-~ was attached.
The‘+' scoresrefer to observationsthat reveal the expected insight into the param-
eter as generalizer. For example, the following dia ogue shows how Aishawas able
to generalize her solution procedure after solving the sum-difference problem
Xx+y = 700, x—y = 600.

Observer:  And suppose there was another number instead of the
600, how would you do it?

Aisha: The same way.

Observer: Andif you got x+y isa number sand x-y is another
number v, how would you tackle it?

Aisha: Well then you have 2x is s+v, so you have x equals one
half s plus one half v, and y isthen s-v, 2y=s-v...

Observer: How do you do that then?

Aisha: Well, x +y=s, x-y=V, if you do then 2y, then that sisv big-
ger [than 2y] and then you have one half s minus one half
V.

(G9-1-B11, assignment 2.1)

The ‘0’ scores refer to insights into the parameter as generalizer that are not com-
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pletely correct but do contain valuable elements. For example, after solving the
above system of equations, x+y = 700 and x—y = 600, Bert was able to apply
the procedure to other concrete cases, but he did not formul ate the generalization.

Observer:  And now suppose there was a 800 instead of that 7007

Bert: With a difference of 6007 Then you simply do 400, then
this[the X] becomes 700 and this [the y] 100.

Observer: Yes. And if there had been 10000?

Bert: 50000, ehm, 5000 and then the difference has to be 600
again, so then it gets 5300 and 4700.

(G9-1-A9, assignment 2.1)

The‘—’ scores refer to conceptions concerning the parameter as generalizer that are
not adequate. For example, Mia was unable to generalize the sol ution procedure for
the sum-difference problem and stuck to the trial-and-improve method:

Mia: Infact | just try alittle bit. But | don't know a formula or
something for it. That would be useful, | think, because
for some numbersit [the trial-and-improve method] is
quite complicated.

(G9-11-E3/9, assignment 5.4)

Table 9.2 provides the scores for the key items concerning the parameter as gener-
alizer for the three teaching experiments. As afirst comment on the table, it should
be remembered that the learning trajectories were not the same for al teaching ex-
periments. In G9-1, the parameter as generalizer was addressed before the parameter
as changing quantity, whereas this order was inverted in G9-11 and G10-11.

Table 9.2 shows many positive scores. Indeed, the students managed to see the pa-
rameter as a means for generalization over concrete situations and relations, and for
formulating general solutions. What the table does not show, however, are the diffi-
cultiesthe students had in achieving the target generalizations. Often, help from oth-
er students or indicative questions from the teacher or the observer were needed be-
fore progress was made. Frequently, students reverted to the placehol der conception
of the parameter, were hindered by the lack of closure, or got lost in the problem-
solving procedure and in the roles of the different literal symbols. The results shown
in Table 9.2 should be considered in this perspective.

The results from Table 9.2 were also put into perspective by the modest results of
the posttests of G9-1 and G9-11 on the items that concerned generalization (Sections
6.4.4 and 7.4.4). On the other hand, the results of the generalization items of thefinal
task of G10-11 were satisfying (8.5.3). Apparently, the generalizer concept of the pa-
rameter was not mature enough to be dealt with adequately in the stress of the test
situation and was hindered by instrumentation problems, which during the lessons
could be overcome with the help of others.

208



Results on computer algebra use and the concept of parameter

GO-I Generalizer Go-ll Generalizer G10-ll Generalizer
key item scores key item scores key item scores
Intro ++++++++HH+ 5.4 +H++H+ 2.4b A+

5.2-5.3 ++++000000—— +++++++++0——
2.1b ++++++00— 5.8 ++++ 6.4a ++0
2.6 ++ - 5.9-6.1 | ++++++++++00— 7.1c ++++0
4.6-4.7 ++ 6.2 - 7.2b ++
5.4c ++0 6.7c ++++++++++0- 7.3abc -+
5.5b ++0 7.7-7.8a +++++++00— 7.4 +
111 ++++00 9.2¢c +++00- 7.5 +
9.3c ++++ 8.3b ++
8.6ac ++0
8.8 +
9.1a +
9.2bc +++++0
9.3bcd +—
9.4ac +++

Table 9.2 Key item scores for the parameter as generalizer

Table 9.2 does not suggest an improvement on the issue of generalization within
each of the experiments, or between the different experiments. We attribute this to
theincreasing complexity of the problem situations and the corresponding formulas,
and to the fact that later in the teaching experiments the parameter as unknown in-
terfered.

Further analysis of the observations and of the written materials showed four issues
that were relevant to the process of acquiring understanding into the parameter as
generalizer. These issues are addressed below.

a The need for generalization

Studentsdid not alwaysfeel the need for generalization and did not perceiveits pow-
er. As soon as they understood the problem-solving procedure and were able to ap-
ply itin concrete cases, the need for ageneral formulawas no longer felt. Especialy
whenthe‘price’ of generalization was high, because of the complexity of the general
solution formulas, some students wondered what it was good for. The availability of
computer algebra did not change this. For example, when the system of equations
x+y = 40, x-y = p was solved, Martin reacted: ‘But why do so much work to
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expressx in aformula, if you can do the same as above? By ‘the same as above’ he
was referring to the previous assignment in which p had a numerical value.
Apparently, the assignments did not always €licit the need for generaization. The
argument that generalization saves work if you have to apply a procedure many
timesis somewhat artificial. Morerelevant isthe argument that the generalized form
summarizes and integrates all specific cases, and reduces them to one. Jack formu-
lated this after the teacher asked for the relevance of the general solution like this:
“You you can fill in every number there, in fact it isal the others together.’

If the generalization is made for application to concrete cases, it may be sufficient to
understand the general problem-solving procedure; a condensation into general for-
mulas may not be needed. Therefore, we recommend the use of meaningful problem
contexts in which generalization al so contributesto insight into the situation, so that
there is more than just applying the general to the specific.

b Shifts between concrete and general

Asindicated in Section 9.2.2 on the parameter as placeholder (issues d and €), stu-
dents sometimes shifted between the concrete level and the general one. The con-
crete parameter value then had an exemplaric character as ‘ a specific number with-
out anything specific’. Sometimesin the generalization process students reverted to
concrete cases, possibly to avoid the lack of closure obstacle or because it was more
easy to imagine. An example of thisisthe observation of Donald that is presented in
Section 9.2.2. The other way around, namely replacing numbers by names of varia-
bles or parameters, was al so observed. This happened when the student realized that
the specific value of the number was not important, or when he or she wanted to
avoid ‘clumsy’ numbers. The observation of Dean, which was presented in Section
7.4.3, isan example of the latter category.

Apparently, switching between concrete and general seems to be a natural interme-
diate phase in the process towards generalization. The use of meaningful contexts
and parametersthat play arecognizableroleinthat isrecommended, to alow for this
jumping back and forth between concrete and general.

¢ Generalization and pattern recognition

In Section 4.5 we distinguished empirical and theoretical generalization, or, other-
wise stated, empirical and reflective abstraction (Dubinsky, 1991; Mitchelmore &
White, 2000). This distinction can be applied to generalization in the computer alge-
bra environment. The theoretical generalization that we aimed for concerns insight
into what happens in general and why this is the case, thus a generalization that is
meaningful to the students. Beside thiskind of generalizations, we also observed in-
stances of a superficial, phenomenological generalization that had the character of
pattern recognition without understanding. In that case the students saw ‘what’ but
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did not know ‘why’, as was the case for the superficial perception of the dynamics
of the dliding parameter in Section 9.3. It is therefore recommended to require ex-
planations of the regularities and that students have the means to understand the pat-
terns that were found.

An example of empirical generalization or pattern recognition within the computer
algebra environment that originally occurred without intrinsic understanding was
observed in the expansions of (x + ¢ - y)?2 (see Fig. 6.6). The results of this assign-
ment show that most students found an adequate description of the patternin the ex-
panded expression. However, 24 of the 47 students did not provide an explanation
of the pattern, although they had means to do so, such as a multiplication matrix for
polynomials (see Fig. 9.1). Pattern recognition with acasdid not automatically gen-
erate the question of the intrinsic meaning and explanation of the pattern. We admit
that in the task an explanation of the pattern was not explicitly asked for. In the ob-
servation below, only one of the students, Cindy, raisesthe ‘why’ gquestion.

Observer: What istheresult of (x + 5* y)2 —without using the cal-
culator?

Carly: X2+ 10* x* y+ y2.

Cindy: That’s not logical. Why that 107

Carly: That’s the same everywhere, so it's the double here as
well.

(G9-1-6A, assignment 5.1)

In the handed-in work, these students did provide an explanation for the pattern us-
ing a multiplication matrix in which several errors occur (see Fig. 9.1). We conjec-
ture that Cindy’ s doubt led to a further inspection of the problem.

Oeen kee-tabd woe oty

Figure 9.1 Multiplication matrix for (X + 2 - y)2 with errors

d Natural language and formulas
The description of the solution procedure in natural language was a common inter-
mediate phase towards generalization for many students. These descriptions often
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made use of action language: they indicated what needs to be done to get the answer.
The step from such recipe descriptions to formulas was not evident. We observed
that students often formulated their generalizations in natural ‘rhetoric’ action lan-
guage: ‘ Take that number, do thiswith it, then you get...’

The next protocol shows how Shirley tended towards generalization of the sum-dif-
ferenceproblem x+y = s, x—y = v. In her notebook she called the sum the ‘to-
talnumber’ and the difference the ‘x-y number’.

Divide the totalnumber by 2 and do the same with the x-y number.
Subtract x-y:2 number from totalnumber/2 and then you havey.

y + x-y = X [Here x-y once more refers to the difference]
(G9-1-11B, assignment 2.1)

The next fragment shows how Sandra explained the general solution of the sum-dif-
ference problem, as it was presented in the textbook, to her neighbour by translating
it back into action language.

Sandra: Yes, but here they let you know that if you take the half
and then on both sides half of the difference added and
subtracted, that you get the correctsanswer immediately,
or something.

(G9-11-vb11, assignment 5.8)

Exemplary development of one of the students

In this section we follow the development of Maria's insight into the parameter as
generalizer.

In the following fragment Maria generalized the sum-difference problem from the
concretecasethat b+h = 700 and b—h = 400. Thevariablesb and h refer to the
base and the height of a rectangle. She replaced 400 by difference and substituted
b = h+ difference into the first equation.

Observer:  Now, could you make a general formula for that without

using the 700 and the 4007
Maria: WEll, | think b+ h= h+ h + difference, yes or the other
way around.

Observer: Yes, OK, but let’s take one of the two cases. So then you
getb+ h=h+ h+ difference, together it was 700 in the
example, soin general let’s say total or sumor whatever
you liketo call it. What kind of a formula do you get then?

Maria: If you call this sum? Well, sum= h + h + difference.

(G9-11-6/20, assignment 5.4-5.6)

Simplifying thisto sum= 2h + difference was not easy for Maria, but then she solved
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the problem despite the presence of parameters. She did not suffer from the lack of
closure obstacle:

Observer: Can you now calculate h from the equation
sum = 2-h+difference?

Maria: Wl | think here you’ ve got the sum, you take the differ-
ence off and you divide that by 2.

Observer: Yes. How do you express that in a formula?

Maria: Well, sum —difference divided by 2.

(G9-11-6/20, assignment 5.4-5.6)

Mariaalso applied the general formulasfor solving concrete cases of the sum-differ-
ence problem. After finding the general solution of the sum-product problem, she
explained the importance of the general formulas: ‘ That’s very easy. Once you got
these formulas, you can do al these assignments quite easily.’

In the G10-11 teaching experiment Maria was able to formul ate the relevance of the
generaization in the Meeh context on the relation between skin area and body
weight. Asareply to the question what the advantage of the general formulas would
be, she said: ‘Well, that you spontaneously at once, for example, | want to know the
bird, you can just fill in the bird, the frog.’

In Section 9.3.3 we described how Maria and Ada’s use of the slider tool led them
to find the general coordinated of the vertex of a class of parabolas.

At the end of G10-11 one of the assignments was to find the vertex of the graph of
y = x2+b-x+ 1 by first finding its zeros. In Section 9.2.3 we indicated that the
concept of ‘general coordinates’ was difficult for Maria. However, shortly after that
she solved the parametric equation and she seemed to understand the result as well,
as she commented: ‘ So now you can calculate the zeros for every arbitrary value of
b.

These observationsindicate that Maria had devel oped a sense for generalization and
for the purpose of the general solutions. Meanwhile, the examples presented in this
section provide asomewhat too positive image, asthe observations on the parameter
as placehol der showed Maria’ s difficultieswith dealing with solutions aslong asthe
parameter value is unknown (see Section 9.2.3). Later, the interaction between the
parameter roles of generalizer and unknown confused her, as we will describe in
Section 9.5.3.

The parameter as unknown
Conclusions on computer algebra use and the parameter as unknown
In Chapter 4 we described the parameter role of the unknown. Whereas the parame-

ter as generalizer concerns unifying a set of situations or solutions, the parameter as
unknown selects cases that fulfil a specific condition of this set. This involves the
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mental shift of the relation between parameter and variable: so far the variable usu-
aly has been the unknown. In this sense, the hierarchy between variable and param-
eter isturned upside down. In particular, students need to notice that equations can
be solved with respect to the parameter. In most cases, the result of such a solving
procedure will be aset of numerical values of the parameter; incidentally, the result
isaformulathat needs to be accepted as an object that represents the answer.

We conclude from the data that the designed instructional activities indeed fostered
the development of the unknown view of the parameter but that this development
was successful only to alimited extent. The students experienced how the cas a-
lowed for solving with respect to the parameter and how the roles of the literal sym-
bols could change. They showed anincreasing flexibility in dealing with literal sym-
bols. However, particularly in complex situations they often lost track of the roles of
variable, parameter as generalizer and parameter as unknown, and were not able to
bring the solution process to an adequate end. In terms of the level structure for the
concept of parameter (Section 4.5), thisis seen as amodest form of higher level un-
derstanding. The instructional activities on setting extra conditions to general solu-
tions and ‘filtering out’ parameter values of the total set were perceived as natural.
This supports the line of the HLT that addressed the parameter as unknown after the
parameter as generalizer and as changing quantity.

The computer algebra environment supported this development by allowing for
solving equations with respect to the parameter. By doing so, the students became
aware that an equation is aways solved with respect to an unknown (see Section
10.2). Furthermore, solving with respect to the parameter required a mental shift of
roles which students found difficult to make, probably because it affects the hierar-
chical relation between variable and parameter that they began to understand for the
parameter asgeneralizer. Thiswas particularly hard when the meaning of the param-
eter or the problem situation was not completely clear to them. Meanwhile, the need
to explicitly identify the parameter as unknown in the syntax of solve made the pa-
rameter as unknown more accessible to the students.

As a second means of supporting the development of the view of the parameter as
unknown, the computer algebra environment allowed for the flexible use of literal
symbolsin general. In the computer algebra environment, ‘all variables are equal’.
This meant that the relativity of the roles of theliteral symbolswas made tangibleto
the students. The different meanings and roles of the variables and parameters,
which are ‘in the eyes of the beholder’, were no longer visible in the cAs. The cAs
flexibility concerning the roles of literal symbols stimulated the students’ flexibility
whileworking with variables and parameters, which isafirst step towards aversatile
use. Evidence for thisisthe way the students dealt with renaming variables and pa-
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rameters. However, distinguishing the roles of the different literal symbols, which
may change throughout the problem-solving process, was often not successful, es-
pecially when the students found the formul astoo compl ex to understand their struc-
ture and meaning.

A third way in which the computer algebra environment supported the devel opment
of insight into the parameter as unknown was by graphing sheaves of graphs. Ques-
tions on particular graphical features emerged in a natural way and could be ap-
proached in an algebraic way using the algebraic facilities of the cas.

Overview of the data

As for the parameter as changing quantity and as generalizer, we identified key in-
structional activitiesthat were supposed to foster the understanding of the parameter
as unknown and that would be appropriate to monitor the students’ development on
this issue. We formulated our expectations on these key items and tested them by
means of mini-interviews with students during the teaching experiment. Because of
the expected difficulties with the parameter as unknown and its placein the learning
trajectory, the number of key items was smaller than was the case for the changing
guantity and the generalizer, and most key itemswerein thelast parts of the teaching
materials.

While analysing the data, the collection of key items was dightly changed, for ex-
ample when akey item had been skipped because of time constraints, or if observa-
tions were not done for practical reasons. For example, assignment E3a from the fi-
nal task of G10-11 is added to the key items, but was not designed at the start of the
teaching experiment.

The observations were analysed and coded. Because shifts of roles between literal
symbols were considered to be important for the understanding of the parameter as
unknown, incidences of shifting rolesthat did not particularly involve the parameter
as unknown were also included in the analysis, such as students renaming variables
and parameters, or students correctly or incorrectly distinguishing the different roles.
After that, we attached one of the labels‘+’, ‘0’ or ‘—’ to each observation.

The‘+' scoresrefer to observationsthat reveal the expected insight into the param-
eter as unknown. For example, one of the students drew the function f with
f(x) = a-x—(1+a?)-x2 for several values of a using the view screen. In the
classroom discussion that followed, Helen was able to distinguish the roles of the
different letters, despite the confusing question posed by the observer:

Observer: If you look at the formula, what kind of graph will you
get, what form?

Helen: A parabola.

Observer: Why?

Cedric: Because there'sa squarein it.

Helen: Because it's to the power 2, so the highest power is 2.
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Observer: Becauseit'sato the power 2?
Helen: Because it's x to the power 2.
(G10-11-2/19, assignment 4.7)

The'0’ scoresrefer to insightsinto the parameter as unknown that are not compl ete-
ly correct but do contain valuable elements. An ‘0’ score was also attributed to ob-
servationsin which we doubted whether the students really understood it or whether
the teacher or observer had helped too much.

The ‘'~ scores refer to conceptions concerning the parameter as unknown that are
not adequate. For example, Mishawanted to find the coordinates of the intersection
points of a parabola with equation y = x2—4x+5 and lines with equations
y = a-x+ 2, but he lost track of the meaning of the different letters and solved
with respect to the parameter. He entered solve(x2—4x+ 5=a*x-2, a), which yielded
a= (X2—4x+7)/x.

Table 9.3 provides the scores for the key items concerning the parameter as un-
known for the three teaching experiments.

GOl Unknown GO-ll Unknown scores G10-11 Unknown
key item scores key item key item scores
Intro ++ Intro B i 1.8bc ++

4.12-13 3.13-14

6.6C ++++0 15-16 +++— 4.2e +0

6.8b 0 6.7c R 7.6 +4—

10.9b ++— 7.7-7.8a e 8.6ac +0—

10.10 +— 9.2c - 9.2bc +—

10.11 ++0— 10.7 0 9.3bcd -

111 ++ 10.8 + 9.4ac +
E3a +++—
Eda +

Table 9.3 Key item scores for the parameter as unknown

As afirst comment on Table 9.3, we notice that the results for the key items at the
start of the teaching experiments were quite good. Assignments 4.12-4.13 (G9-1),
3.13-3.14 (G9-11) and 1.8 (G10-I1) concern solving the equation a- x+b = 5 with
respect to different variables. The students experienced that such an equation can be
solved with respect to different letters and that it is reasonable that the cAs requires
its specification.
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Observer:  Now, what'sthe difference between thetwo results, that of
13[solve a- x+b = 5 with respect to x] and 14 [solve
a-x+b = 5 withrespect toy] ?

Michael:  The one, then it isx= and the other b=.

Observer: Yes. And if you would say solve that equation and then
comma-a, what kind of thing would you get then?

Michael:  Thenit solvesa.

Josef: a equals and then x and b.

(G9-11-1/43, assignment 3.13-3.14)

These positive results should be interpreted with care: although the students discov-
ered the idea of expressing one variable in terms of others, in these situations there
was no meaningful hierarchy between variable and parameter.

Later in the teaching experiments, when there was a hierarchical relation between
parameter and variable, the results shown in Table 9.3 were less positive. The stu-
dents had more difficultiesin distinguishing the changing roles of theliteral symbols
during the solution process. This is the case for al three columns, indicating that
these difficulties were not solved during the subsequent teaching experiments.
Table 9.3 shows a decreasing number of observations towards the end of the G9-I1
teaching experiment. Thisis dueto the difficulty of the assignments; students had so
many questions that the possibilities for mini-interviews were limited. In addition to
this, students often were happy with a numerical-graphical approach to the sliding
parameter that was probably suggested by the graphical problem situation.

The data of Table 9.3 suggest that students were able to deal with the parameter as
unknown in simple situations, but that in more complex situation they often got con-
fused. Thesefindingslink up with the datafrom thefinal tests of G9-1 and G9-I1 (see
Sections 6.4.4 and 7.4.4), where the results concerning the parameter as unknown in
complex situations were poor. The results of the final task of G10-11, on the other
hand, were better (see Section 8.5.3): many students managed to switch to the pa-
rameter as unknown when required by the context, though the formulas in the con-
text were complicated too. Once moreit appearsthat datafrom interactive classroom
work and from individual tests canlead to different findings. Furthermore, thetraffic
flow problem situation in the G10-I1 final task was meaningful to the students.
Further analysis of the observations and the written materials revealed three issues
that wererelevant to the process of acquiring understanding into the parameter asun-
known. These issues are addressed below.

a Renaming variables and parameters

While working in the computer algebra environment, the students sometimes pre-
ferred to use letters other than those suggested by the context or the assignment. The
first reason was that for drawing graphs on the T1-89, the dependent variable needs
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to becalled y and theindependent x. For example, the context of the relation between
skin areaand body weight led totheformulaa = 11 - w2/3, wherea standsfor area
and w for weight. In order to graph this relation, one of the students dealt with this
renaming by means of substitution and entered: y,(x) = 11-w?/3|w = x.

A second reason to rename a variable or parameter was that the T1-89 keyboard al-
lows for the direct entering of some letters (x, y, z and t), whereas other letters can
be entered only after pressing the alphakey first. Therefore, students called aparam-
eter z, for instance, so that it could be entered more efficiently. It was interesting to
notice that students who did so never got confused about the two names for the pa-
rameter; apparently, they were fully aware of what they were doing.

Such renaming activities stimulated the students’ flexibility with literal symbolsand
anticipated on the shifts of letter roles and on the use of the parameter as unknown.

b The parameter as unknown with respect to which an equation is solved

We mentioned earlier in this section that the perception of the parameter as unknown
with respect to which an egquation can be solved required a mental shift that affects
the hierarchy between variables and parameters. Students found this shift hard to
make. Thefollowing fragment istaken from a classroom discussion after playing the
SHOOT game on the TI-89. The aim of the game was to set a so that the line with
equation y = a-x+ 5 would hit a point with given coordinates. The teacher asked
whether you could calculate the appropriate value of a from the coordinates of the
target point. Kevin explained thisin partially general termsand perceived the param-
eter a correctly as the unknown.

Kevin has an idea of how to achieve this and writes this on the black-

board for the target point (11.6 , 3.84). He explains:

Kevin: Theformulawasy = a-x+ 5. So then you haveto,
ehm, the second coordinateisy, 3.84, then you subtract 5
from that, then you have a times x left, that is 11.6, you
know x already, that is 11.6. So then you have to take the
result from 3.84 - 5.

(..)

Kevin: You have to divide that by x and then you have a.

(G9-11-3/47, assignment 1.5-1.6)

Fragments like this were exceptional. We regularly observed students who solved
equations with respect to a variable when the parameter got the role of the unknown.
If they forgot the letter specification, the CAS provided an error message; solving
with respect to a wrong letter, however, led to results that were useless for the in-
tended purpose. Thisissueis related to the instrumentation of the solve instrumen-
tation scheme addressed in Section 10.2.
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¢ The distinction of the roles of the different letters and of the shifts of roles

In complicated situations, the studentsfound it difficult to distinguish the roles of the
different literal symbols, particularly when therole of the parameter shifted towards
therole of the unknown. An observation that illustrates this concerns assignment 9.2
from the G10-I1 teaching experiment (see Fig. 9.2).

9.2 Above you see asheaf of graphsof thefamily y = x2+b-x+1.
We pay special attention to the vertices of the parabolas.

a Mark and connect the vertices of the parabolasin the figure.
What kind of curve do you seem to get?

b  Expressthe coordinates of the vertex of a‘family member’ in b.
Hint: the x-coordinate of the vertex is the middle of the x-coordinates of
the two zeros, if these exist.

¢  Findthe equation of the curve through the vertices of the sheaf and draw
some graphs for verification.

Figure 9.2 Assignment 9.2 from G10-I1

First, the equation x2+ b - x+ 1 = 0 should be solved with respect to x, but Sandra
solved it with respect to b, which yielded b = —(x2 + 1)/x. After she corrected this
and found that the x-coordinate of the vertex was -b/2, she wanted to substitute this
into the function equation y = x2+b-x+ 1. This way, she got y = 1-b2/4
whereas a rel ation between y and x was asked for.

Toimprovethe perception of therolesof theliteral symbols, we recommend review-
ing the complete solution strategy after it is completed, and then considering the
changes of the roles of the variables and parameters involved.

Exemplary development of one of the students

In this section we follow the development of Maria' s insight into the parameter as
unknown throughout the G9-11 and G10-11 teaching experiments.
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Her resultson the introductory assignmentsin G9-11 and G10-11 on solving the equa-
tion y = a-x+5 with respect to different unknowns indicated that Maria under-
stood the role of the unknown after the comma.in the solve command.

In G10-11, the question was to rewrite the lens formula 1/f = 1/v+ 1/b for the
case f = 5 so that the graph of b as function of v can be drawn. Distinguishing the
roles of the letters was not easy for Maria. She did not know with respect to what
unknown the equation % = 1/b+ 1/v needed to be solved in order to graph b as func-
tion of v. She got help from Ada: ‘y is the function of x, so visthe x.” Maria solved
with respect to b and got b = 5v/(v—5) . Shereplaced the v's by X's, entered thisin
the function library and obtained the graph. Maria clearly was able to rename the
variables, so that the graph could be drawn. Later the question was to expressbin f
and v in general. Maria obtained this by entering solve(1/f = (U/b)+1/v, b). She
seemed to understand the different roles of the letters.

At the end of the G10-11 teaching experiment, the situations became more complex
and Maria seemed to lose track of the problem-solving strategy and the roles of the
different letters. Errors with the solve command occurred. For example, in assign-
ment 8.7 she solved the equation x = 2/(y—2) + 2 with respect to x, although x
was already isolated.

We will look at Maria's work on assignment 9.2 on the family of functions
y = x2+b-x+ 1 insomewhat more detail, because it shows how different kind of
problems can interfere and may lead to long struggles (see Fig. 9.2).

Maria thought that question a concerned reproducing the picture with the T1-89.
With some technical problems (a rather than b as parameter, wrong minus key, win-
dow settings) she got the correct picture (see Fig. 9.3) and commented: ‘It works!
Thisisarevolution in my math calculator thing!’

HMAIN EAD ALT FLUHC

Figure 9.3 Maria s sheaf of graphs on the T1-89

For question b Mariafirst tried to find the zeros with solve(x2 + b - x + 1, X). This
gave an error message, as what is to be solved is not an equation but an expression.
Maria' s comment was: ‘It hates me, that calculator!” She then changed this into
solve(x2 + b - x + 1, b) and got the same error message again. Then she reverted to
her graph, to show it to the rest of the class by means of the view screen projection
to which her calculator was connected.
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In the next lesson, Maria started by entering the formula again. Thistime, however,
she forgot the multiplication sign between b and x: y; = x2+bx+1. Nograph
appeared, not even after adding the parameter values. After a hint about the missing
multiplication sign, she corrected it and got the same picture asin the earlier lesson.
Maria sreaction was. ‘Oh, that hasto betimes. Yes, that’'s always me, | never do it
completely right.’

To find the zeros, Maria entered solve(x2 + b - x + 1 =y, b). She now realized that
the argument should be an equation rather than an expression, but she solved with
respect to thewrong unknown. Theroles of the different letterswere not clear to her.

Then Maria wanted to substitute a value for b, but this did not work and led to her
comment: ‘| just don’'t understand it; I’'m simply too stupid.’

After adiscussion with the observer Maria noticed that the value 0 should be substi-
tuted for y in order to find the intersection points with the x-axis. She entered
solve(b = (=x2—0+ 1)/x, X) and this gave the x-coordinates of the zerosin terms
of b (see Fig. 9.4), aresult that could have been obtained in a more direct way.
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Figure 9.4 Zeros in terms of parameter b

She copied it into her notebook, but in the second sol ution she made the square root
sign too long (see Fig. 9.5).
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Figure 9.5 Copying solutions into the notebook

With some help from the observer she accepted the symbolic answers. She calculat-
ed the average of the two genera solutions for x and found that the x-coordinate of
the vertex equals —b/2. Maria was happy with that: ‘“Well, | did find this out quite
nicely.’

Mariathen substituted x = —b/2 in the formula of the function using the solve com-
mand: solve(y = -0.5*b?+b*-0.5*b+1, y). She forgot the parentheses around —b/2,
so the result y = 1-b? was not correct. Also, using solveto carry out asubstitution is
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not an efficient way of working; x2+ b - x+ 1|x = b/2 would have been more di-
rect.

For question ¢, Mariawrote down in her notebook that the extreme points have co-
ordinates (- ¥4b, 1-b?) and concluded that the equation of the curve through the ex-
treme points was y = (1—b?) - x—%b. Again, this indicates a mixing up of the
meaning of the different literal symbolsinvolved. However, probably with the help
of her neighbour, she corrected her error and ended up with the right formulafor the
curve through the vertices; y = 1 — x2.

Thisreport on Maria’ swork on assignment 9.2 shows that despite the initial under-
standing of solving equations with respect to the parameter, Maria now had difficul-
ties with that. She tried to solve expressions rather than equations, she solved with
respect to the wrong unknown or forgot to indicate the letter, and she seemed to con-
fuse solving and substituting. This prevented her from following her original plans
and led to erroneous behaviour. A clear understanding of the problem situation and
of therole of the parameter as unknown in it waslacking. Maria' s comments on what
was happening, her feelings of victory when she managed and her frustration when
things did not seem to work indicate strong emotions.

Realistic contexts and the understanding of the parameter concept

In the previous sections we followed the line of the hypothetical learning trajectory
through the parameter roles of placeholder, changing quantity, generalizer and un-
known. On severa occasions it was argued that the meaning that students attached
to the parameter was relevant to the understanding, and that insight into formulas
and expressions, the symbol sense, was an obstacle. In this section we address the
meaning of the parameter as it emerges from a realistic context; in the subsequent
one we discuss the insight into formulas. For that we leave the line of the HLT and
the method of key items that were identified in the teaching materials and scored in
tables.

Conclusions on the use of realistic contexts and the parameter concept
Weidentified the tension between concrete, context-bound meaning and insight that
goes beyond the specific context and refersto aframework of mathematical relations
asone of the difficulties of the learning of algebra (see Sections 3.2, 3.6 and 4.5). A
concrete, realistic problem situation that students can imagine can give meaning to
aparameter and to theformulathat it appearsin. Thislinks up with the model-of con-
cept at the referential level of the four-level structure of Gravemeijer (Section 3.6).
On the other hand, the learning process aims at developing a framework of mathe-
matical objects, relations and properties. Thisinvolves the devel opment of ageneral
model-for mathematical reasoning. This section concerns the devel opment from ref-
erential model to general model in the learning of the concept of parameter in acom-
puter algebra environment.
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At the start of this study, we conjectured that studentsin the Netherlands might have
had sufficient experience with graphs, formulas and functionsin realistic contextsin
seventh and eighth grade (Section 3.7). Therefore, the primary focus of our work
was on the general model-for and on vertical mathematization towards the frame-
work of mathematical relations and objects. We considered not paying much atten-
tion to real-life contexts and horizontal mathematization, as we assumed that the
computer algebra environment — which does not refer to real-life contexts but acts
asa‘microworld’ onits own — would facilitate making real-life contexts redundant
and would elicit the devel opment of a mathematical redlity.

We conclude from the data that this view wastoo simplistic. Insight into the concept
of parameter seemed to develop the best when there was a meaningful problem sit-
uation to start with, and when this concrete context gradually became redundant be-
cause of the development of a framework of meaningful mathematical objects and
relations; in fact, this is the model-of/model-for development that is described in
Section 3.6. Students appreciated starting with concrete problem situations that they
could imagine, that they found motivating and in which the formulas and the param-
eter had meaning to them. Just using a cAs did not replace this need for meaningful
contexts. Using computer algebra to address the mathematical level directly there-
fore was not a fruitful approach for students of these grades and levels,

On the other hand, using the computer algebra device to work on the realistic prob-
lemsthat form the starting point stimulated generalization of the model by means of
a process of vertical mathematization. A mathematical reality was developed from
the concrete situation, as cAs use allowed for ‘taking distance’ from the concrete
context. The realistic context did not hinder generalization and abstraction beyond
the specific situation.

In short, we needed concrete, realistic starting points and referential models-of for
developing the general model-for. This involved horizontal mathematization in the
concrete contexts, that could not be separated from the vertical mathematization to-
wards amodel-for. Examples of contexts that invited generalization and abstraction
were the Meeh context on the relation between skin area and body weight, fountains
and garden sprinklers, the James Bond situation and the traffic flow problem. Al-
though the vertical mathematization by means of setting up formulas and generalis-
ing relations and procedures was difficult for most students, the meaning of these sit-
uations supported this process.

The data suggest that graphs in the graphical module of the cas could mediate be-
tween readlistic contexts and mathematical abstraction. Graphical features were eas-
ily understood by the students, while evoking entry to amathematical world. For ex-
ample, the parameter as changing quantity was meaningful in the context of the
SHOOT game, where it represented the slope of the line. The use of a slider tool was
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appropriate to redirect the focus towards the dynamics of the graph.
Thesefindingslink up well with theideas on emergent modelling and horizontal and
vertical mathematization within the RME theory and with theories on symbolizing
that argue that students need concrete starting points that provide opportunities for
developing a mathematical reality. Although CAS use may support that process, the
meaningful redlistic starting points cannot be missed. As long as the mathematical
framework has not been developed, it cannot be addressed directly in the way we
originaly intended.

Overview of the data

In the analysis of the data the role of realistic problem situations in the learning of
the concept of parameter was a specific focus. As distinct from the method for the
parameter rolesthat was described in the previous sections, we did not identify prior
key items. Instead, afree coding approach wasfollowed that aimed at identifying ob-
servations that involved the influence of the problem situation on the learning proc-
€ss.

The results on this issue do not support the original idea that the role of redistic
problem situations could be reduced in favour of problem situationswithin theworld
of mathematics. The teaching materials of the first teaching experiment, G9-I, did
not contain many realistic problem situations. However, the data suggest that stu-
dents missed a concrete frame of reference that would have given meaning to the
mathematical objects and procedures and to the parameter in particular. On the other
hand, when students were given the opportunity to develop a story that would lead
to the sum-difference problem, good situations were described:

Dean: You bought two new games, you'’ ve got three hours and
you' re going to figure out how long you play, if for exam-
ple you like one game most, you play that one for, for
instance, half an hour longer.

(G9-1-B10, assignment 1.11)

Therefore, the student activities for the second teaching experiment, G9-11, included
more problem situations that were meaningful to the students. For example, in the
SHOOT game on the TI-89 the parameter was seen as the ope of the barrel of the
‘gun’ by many students. The context of the rectangle with constant perimeter and
changing base and height was a meaningful introduction to the sum-difference and
the sum-product problem for many students. However, when the generalization of
the sum-product problem was approached, things got too far away from the mean-
ingful context for some of them. One of them commented, while pointing at the gen-
eral formulas: ‘ Then something stopsin my mind.” Re-establishing the relation with
the meaningful rectangle often helped in such cases.
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In other assignments, the possible benefits of areal-life context were hindered by in-
strumentation problems or by too complicated formulas. Also, some of the abstract
situations proved to be meaningless to the students.

The teaching materials of the third teaching experiment, G10-11, contained more re-
alistic problem situations, and the students used them to attribute meaning to the
mathematical situations and symbols. The next fragment shows how the teacher
wanted to reach for ahigher abstraction level, whereas the student answered in terms
of the problem situation, in this case James Bond rowing and running towards a spot
on the beach (see Fig. 8.8).

Teacher:  Why iszero a special case?

Sudent:  There'sno distance any more, then hedoesn't do anything
any more; in fact he stands still.

Teacher:  And what does that mean in the formula, if you have a
equal to zero?

Sudent: It meansthat he's only running.

(G10-11-2/20, assignment 5.3)

More than was the case in the earlier teaching experiments, the contexts in G10-I1
such as the garden sprinkler, the James Bond task and the traffic flow problem con-
tributed to ameaningful perception of the formulas and the parameters, whereas gen-
eralization or abstraction did not seem to be hindered by this.

Overal, we see adevel opment throughout this study from the original idea of focus-
ing on the general level without paying much attention to realistic problem situations
at the referential level, towards using realistic contexts as meaningful starting points
for the targeted generalization by means of parameters.

Further analysis of the observations and the written materials revealed three issues
that are addressed bel ow.

a Realistic contexts as meaningful starting points for generalization

Students appreciated starting with a realistic problem situation because it allowed
them to imagine the problem, and to attach meaning to the formulas and to the pa-
rameter. While working they often referred to this meaning and interpreted results
in the framework of the context. Thisway, the context provided an adequate starting
point for generalization by means of the parameter. The protocol above illustrated
this. Another example was observed when a student explained the dynamics of the
graph of the function y = x—(1/a?) - x2. He referred to the context of the garden
sprinkler when he explained what happened when a wasincreasing: ‘ So then if you
had a garden sprinkler, then it gets further.” An other student in a similar situation:
‘It looks rather like the power that is behind it, with which you open the tap.’

The results described in the previous sections indicated that a graph — or adynamic
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graph or a sheaf of graphs— can take over the meaning from the original context and
may act as a context itself. A graph provides a powerful visualization that may re-
place the original context and may be afirst step towards a general model.

b Difficult formalization departing from realistic problem situations

Within a meaningful problem context, students often were able to find informal
strategies and to describe them adequately. However, condensing these procedures,
capturing them in formulas, was difficult for many of the students. This issue was
mentioned when we discussed the parameter as generalizer (Section 9.4.2). Thefol-
lowing fragment shows that Bob thought of a strategy for the sum-difference prob-
lem in the context of arectangle with given perimeter and difference between base
and height, but was not ableto formalizeit into ageneral, context-independent math-
ematical formula.

Observer: Did you manage?

Bob: No.

Observer: [readsfrom Bob's notebook] Perimeter divided by 4 plus
difference divided by 2 is the length of two edges. 12
minus the length of two edges is something, and some-
thing divided by 2 is the length of the other two edges.

Bob: Yes | cannot write it down shorter.

(G9-11-6/16, assignment 5.4)

¢ A meaningful mathematical reality built up from realistic problem situations

Some of the observations show that students replaced the reference to the problem
situation by amore abstract and general reference to amathematical reality, whereas
others were reluctant to do so. For example, assignment 6.7¢ from G9-11 concerned
solvingthesystem x+y = a2, x—y = b2 asacontext-free general application of
the sum-difference problem (see Fig. 7.10). Although other students had difficulties
with this assignment and argued that it made no sense, for Donald the sum-differ-
ence problem seemed to be an abstract class of problemsthat he could deal with.

Donald: | divided a? — b? by 2 because that's the sum equation
minus the difference equation divided by 2, so (?) [inau-
dible] is something, and then plus the differenceis some-
thing else. So | don’'t know a-two [a squared], what you
have to fill in there. If you knew what a2 and b is, then
you could calculateit.

(G9-11-vb12, assignment 6.7c)

Exemplary development of one of the students

In this section we again follow Maria, this time while she is working on the sum-
difference problem in the context of the rectangle with given perimeter and differ-
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ence between base and height (Fig. 7.9). Her work on this assignment was addressed
in Section 9.4.3, but now we focus on the process of gradually taking more distance
from the problem situation and devel oping a more formalized method. The first ob-
servation below was made before the observation described in Section 9.4.3. She
was working on the concrete case with a perimeter of 1400 and a difference between
base and height of 400: P = 2. (b+h) and b—h = 400.

Maria wrote in her notebook:

You look for two number sthat formtogether half of the perimeter, with
eventually a specific difference. | then find out by trying which num-
bersit hasto be.

P = (b+h)*2and h = a+ b = difference.

[The latter ‘=difference’ seemsto concern only the a]

(G9-11-6/20, assignments 5.4 and 5.6)

Thisrevealsatrial and error like strategy, related to the problem situation. However,
the next observation shows formalization.

Observer:  And how do you know;, for example, if the perimeter is12
and the difference is 3, what do you do then? Try?
Maria: Yes, but this one [assessment 5.6, perimeter is 1400 and
differenceis400] | did by just using formulas and stuff.
Observer: [Readsin her notebook] There you have P = 1400,
P=(b+h)-2,1400 = (b+h)-2,700 = b+h,
b-h =400, b = 400+ h, 700 = h+ (h+ 400),
b = 550, h = 150. Oh, that's nice what you did!
Maria: Yes. And then | combined them.
(G9-11-6/20, assignments 5.4 and 5.6)

This fragment shows how Maria derived meaning to the problem from the context,
for example by using the word perimeter and the letters P, b, and h. On the other
hand, she manipulated the equations in an algebraic manner that was meaningful to
her without reference to the concrete context.

Later Mariawas confused by the symmetry of the problem: an exchange of the val-
ues of h and b leads to the same perimeter and the same (absolute) difference. Her
final remark reveals an adequate distinction of the non-symmetric mathematical sit-
uation and the symmetric real-life context.

Maria: Because you don't knowwhat hisor b. I thinkinprinciple
you can say 2 timesb + difference too [rather than 2
times h + difference]

The observer explainsthat the equation b—h = 400 leadsto

b = 400 +h.
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Maria: But that's by chance in this assignment, but not in gen-
eral. In general the h and b are basically the same,
because you never know what hor bis.

(G9-11-6/23, assignment 5.4)

While giving meaning to h and b Maria seemed to refer to the context of the rectan-
gle. She jumped back and forth between realistic context and mathematical reality
in an appropriate way.

The role of symbol sense in understanding the parameter concept

Conclusions on computer algebra use, symbol sense and the parameter
concept

We described symbol sense as a multi-faceted ability that includes seeing the struc-
ture of an algebraic formula or expression, giving meaning to an expression, a part
of an expression or aformula, and conceiving it as a mathematical object (Section
3.5). The learning of the concept of parameter in a computer algebra environment
was supposed to require a certain degree of symbol sense, as well as to further de-
velopit. We also conjectured that mani pul ating parametric expressions and formulas
in the computer algebra environment would foster their reification (Section 5.5).

So far, the results on acquiring insight into the higher level parameter roles by using
computer algebra suggest that the lack of symbol sense was one of the main reasons
why students failed. Therefore, we now consider the development of the symbol
sense while working on the concept of parameter in the computer a gebra environ-
ment. This brings us to the interface between the two research subquestions: on the
one hand, symbol senseisinvolved inthelearning of the concept of parameter, while
on the other hand it plays arolein using a cCAS in general, and is a more general in-
strumentation issue. Therefore, formulas and expressions will be considered in Sec-
tion 10.5 aswell.

We conclude from the dataanalysisthat the introduction of parameters made thefor-
mulas more complex, simply because they contained more literal symbols than in
non-parametric situations. The dataindicate that the development of insight into the
concept of parameter in some cases was hindered by alack of symbol sense; on the
other hand, by studying the concept of parameter, the students’ insight into the
meaning and structure of formulas was stimulated aswell. In short, the devel opment
of insight into the concept of parameter and of the symbol sense were intertwined.
Although the development of symbol sense was stimulated in the teaching experi-
ments, this was not always successful: students kept having difficulties with insight
into the meaning and structure of formulas. Aswe argued in the previous section, a
meaningful problem situation contributed to insight into the structure of the formu-
las that emerged fromit.

The computer algebra environment supported the simultaneous development of
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symbol sense in three ways. First, the cAs use stimulated the students’ insight into
the meaning and structure of formulas and expressions. It provided means of visual-
izing algebraic expressions by graphing. Entering complicated formulas with square
root signs, fractions and parentheses forced the studentsto consider the scope of the
operators. The interpretation of the cAs output stimulated the students to examine
the structure of the formulas and expressions more closely. Furthermore, the com-
puter algebra environment allowed for dealing with bigger and more complex for-
mulas than would have been possible by hand. In order to have an overview, the stu-
dents needed to split these bigger formulas up into meaningful parts. However, the
CAS use was only partially successful: athough it helped the students to focus on
symbol sense, errors showing lack of insight into the structure and meaning of for-
mulas and expressions were observed frequently.

Asasecond means of supporting the development of symbol sense, the caAswork on
parameters stimulated the reification of formulas and expressions. While solving
parametric equations in the computer algebra environment, the students were con-
fronted with solutions that are expressions. These were treated as objects that were
processed further by substitution or other procedures. Thisreinforced the perception
of formulas as ‘things'. In thisway, the students moved away from the formulaasa
process, and developed an object view of formulas and expressions.

Third, we found that the use of symbols and notationsin the computer algebra envi-
ronment was a complicated matter. The data show that studentsfound it hard to for-
mulate findings and procedures in the form of algebraic formulas. The use of com-
puter algebra did not offer much on thisissue. Furthermore, the differences between
CAS conventions/notations and paper-and-pencil use caused obstacles. However,
this lack of congruence was also an occasion to discuss paper-and-pencil symboli-
zations and notational conventions that so far had remained implicit. These oppor-
tunities of cAs use were not fully exploited in the teaching experiments.

Overview of the data

The development of symbol sense while learning the concept of parameter was a
specific focusin the analysis of the data. As distinct from the method for the param-
eter roles described in Sections 9.2 - 9.5, we did not identify key items beforehand.
Instead, a free coding approach was followed.

The results of this data analysis support the idea that symbol sense is an important
factor in thelearning of the concept of parameter in acomputer algebraenvironment
and of using a cAs in general. The students had difficulties with understanding the
structure of formulas, which resulted in theinability to deal with the input and output
of the cas. Notational and syntactical difficulties exacerbated these problems. On
the other hand, we observed incidents of understanding the meaning of the formula
and of perceiving it as an object that could represent a solution. Using the CAs stim-
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ulated the reification of the formulas. An appropriate problem situation that gave
meaning to the formula and its components was an important help.

A further analysis led to the distinction of three aspects of symbol sense that were
important in the learning of the concept of parameter in acomputer algebra environ-
ment. These are addressed below.

a Insight into the structure and meaning of formulas

A lack of insight into the structure and meaning of algebraic formulas was manifest
in the observation of errors with algebraic manipulation by hand. Many of these er-
rors are described in the literature and are not specific to this study. What is note-
worthy here, is that the students could have avoided them by using the cAs, but ap-
parently felt so confident that they found no need to use the machine. Most of these
errors concern incorrect smplifications. Table 9.4 provides some examples.

Students’ simplification
made by hand

Original expression,
formula or equation

h+h h2
1.5, 1,0
sac+3b a+b
(x—2)3 x3-8
J32+x2 3+x
X2 +y? = 25 X+y=5
y = J625—x2 y+x2 = ,/625
1/f = 1/v+1/b f=v+b

Xx2—4x+5 = a-x-2

X—4x+7 = a

Table 9.4 Students errorsin simplification by hand

Many of these algebraic errors can be seen as manifestations of the linearity illusion
(de Bock et a., 1998; de Bock et a., 2002). For example, in the simplifications of
x2+y2 = 25 and 1/f = 1/v+ 1/b, the students seemed to think that the square
function and the reciprocal function are linear, which is a well-known misconcep-
tion.

In some cases, the cAs output looks different from the expected outcome or from the
results obtained by hand. The question whether the two outcomes are equivalent re-
quires acloser inspection of theformulas. For example, solving the general sum-dif-
ference problem b+h =s, b—h =v by hand gave b = 1/2-s+1/2-v,
whereascasuseledto b = (s+v)/2.Oneof the students explained thisby saying:
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‘“Well, because it isin fact, because you divide by 2 it isin fact already one half, so
that comes down to the same.” Theissue of equivalent expressionswill be addressed
further in Section 10.5.4.

The dynamics of the diding parameter combined with questions on the properties of
the graph in some cases invited a detailed look at the formula. For example, when
students investigated the dynamics of the graph of y = (x—a)2 + a asthe value of
a changed, Jeff noticed that the point (a, a) was the vertex of the parabola. After a
guestion from the observer, he looked at the formula and explained: ‘ That [y when
x=a] isalwaysjust a alone, becausethese [x and aiin (x—a)z] cancel out.’

Using a problem context that students can imagine can help to see the structure of
the formula. Mattijs and Thomas worked on the James Bond assignment, where the
rowing and the running were reflected in separate parts of the formulafor the travel
time T: T = a- (4/32+x2)/6+ (4—x)/12. The context helped them to under-
stand the parts of the formula:

Observer: Do you understand where that formula comes from?

Mattijs: Yes, this [thefirst term] isthe part over the sea, and this
[the second term] is over the land.

Observer:  And why does that part over the sea look like that?

Mattijs: Yeah, | don’t understand that.

Thomas.  The velocity of 6, that is below.

(G10-11-2/12, assignment 5.1)

The importance of the meaning that students can attach to formulas and their com-
ponents also explained the results of the traffic flow final task of the G10-11 teaching
experiment. Dirk and Kevin, for example, were able to interpret the symbolic rela-
tion f = (250./3)/(9./r) that stood for the optimal movement of the traffic flow
and the risk factor that models the drivers’ behaviour. In their report they wrote: ‘If
therisk factor gets smaller, the optimal flow gets bigger, at a higher velocity.’

The assumption that the complexity of the formulas can be an obstacle to seeing its
structure and meaning was supported by observations. For example, while solving
the sum-product problem, Misha solved the equation 1/4-s2—a? = p with re-
spect to a. The TI-89 provided two solutions for a and added the condition that
s?2—4p> 0. The situation was too complex for Misha to understand this condition.
In general, we first conclude that the availability of computer algebra does not pre-
vent student from making errors in by-hand calculations. Second, algebraic and
graphical affordances of the computer algebra environment may stimulate looking
at formulasin more detail. Third, the data provide further evidence for the statement
that ameaningful context hel psto seethe structure of aformula. Finally, theanaysis
supports the idea that the complexity of the formulas may hinder insight into their
structure.
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Asstated in Section 9.4.2, setting up formulaswas difficult for the students and com-
puter algebra was not of much help in that.

b The reification of formulas

One manifestation of the perception of aformula as an object is its acceptance as a
solution of an equation. Observations, in particular at the start of the ninth-grade ex-
periments, indicate that some students suffered from the lack of closure obstacle that
hinders this acceptance (see Sections 3.4 and 9.2.2). These students thought the for-
mula or the expression had no sense aslong as it contained operators that could not
be worked out as no numerical values were substituted.

However, as the experiments proceeded, the students got used to seeing aformulaor
expression as ameaningful object that could represent the solution of an equation or
that could be processed further by other procedures such as substitution. For exam-
ple, when the teacher asked the students to rewrite the lens formula
1/f = 1/v+ 1/b into something that started with b =, one of them replied: * Solve
givesb = f-v/(v—f)’. He perceived this formula as a full-fledged solution.

In the next fragment, Misha anticipated the fact that the result of a solve procedure
would be aformulathat could be processed further. He showed an object view of the
formula as well as a sense of the overall problem-solving strategy:

Misha: You can solve these to each other, with solve, and then
have x calculated, and if you then solve the formula that
you get thisway to zero, X, (...) then you get a formula
with anainit, and if you solve that ...

(G10-11-3/25, assignment 8.6)

Substitution of expressions was a means to stress their object character and seemed
to support reification. For example, Misha solved the equation 1/4-s?2—a2 = p
with respect to a. The T1-89 provided two solutions for a, a = (4/s2—4p)/2 and
a = «(4/s?2—4p)/2, and added the condition s —4p > 0. Although Mishadid not
understand this condition, he felt confident to use the object for substitution: ‘It may
look threatening, but if you substitute thisin that, in the formula, then it should give
asolution, shouldn't it? Substitution is addressed in more detail in Section 10.3.
Many observations show a progressive reification of formulas and expressions by
means of the language the students used. In particularly, nouns and descriptions such
as ‘that thing’ were regularly used and interpreted by us asindicators of reification.
For example, the square root part of the expresson b = 1/2-s+ %A/s2 —4p was
described by one of the students as ‘ that square root thing’.

Contrary to the previous section, in which we stated that the complexity of the for-
mulamight inhibit the understanding, the data suggest that the complexity of thefor-
mulas may stimulate reification: in acomplex formulathereis more need to see parts
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as entities than there is in a simple one, as the complete formula cannot be over-
viewed.

All together, the data provide evidence that the work in the computer algebra envi-
ronment fostered the perception of formulas and expressions as objects that can rep-
resent solutions of equations, that can be substituted into other formulas or processed
further in another way. The lack of closure obstacle, although sometimes persistent,
in most cases was overcome. The impression is that complicated (though not too
complicated) expressions and formulas invite an object view, because they are oth-
erwise too difficult to overview.

¢ Symbols and notations

The third aspect of understanding the structure and meaning of formulas that
emerged from the data has atechnical and linguistic character. It concerns the use of
symbols and notations. The conventions of the T1-89 machine do not always agree
with the paper-and-pencil conventions. This caused difficulties that became mani-
fest when students entered formulas in the CAs or copied CAs results into their note-
book.

As afirst comment we note that informal notations cannot be used as easily in the
CAS asin the paper-and-pencil environment. For example, to describe the pattern in
the expansion of (x + ¢ - y)2 (see Fig. 6.6) some students suggested using * ? to de-
note the parameter. This cannot be done in the cAs environment.

A number of observationson theissues of notation and symbols concern the entering
of formulas and expressions. Students had difficulties with some of the TI1-89 set-
tings or conventions. For instance, the machine in default setting requires multipli-
cation signs to be entered between two literal symbols. Two students entered
X— %lxz as x—1/ax?, which was interpreted by the machine as x — —15 , because
ax was seen as one variable, @9

The unidimensiona line editor for entering formulas into the TI-89 might explain
these difficulties. However, while working in TI-Interactive — a software environ-
ment that provides bidimensional ‘pretty print’ entering and editing of formulas —
the problem was not solved. For example, one of the students wanted to enter
Ja2—x2 but instead got /a2~ ¥ Referri ng to the square root sign she comment-
ed: ‘Look, now it does make that thing longer.” Apparently, the linear entering that
the T1-89 requires was not the only cause of the difficulty; also symbol sense was
involved. We will revisit the issue of entering formulasin Section 10.5.3.

Students encountered difficultieswith symbol s and notations not only while entering
expressionsinto the T1-89, but also while copying CAs results into the hand-written
notebook. As an example of this we look at the equation 31—x = /625 —x2,
which appeared in one of the assignments. To enter the equation, the square root ar-
gument needsto be entered inside parentheses. The output screen of the T1-89, how-
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ever, showsalong square root sign (see upper part of Fig. 9.6). In her notebook, Bar-
bara first wrote a short square root sign, which raises the question whether she un-
derstood the structure of the formula (see lower part of Fig. 9.6). While referring to
the solve command, on the other hand, she gave the square root sign the appropriate
length.

Fir] Fe= [F3~] Fi=] FE Far
Tools|A1dcbrajCalc|Other |FrAmIOjClzan Up

u 501ue[31 - =JE~25 - ><2, x]

*x=24 or m=7
Soluet3]—w=lCE25—x™20, wd
MAIN FAD ERACT ___ FUNC 1750

la \/:31-33 en Y= 4 b2~

ARy ~2x*
5@ de eenmachine - Y= -ae\\l V_ba*;
Dot Cula eek. -2"7)
Noas-& =22 (eb-X=21-=, )

Figure 9.6 The length of the square root sign

The different notations may confuse to the students. However, some of them under-
stood the cAs conventions quite well. For example, Rob entered
y;(X) = sin(x)-ala = {1,3,5,9,-1,-3,-5,-9} in order to obtain a sheaf of
graphs. The teacher addressed the parentheses: ‘ Does it matter if you put the bracket
behind the x or behind the a? Rob replied: ‘Yes, | think so, otherwise it takes the
sineof xtimesa.’

All together, the data show that students had difficulties with the symbols and nota-
tions of the cAs. Evidence for this appeared when entering formulas and expressions
into the cas and when writing down results from the cas by hand. The unidimen-
sional editor of the TI-89 is not the only cause of this; also a general lack of experi-
ence with formulas and symbol sense plays arole, as do the differences between the
CAS environment and the traditional paper-and-pencil use. These issues are revisited
in Sections 10.5 and 10.6 on obstacles for instrumentation of cAs and the relation
between cAs use and paper-and-pencil use.

Exemplary development of one of the students

In this section we confine ourselves to one long observation (protocol G9-11-5/11)
of Maria as she tried to substitute a parameter value in a formula by hand. The ob-
servation reveals how she struggled to understand the structure of the formula, and
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to perceive parts of it as entities. Moments of insight alternated with moments of
frustration. We will interrupt the fragment for some comments.

The dialogue took place after Maria had made a ‘ cartoon sequence’ of graphs of
y = x+a- 4/x2+ 1 for various values of a (assignment 3.1, Section 7.3). The ‘ car-
toon sequence’ showed curved graphs, but one of them was linear, namely the case
a = 0. The observer then came in and asked for an explanation of the straight line.

Observer: For a=0you have a straight line. Can you seethisin the

formula, too?
Maria: Ehm, no.
Observer: That's a pity.
Maria: Yeah, but with the calculator, | think it is much more

clumsy, because normally | understand it very well, but
suchaformula, | don't seemuchinitif | just enter itinto
the calculator and it draws the graph.

Observer: Andif you just look at it, without calculator, you take x,
add a times the square root of X2 plus 1, what happens

thenif a= 0?
Maria: WEll then it gets straight but | really don’'t know why, no
idea.

Apparently, Maria had not thought about understanding the straight line from the
formula. Furthermore, she indicated that the use of the cAs calculator did not help
her to understand.

Observer: What happens with a times the square root of a equals

zero?
Maria: Ehm, well then the square root will be zero as well?
Observer: Yeah, so what will beleft of the formula in fact?
Maria:  xplusatimesx?plusd, isn't it?

The observer initially thought Maria' s explanation was right, but the last line indi-
cates that sheis not.

Observer: But a was zero, remember?

Maria: Yes.
Observer: Andinthiscase...
Maria: Let’'s look, well then ... Well the square root is then zero

and the square, yes zero sguaresis also zero, so in fact,
then | think this complete part is skipped, or isn't it?
Observer:  And what will remain?

Maria: Ehm, x plusatimes ... plus 1 or something?

Observer: No x isn't zero but a equals zero, doesn't it?

Maria: ... Oyeah ... Well then, then | think the square root is
dropped.
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Observer: Yes.

Maria; And the rest remains.
Observer: Yes, and what is the rest then?
Maria: Well x + atimesx2 +1, .., or not?

Surprisingly, when Maria said that the square root is dropped, she thought the ex-
pression below would remain. The square root seems to be a separated sign to her
that isindependent from its arguments. Or was she getting confused by the observer,
who was guiding the discussion too much?

Observer: But awas zero?

Maria: Oh, then itis, ehm, x + X2 +1

Observer: No, because, ehm, it says, for this a you should read a
zero in this case.

Maria: Mmm...

Observer: If a= 0, then you get x + 0 times, a whole part.
Maria: Yes.

Observer: But how much is zero times a whole part?
Maria: Zero.

Observer: Yes. So what will be dropped?

Maria: In fact the complete last part?

Observer: Yes

Maria: Oh.

Observer: So what will remain?

Maria: X+ a?

Her answer indicated that she did not cancel the a, although strictly speaking sheis
right,asa=0.

Observer: No, because a = 0, yes, s0
Maria: X.

Observer: Yes. Are you guessing now or ...?
Maria: No, | really think so.

Observer: OK, | also really think so.
Maria: Thenitisonly x.

Here we are finally. This fragment shows the relevance of symbol sense and of the
ability to view part of the formula as an entity, as was described by Arcavi and
Wenger (Arcavi, 1994; Wenger, 1987).

Conclusions on computer algebra use and the concept of parameter

In the final section of this chapter we first summarize and discuss the results con-
cerning the contribution of computer algebra use to the understanding of the concept
of parameter. Then we reflect on the role of the theoretical framework that was de-
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scribed in Chapters 3 and 4. We conclude with the formul ation of some consequenc-
esfor teaching.

Summary and discussion
The central question in this chapter isthe first research subquestion:

How can the use of computer algebra contribute to a higher level
understanding of the concept of parameter?

Thishigher level understanding was defined asthe extension of the placeholder view
of the parameter towards insight into the higher parameter roles of changing quanti-
ty, generalizer and unknown. We now summarize the results of the study by follow-
ing theline placeholder - changing quantity - generalizer - unknown. Then we reflect
on these findings by considering the role of realistic contexts, symbol sense and the
character of computer algebratools.

For the parameter as placeholder, the resultsfrom the study indicate that the students
didinitially indeed perceive the parameter as a placeholder for numerical values. In
some cases this view was persistent and, in combination with the lack of closure ob-
stacle, hindered the transition to the parameter roles of changing quantity and gen-
eralizer. The use of computer algebra allowed for substituting different numerical
valuesfor the parameter. This offered opportunities for extending the concept of pa-
rameter with the higher parameter roles. Understanding the exemplaric character of
the numerical parameter value was a first step in this direction. Graphing two-di-
mensional graphs required substituting numerical valuesfor the parameter, so in that
case the placeholder view was appropriate.

For the parameter as changing quantity, the results indicate that varying and replac-
ing parameter valuesin the computer algebraenvironment and using aslider tool in-
deed fostered the transition from the parameter as placeholder to the parameter as
changing quantity. Students understood that the changing parameter affected the
complete graph. In that sense, computer algebra use contributed to ahigher level un-
derstanding of the concept of parameter, although the availability of the dlider tool
is not specifically a computer algebra feature. Subject to adequate problem situa
tions, examining the sliding graph led to the discovery of graphical properties that
invited algebraic verification and generdization. In this way, the parameter as
changing quantity anticipated on the parameter as generalizer and as unknown.
Therefore, addressing the changing quantity before the generalizer, aswe did in G9-
Il and G10-11, seemed to be the best learning trajectory. Asacomment on these pos-
itive results, we observed the risk of superficial examination of the effect of the lid-
ing parameter on graph and formula. Furthermore, the changing quantity view of pa-
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rameter became so dominating for some students that the development of other pa-
rameter roles seemed to be hindered.

For the parameter as generalizer, the results were mixed. The computer algebra en-
vironment allowed for easy repetition of procedures for different values of the pa-
rameter and thereby generated examplesthat were the source for generalization. Fur-
thermore, it allowed for ageneral algebraic approach to aclassof problem situations.
In thisway the students experienced how the parameter as generalizer unified aclass
of situations, formulas and solutions. Thisis seen asthe start of ahigher level under-
standing of the concept of parameter. Mani pulating parametric expressions and for-
mulas in the computer algebra environment also fostered their reification: it helped
the students to accept formulas as solutions and to overcome the lack of closure ob-
stacle. However, there were important limitations. First, the students sometimes did
not feel the need for generalization. Second, the starting point for generalising by
means of parameters is primarily a mental step that was a difficult one for the stu-
dents. Third, students found it difficult to understand the general results. In some
cases, the examples generated by the cas led to superficial pattern recognition and
not to meaningful generalization. Fourth, the generalization led to formulas that
were sometimes too complex for the students to see through. Finally, the generali-
zation was hindered by the too complex instrumentation scheme that we proposed in
G9-1 and G9-11; this was improved in G10-11. All together, we noticed cAs &f-
fordances for the insight into the parameter as generalizer, but for different reasons
they fostered the improvement of the understanding only to alimited extent.

For the parameter as unknown, the results were once more mixed. The flexibility of
the cAs concerning the meaning and the roles of literal symbols forced the students
to be more conscious of the | etter roles and allowed for aflexible use of literal sym-
bols, such asrenaming variables and parametersfor practical purposes. The CAS pos-
sibility to solve equations with respect to any unknown stimulated the students’ flex-
ibility and fostered the change of roles and hierarchy when the parameter acted as
unknown. The approach of selecting parameter values from the general case that ful-
filled an extra condition provided a natural transition from the parameter as general-
izer towards the parameter as unknown. Addressing the parameter as unknown after
the parameter as generalizer, therefore, seems to be the appropriate order. In simple
cases that students could grasp, the role of the parameter as unknown was often un-
derstood well. However, in more complex situations students had difficulties keep-
ing track of the overall problem-solving strategy and distinguishing the different
roles and meanings of the variables and parameters, especially when these changed
during the solution process. We argue that thisis caused by the change in the hier-
archy between variable and parameter. The higher level understanding therefore pri-
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marily concerned the flexibility with literal symbols and the awareness of the roles
of the variables and parametersinvolved. In complex situations the tasks were often
not brought to a satisfying end.

We conclude that computer algebra use contributed to insight into the parameter as
placeholder and as changing quantity, but that the higher level understanding of the
parameter as generalizer and unknown was only achieved to a limited extent. What
factors inhibited better results for the parameter roles of generalizer and unknown?
The observations suggest that the following factors played arole: the limited impor-
tance of realistic problem situationsin the instructional activities, the students' lack
of symbol sense, and the character of the cas. Furthermore, we conjecture that the
role of the teacher, the student population and the separation of the parameter roles
may aso have played arole. We will now address each of these factors.

The limited importance of realistic problem situations in the instructional activities
seemed to hinder meaningful generalization. For students of this age and level, a
mathematical framework that allowed for reasoning with formulas and expressions
had not yet been developed. Therefore, the students appreciated starting with con-
crete problem situations that they could imagine, that they found motivating and in
which the formulas and the parameter were meaningful to them. Just using acasdid
not replace this need for meaningful contexts. In terms of Gravemeijer’s four-level
structure (Section 3.6), we conclude that a referential model is needed before the
general can be addressed. We attribute the improved results of the G10-11 teaching
experiment to the increased attention to realistic problem situations. Meanwhile, the
concrete starting points did not hinder the generalization and abstraction beyond the
specific situation. Using the cAs fostered the devel opment of the targeted mathemat-
ical framework. For example, the work in the computer al gebra environment stimu-
lated the object view of formulas as mathematical objects that could represent solu-
tions. These findings link up well with the ideas on emergent modelling and mathe-
matization within RME and with theories on symbolizing.

A second factor that explains the modest results on the understanding of the param-
eter as generalizer and unknown, is the students' lack of symbol sense. We defined
symbol sense asinsight into the meaning and structure of formulas and expressions.
The use of parametersled to more complicated formulas than those the studentswere
used to, and the cAs capacities did not limit the complexity of formulas in the way
that paper and pencil does. However, we recommend a carefully designed increase
of this complexity, to prevent students from working with meaningless formulasin
which they do not see the structure. Working with parametric formulas in the com-
puter algebra environment was hindered in some cases by alack of symbol sense; on
the other hand, finding general solutions and substituting expressions fostered the
development of symbol sense as well. For example, the cAs output, algebraic or
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graphical, invited a closer inspection of the formulas and expressions involved. Fur-
thermore, we already mentioned that the reification of formulas and expressionswas
stimulated by the use of parameters in the computer algebra environment. The use
of symbols and notations turned out to be complicated by incongruence between no-
tations of the computer algebratool in use and paper-and-pencil conventions.
Thethird factor that explains the modest results on the understanding of the param-
eter as generalizer and unknown isthe character of the cas. Although the affordanc-
es of computer algebra use for the parameter |earning trajectory met the expectations
that were stated in Section 5.5, the character of the cas was not completely appro-
priatefor the students of the ninth and tenth grade classesin our study. The top-down
and formal character of computer algebrawith its sometimesidiosyncratic language
and notation did not fit very well with the informal mathematical background of the
students, who had not developed an abstract framework of mathematical relations.
Therefore, computer algebra use did not replace the realistic and concrete problem
situations for them. Our ambitions to address such a difficult topic as generalization
directly without embedding it in the referential level were simply too high with stu-
dents of this age and level in such a short period.

Fourth, although we speak about the affordances of computer algebra, we should no-
tice that the cas environment on its own does not constitute the educational setting.
Factors such as the hypothetical learning trajectory, the didactic embedding, the in-
structional activities and the orchestration of the CAS use by the teacher strongly in-
fluenced the results of the study, which might have been different had other factors
been involved in a different way. Particularly, we conjecture that more and deeper
whole-class discussions, directed by ateacher who raises questions and stresses cen-
tral issues, might have led to better results, as well as instructional activities that
showed a more gradual increase in complexity.

Fifth, it must be remembered that the two cohorts of students that took part in this
study were considered as weak cohorts by their teachers. Evidence for thisisthe low
student participation in the exact stream in eleventh and twelfth grade.

Finally, although we structured the HLT along the lines of the parameter rolesthat we
distinguished in the conceptual analysis, we should note that our experiences in
G10-11 suggest that it is good to mix up the different roles more than we did. For ex-
ample, addressing the parameter as generalizer and as unknown after investigating
the sliding parameter can be natural, and may help the student to acquire amore in-
tegrated view of the concept of parameter.

Reflection on the theoretical framework

The elements of the theoretical framework that are relevant to the first research sub-
question are the level theories, the concept of the hypothetical learning trgjectory,
the instruction theory of RME, the process-object duality and the ideas on symbol
sense. How do the findings of this chapter link up with these theoretical elements?
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We will briefly address them one by one.

The level theories that were discussed in Section 4.5 played arole in the definition
of the higher level understanding in the research subquestion. We identified the
placeholder view of the parameter as the lower level, and the other parameter roles
as the higher levels of understanding the concept of parameter. The Van Hiele idea
of somewhat discrete levels was useful for designing the learning trgjectory. Grave-
meijer’ sfour-level structure as well as the dichotomy model-of and model-for were
helpful for making explicit our goal of going from thereferential to the general level,
and for understanding why the original approach of directly aiming at the general
level did not work out well.

The concept of the hypothetical learning trajectory was used as a means to capture
the development within each research cycle and throughout the consecutive cycles.
The method of identifying key items and their expected outcomes beforehand was
essential for making explicit the goals of the teaching experiment and for keeping
track of the links between theory and practice, between thought experiment, teach-
ing experiment and reflection. The HLT approach in fact was a concrete means to
work out the design research methodology.

The instruction theory of Realistic Mathematics Education was used particularly
while reflecting on the relation between concrete and abstract and on using real-life
contexts versus using mathematics and computer algebra as a context. The notions
of model-of/model-for, of levels of referential and general activity, and of horizontal
and vertical mathematization provided insight into the processes of generalization
and abstraction, and the intertwinement of the horizontal and the vertical compo-
nents.

The process-object duality was embodied in the need to reify algebraic formulas and
expressions, and to overcome the lack of closure obstacle generated by the mathe-
matical topic — the concept of parameter — and by the computer algebra tool. The
duality proved to be useful for analysing students’ difficultiesand for identifying the
process view that students often had of ‘ doing mathematics'. The reification of for-
mulas and expressions could be analysed thanks to the framework.

The notions on symbol sense had to be specified for the purpose of this study. Be-
sides the aforementioned reification of expressions and formulas, it includesthein-
sight into the meaning and the structure of formulas and expressions and the use of
symbols and notations within the computer algebra environment. This notion was
helpful to focus the attention on insight into formulas and its relation with the devel -
opment of the concept of parameter.

The role of the teacher and consequences for teaching

What was the role of the teacher in the development of the concept of parameter?
The teacher plays an important role in establishing the socio-mathematical horms
and the didactical contract (Brousseau, 1997). He or sheisthe students’ main source
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of feedback and can stimulate reflection on the work by raising issues, making sug-
gestions and instigating whole-class discussions. For instance, such suggestions as
to try different values for the parameter, to explain graphical features by algebraic
means, and to solve problems in genera turned out to be essential in the learning
process. Whole-class discussions on different views of the parameter, which ensured
collective conceptua development, might have been fruitful, but were held effec-
tively only to alimited extent. Stressing the key issuesin the learning tragjectory was
another aspect of therole of the teacher that was not fully realized, probably because
of alack of insight into the researcher’s goals and aims. Therefore, we recommend
paying more attention to communication between the researcher and the teachers, so
that the teachers have more clear guidelines on what questionsto ask and what issues
to raisein discussions with their students.

The results presented in this chapter suggest some pedagogic consequences for the
teaching of the concept of parameter. From various places throughout the chapter,
we distil the following suggestions:

» For the parameter as changing quantity, activities should be designed that elicit
acloser look at specific graphical features that can be understood algebraically,
and in which the parameter is meaningful to the students. These activities should
also address the parameter as generalizer and as unknown, to prevent the sliding
parameter from becoming the dominant parameter view. In order to avoid the
perception of a diding parameter having integer values, we recommend includ-
ing fractional parameter values and using a continuous slider tool.

« For the parameter as generalizer, meaningful problem contexts should be used
in which generalization contributes to insight into the situation, so that just sum-
marizing the specific cases is not the only motive. To foster the process of gen-
eralization, the use of meaningful contexts with parameters that play arecogniz-
able role is recommended. These contexts should allow for jumping back and
forth between concrete and general. In order to avoid empirical abstraction that
comes down to pattern recognition, it is suggested that explanations of the regu-
larities be required and that students have the means to understand the patterns
they find.

» For the parameter as unknown, the problem situation should naturally generate
the question which parameter value fulfils a condition, and bring about the shift
of roles that this parameter role requires. In general, we recommend stimulating
a flexible use of variable and parameter roles. The computer algebra environ-
ment can reinforce this. Reviewing the solution strategy after it iscompleted, and
considering the changes of the roles of the variables and parameters involved,
can be an effective means to improve this flexibility.

» Insight into the concept of parameter is related to insight into the meaning and
structure of formulas. Therefore, we recommend using formulas that emerge in
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a meaningful way from problem situations. For the development of symbol
sense, entering formulasinto the CAS and interpreting the output may be ameans
of studying the structure of the formula. Manipulating formulas can be used to
develop afeeling for equivaent forms. For the reification of formulas and ex-
pressions, we suggest having expressions appear as solutions of parametric equa-
tions that need to be processed further, for example by substitution.
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10.1

Results concerning the instrumentation of computer algebra

Introduction

In Chapters 6, 7 and 8 the devel opment of the hypothetical |earning trajectory for the
concept of parameter and the global experiences in the teaching experiments were
sketched throughout the research cycles. The observationsin these chapters indicat-
ed that students often encounter difficulties while working with the computer alge-
bra machine, and that these difficulties can be considered as instrumentation issues
that include conceptual and technical aspects.

Now that the first research subquestion on the concept of parameter has been dealt
(Chapter 9), the present chapter addresses the instrumentation of computer algebra,
and deal s with the second research subquestion:

What istherelation between instrumented techniquesin the computer
algebra environment and mathematical concepts, asit is established
during the instrumentation process?

In Section 5.6 we described how the process of instrumental genesisleadsto the de-
velopment of simple instrumentation schemes that are the building blocks for com-
posed instrumentation schemes. By devel oping such schemes, the tool gradually be-
comes part of an instrument that integrates the physical tool and the accompanying
mental schemes for types of tasks. In this study, we restrict the instrumentation to
algebra-related techniques, so to guarantee the coherence with the research question
on the concept of parameter.

The theory of instrumentation guides the content of this chapter. First, we discuss
two simple instrumentation schemes:. the solve scheme, which influences the con-
ceptua understanding of the parameter as unknown (10.2), and the scheme for sub-
stitution of algebraic expressions, which affects the reification of algebraic expres-
sionsand formulas (10.3). Then we present a composed instrumentation scheme that
integrates both simple schemes: the isolate-substitute-solve (1SS) scheme (10.4). In
the teaching experiments, this scheme was an obstacle to devel oping insight into the
parameter as generalizer.

Section 10.5 describes obstacles that hindered the instrumental genesis, but at the
same time offered opportunities for teaching and learning. Then we consider the re-
lation between instrumented computer algebra techniques and the ‘traditional’ pa-
per-and-pencil techniques the student is familiar with (10.6). Because the collective
instrumentation in the classroom is guided by the teacher, we consider the orches-
tration of instrumentation by the teacher in Section 10.7. Finally, Section 10.8 isthe
synthesis of the chapter.
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The solve instrumentation scheme

Description of the solve instrumentation scheme

The solve scheme is an example of a simple instrumentation scheme. We chose to
analysethis schemein depth because of itsrelation with the devel opment of the con-
cept of parameter — in particular with the parameter as unknown — and because of
the difficulties that were encountered in the instrumental genesis.

The syntax of the solve command on the TI-89 is solve(equation, unknown). Fig.
10.1 shows how the equation a- x+b = 5 can be solved with respect to different
unknowns.

Fi-| Fe= |F3=]| Fi=| FE Fi-
Toaols(AT13¢bra|CalcjOther |FFImi0jClean Ur

L] S-D].'-.-'E"l:a'}{ + b= 5, K:l
-l:l: 5:]
= a

Bzoluela-x+b=5,0]
b=53-a-x

MAIN EAD AUTO FUMC L]

Figure 10.1 Solving on the TI-89

What does instrumentation of the solve command mean? The instrumentation
scheme for solve contains the following elements:

1 Knowing that solving an equation is a step towards solving the problem at stake,
and that it can be used to ‘isolate’ one of the variablesin particular;
Remembering the T1-89 syntax of the solve command;

Knowing the difference between an expression and an equation;

Realizing that an equation is solved with respect to an unknown;

Being able to type in the solve command correctly on the T1-89;

Being ableto interpret the result, particularly when it is an expression, and to re-
late it to graphical representations.

Thislist of elementsis not intended to suggest alogical order; the order in which the
student needs each element may vary. We do notice that some of the elements have
aprimarily technical character (elements 2 and 5) whereas the others have a mainly
conceptual character.

o U WN

Conclusions on the solve instrumentation scheme

We conclude from this study that despite the elementary character of the solve
scheme, its application generated many errors that turned out to be quite persistent
throughout the teaching experiments. Even if the instrumentation of the scheme on
itsown seemed to bein order, theintegration of the scheme into acomposed scheme
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and its application in situations with complex formulas remained difficult.

The three main aspects of the instrumentation that we identified concern the syntax
of solve, the extension of the meaning of solve, and the graphical meaning of an al-
gebraic solution.

Concerning the syntax of the solve command (elements 2 and 5 in the list), students
often forgot to specify the unknown with respect to which the equation is solved.
Overcoming this instrumentation problem requires the insight that an equation al-
waysis solved with respect to an unknown, and that the cas cannot know which lit-
eral symbol isthe unknown in the case of more variables. A second syntactic diffi-
culty concerned entering an expression rather than an equation, especially when the
equation ended with ‘=0’. Thethird syntactic mistake wasto forget theword ‘ solve'.
Thismay haveto do with alack of insight into the difference between solve and sim-
plify. Although the syntactic difficulties are primarily technical and were overcome
in simple applications, they have a conceptual side aswell (elements 3 and 4).

The second category concerns the need to extend the meaning of solve in two ways
(elements 1 and 6). First, students needed to realize that expressing one variable in
terms of othersisalso away to solve an equation. Aslong asthey did not understand
solve in this way, they did not think of using it for this purpose. The result of such
an isolation is an expression. Therefore, the second conceptual extension is the no-
tion that a solution of an equation can be an expression and not only anumerical val-
ue. Thisrequires reification of expressions and overcoming the lack of closure ob-
stacle. This aspect of the instrumentation of solve was successful.

The third category concerns the graphical meaning of an algebraic solution (ele-
ments 1 and 6). The data suggest that students appreciated the graphical-numerical
approach more than the algebraic, and did not connect the two approaches by them-
selves. When the teacher stressed that relationship, graphical properties could en-
courage solving algebraically and giving meaning to algebraic solutions. This was
difficult for the students.

Overview of the results

Theinstrumentation of the solve command was a specific focusin the analysis of the
data. Asdistinct from the method for the parameter roles that was described in Sec-
tions 9.3 - 9.5, we did not identify key items beforehand becauseit is hard to foresee
the appearance of instrumentation matters. Instead, a free coding approach was fol-
lowed to identify episodes that involved the instrumentation of solve. By doing so,
all observations concerning thisissue were gathered.

The results of this first round of analysis indicate that the instrumentation of the
solve command required much effort. Furthermore, the difficulties that the students
encountered while using solve were quite persistent throughout the teaching exper-
iments. Finally, theinstrumentation of the solve command interfered with theinsight
into the parameter as unknown.
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Further analysis and categorization of these data revealed three issues that were rel-
evant in the instrumental genesis of the solve scheme:

a The syntax of the solve command;

b The extension of the meaning of solve;

¢ The graphical meaning of an algebraic solution.

Point a stresses the technical part of the scheme, whereas pointsb and ¢ have amore
conceptual character. A second round of coding categorized the instances of solve
into one of these three. There were a so observationsthat did not fit into one of these
three aspects, but their number was limited. Below, we elaborate on each of these
issues.

a The syntax of the solve command

The mastering of the apparently simple syntax of the solve command on the T1-89
was an aspect of the instrumentation that required the students' attention (elements
2and5inthelist). Errors were made and reappeared later in the teaching sequences.
The most frequent errors were: no specification of the unknown, the solving of an
expression rather than an equation, and no solve command.

— No specification of the unknown
The most frequent syntactic error with the solve command was forgetting to
specify the unknown with respect to which the equation should be solved.
For example, students entered solve(a-x+b =5) rather than
solve(a-x+b = 5, xX). They were not used to being explicit about the un-
known, and often did not realize that in the case of more variables or parameters
in the equation, the cAs could not know which one was meant to be solved.
However, as some of the students noticed correctly, the specification of the un-
known that the TI-89 requires is superfluous if the equation contains only one
variable, such as x* = 3. For practical reasons, the computer algebra algorithm
does not distinguish between cases with one or more variables, so the specifica-
tion of the unknown needs to be done in both cases. Thiswas confusing for some
students, who felt it was not necessary to add ‘ commax’ for x2 = 3, One of them
did not add the ‘comma x’, got the error message ‘too few arguments' and com-
mented: ‘But here you say already that it should do the X, by putting the x be-
tween the parentheses.’
On the issue of adding ‘comma unknown’, we see that technical and conceptual
aspects come together. The need to specify the unknown in the syntax of solve
led to the students' growing awareness that equations are always solved with re-
spect to an unknown (element 4). On the other hand, as soon as a student realized
that, the need for this specification was understood, particularly in cases with
more than one literal symbol, and this specification was no longer forgotten so
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often.

— Solving an expression rather than an equation

Sometimes students entered an expression rather than an equation to be solved
(element 3). This seems to be a mistake with no serious conceptual component;
rather, students simply forgot one side of the equation, in particular when the
right-hand side was ‘=0'.

The next protocol concerns the traffic flow problem (Appendix E). Adawanted
to solve the equation y,(x) = h to calculate the coordinates of the intersection
points of the graph of y, and the horizontal line at height h. She first entered an
expression rather than the equation and then solved with respect to the wrong un-
known. This happened at the end of the G10-11 teaching experiment, so it was not
due to unfamiliarity with the machine.

Ada first tries solve(y1(x),x) which gives an error message asthefirst
argument is not an equation.

Ada: Thenit isjust like this [ solve(y1(X), X)]

Observer:  No, because you' re going to intersect it with a horizontal
line at height h.

Ada: So=y?

Observer: WEll, y, | would prefer to use h.

Ada: So this[y1(x)], comma h.

Observer: No, comma x.

Ada: Oh yes, intersection point.

(G10-11-5/15, assignment E3)

— No solve command
A third common mistake, though less frequent than the two previous ones, was
the omission of the word * solve'. The conceptual aspect of this mistake probably
is the confusion between solving and simplifying. The automatic simplification
of the TI-89 — for example, entering 3x + 5x immediately yields 8x — may have
led the students to also expect automatic solving after entering an equation. The
next protocol shows an example of this confusion. Fred wanted to simplify 0.5*
a® - 0.5* b2 He used solve but did not enter an equation, or specify an unknown.

Fred enters solve(0.5* a® —0.5* b?), which gives an error message.
Observer: What do you want to do really?

Fred: | want to solve this one and look what...
Observer: What do you mean by solving?
Fred: Yeah, simplifying or so, but that's not possible.

(G9-11-6/34, assignment 6.7)

Apart from these three most important errors, other syntactic difficulties with the
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solve command were observed incidentally, such as the simultaneous solving of
eguations or using more than one unknown. Overall, the syntactic difficulties with
the solve command became less frequent as the teaching experiments advanced,
which suggests a progressive instrumental genesis. However, when situations be-
came more complex or when the solve scheme was integrated into a composed
scheme, the ‘old’ errors showed up again.

b The extension of the meaning of solve

An appropriate application of the solve instrumentation scheme required extending
the meaning of solve, which at that stage meant to the students calculating the nu-
merical value of the unknown. This extension concerned two aspects that appeared
while solving equations with more than one variable. Thefirst isthe notion that solv-
ing an equation with more than one variable meant ‘ expressing one variablein terms
of the other’ or, asitiscalled in the teaching materials, ‘isolating one variable’. The
second is the notion that the solution of an equation could be an expression rather
than anumerical value. The lack of insight into these issues could result in syntactic
errors such as the ones mentioned above. We elaborate on these two issues below.

— Solveto express one variable in the others

Many students were unfamiliar with the idea that solve can be used to express
onevariableintermsof the others, viz. to ‘isolate’ one variable by means of solv-
ing (element 1 inthelist). Asaresult, students sometimes solved with respect to
the wrong unknown. A language aspect is involved here: some students misun-
derstood ‘expressx iny’ as ‘solve with respect toy.” The following observation
illustrates this. The task was to express the zeros of the parabola with equation
y =x2+b-x+1inh.

Maria: So you do =0soto say, and then ‘commab’, because you
have to solve it with respect to b.

Observer: W, no.

Maria: You had to expressin b?

(G9-11-4/16, assignment 9.2)

Not all students had difficulties with the isolation view of solving. An adequate
explanation was given by Jerome, who described ‘isolating a letter’ as ‘taking
apart aletter that you are going to use next to find out what that letter is', thus as
an intermediate step in the problem-solving process. Apparently, some further
steps are required after solving.

The last line of the next fragment shows how one of the students, Mart, reacted
to aquestion from the teacher by realizing that in an equation with more than one
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variable, one can choose which variable isisolated. This indicates an extended
concept of the solve procedure. As aresult, he did not forget to specify the un-
known in the syntax of solve.

The teacher writes down on the blackboard: ap+q = 5
Teacher:  Can you solve this equation mentally?
Sudent: ap+gq-5=0

Teacher:  And then?

Mart: Which things do you have to know?
(G10-11-12/15, assignment 1.6 - 1.8)

Solutions can be expressions

The students are used to equations having numerical solutions. The solving of
parametric equations yields algebraic expressions as solutions, and the students
had to include that in their concept of solving (element 6).

The next fragment shows how solving a simple equation suchasa-x+b = 5

with respect to different variables prepared for this extension. Marg successfully
solved this equation with respect to x (assignment 3.13, Fig. 7.5) and b (3.14, Fig.
7.5). Despite the somewhat artificial situation, in which thereis no obvious need
to solve the equation, Marg accepted expressions as solutions that indicate * how
you haveto calculate’ the unknown. Her interpretation of the formula, therefore,
has a process character.

Observer:  You had that formula, a- x+b = 5 and now | suddenly
get x equals b minus 5 over a.

Marg: Yes, because, ook, because you had to cal culate X, so you
had to know what x was.

Observer:  And what isthen the difference, how is that for 14 [ solve
with respect to b] ?

Marg: WEll, in 14 you had to know what the b is, there you had
to know how you have to calculate b.

Observer: Yes. And if you would enter solve that ‘comma a’ ?

Marg: WEll then you get a= .. a story.

(G9-11-1/39, assignment 3.13 - 3.14)

In more complex situations students accepted expressions as solutions that could
be processed further by substitution or other procedures. Thisissueis related to
overcoming the lack of closure obstacle and to the reification of expressions and
formulas (see Section 9.7). Even students who initially suffered from the lack of
closure obstacle, after some time found it normal that the result of a parametric
equation was an expression. This aspect of the instrumentation was successful.
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¢ The graphical meaning of an algebraic solution

This point concerns perceiving the relation between algebra and graphical visualiza-
tion (elements 1 and 6). When assignments addressed the rel ation between algebraic
solutions and graphical properties, the students often were satisfied with the graph-
ical-numerical approach and only considered algebra after questions from the teach-
er. Apparently, most problem situations did not bring about the need to apply an al-
gebraic approach.

In the following dialogue the task was to find the value for the parameter ¢ so that
the distance between the zeros of the function f with f(x) = x2+ 2x+ ¢ is6. The
students did not look for an algebraic procedure, but found that for c~ -7, 25 the
zeros are (approximately) 2 and -4. After a question from the teacher, Thomas found
an algebraic way of verification. With the abc-formula he referred to the solution
formulafor the general quadratic equation a-x2+b-x+c = 0.

Kevin and Thomas found c=-7.25 by using the slider tool in the graph.

Observer: Areyou sure about that? Isit exactly 7.25? Does it
exactly hit the points 2 and -4?

Kevin: You can check that, but | don’'t know exactly how.

Thomas:  You can do that with the abc formula.

Observer: How?

Thomas.  If you use the abc formula, then a=1, b=2 and c=-7.25
and if that then givesthevalues-4 and 2 thenitreallyisit.

(G10-11-1/40, assignment 4.2)

Exemplary development of one of the students

In this section we follow the instrumental genesis of the solve instrumentation
scheme by Mariathroughout the G9-11 and G10-11 teaching experiments. The overall
impression gained from these observations is that the aforementioned instrumenta-
tion problems did indeed play arole, and were persistent: we observed an interplay
of conceptual and technical difficulties that reappeared in complex situations, after
successful use in easy cases had suggested an already completed instrumentation.
The first observation concerns solving the equation a- x + b = 5 with respect to x
(assignment 3.13) and b (3.14). Maria indicated that the isolated form
x = -(b-5)/a was easier than the original equation and the protocol in Section
7.4.3 shows that she understood that the unknown indicated after the commain the
solve command was isol ated.

Later in G9-11 Mariaisolated avariable mentally, but the next observation indicates
that she knew that this could be done with solve aswell. The extension of the mean-
ing of solve towardsisolation, therefore, seemed to be in order.

Observer:  Would you be able to do that step with the machine?
Would you be able to get from b* h=540to h="?
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Maria: Yes, just ‘comma h’, in solve.
(G9-11-9/2, assignment 9.4 - 9.5)

During the interview after G9-11 Maria showed she was able to solve the equation
a-x+b = ¢ with respect to x with paper-and-pencil. Shefirst asked if the task was
‘to get the x in front of the =" and then wrote down the formula (Fig. 10.2). The pa
rentheses around ¢ — b indicate that the structure of the formulawas clear to her: an
observation of what Wenger called the global substitution principle (Wenger, 1987).
An expression as a solution no longer surprised Maria.

OXL=c-o
X = (C-v):a

Figure 10.2 Maria s solution by hand

In G10-11 the situations became more complex and Maria had difficultiesin dealing
with that. For example, in the assignment on the traffic flow, the task was to make
one formula out of the following three: f = 100-v/(6-(l+a)),
a = 0,0075-v2 , | = 4. Maria exhibited erroneous, unsuccessful behaviour. She
first entered solve((100/4)/(6* (4+a)) without specification of the unknown. Then
she entered solve((100/4)/(6* (4+a), a), but the first argument was not an equation.
She changed the input into solve((100/4)/(6* (4+a)=y),a) after a helpful error mes-
sage. She then seemed to lose track of her problem-solving strategy. Other students,
who could follow her work by means of the view screen, made comments and Maria
pulled the view screen cable from her calculator.
Intheassignment onthelensformulal/f = 1/v+ 1/b Mariacalculated b correct-
ly for the case f = 5 and v = 15: solve(1/5 = (1/b)+(1/15), b). In the case that v was
not given, she was unsure which unknown she would solve to, but help from Ada
solved this problem. Maria accepted the solution to be an expression, and later ap-
plied solve to similar cases: solve(1/8 = (1/b)+1/v, b). She used some redundant pa-
rentheses, probably for ‘ saf ety reasons'.
At the end of the G10-11 teaching experiment Maria became frustrated by the errors
in the solve command, which she did not understand immediately. She aso seemed
to confuse solve and substitute, which indicates a mixing up of procedures.

Mariaenterssolve(a* X2+ b*x+c, X), which resultsinan error message
because she forgets the ‘=0'.

Maria: Why doesn't it give an answer? | don’t under stand it.
She changes her input to: solve(a* x2+b*x+¢ | x=x

That doesn't work either, but gives ‘error: memory’.

(G10-11-v6-59, assignment 9.1 - 9.2)
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Finaly, the earlier description in Section 9.5.3 indicates that Maria encountered
many difficultiesin applying the solve command and in keeping track of the roles of
the different letters and of the problem-solving strategy while working on the rest of
the assignment.

The substitute instrumentation scheme

Description of the substitute instrumentation scheme

The second simple instrumentation scheme that we consider is the substitution
scheme. It involvesthe substitution of numerical valuesfor variables and parameters
as well as the substitution of algebraic expressions. Like the solve scheme, the sub-
stitute scheme can be integrated into a composed instrumentation scheme. We chose
to analyse this simple instrumentation scheme in depth, because of its relation with
the development of the concept of parameter, and with the parameter as placehol der
and as generalizer in particular. The substitution of expressionsisimportant for the
generalization of problem-solving schemes. The reification of expressionsis a pre-
requisite for such operations; on the other hand, these operations may reinforce the
object character of expressions and formulas and thereby compl ete their reification.
The syntax of the substitution of algebraic expressions on the TI-89 is:

expressionl | variable = expression2

The first expression, expressionl, can be any algebraic form. The second,
expression2, has to be an expression in the limited sense of the word, viz. it cannot
contain the = sign. The variable can also be a parameter, and of course the substitu-
tion only makes senseif thisvariable appearsin expressionl. Fig. 10.3 shows an ex-
ample, together with a visualization by means of arrows.

Fiv| Fiw |[FEv| Fur | FE Fhv
Toals{n19ebralCalz|other|Fratainfcizan ue
By=235-h u=3-
mas=q P2

‘paste’ into h |2 =@

A | Ww=heme r*2
|M|7|IN EAD EACT __ FUMC EFEL]

Figure 10.3 Substituting on the T1-89

What does instrumentation of the solve command mean? The instrumentation

scheme for substitute contains the following elements:

1 Knowing that substituting is a step towards solving the problem at stake, and im-
agining the substitution asit is visualized in Fig. 10.3 in particul ar;

a=mn-r
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2 Remembering the TI1-89 syntax of the solve command and the meaning of the
vertical bar symbol in it;

3 Realizing which expressions play the roles of expressionl and expression2, and
considering expression2 as an object rather than a processin particular;

4 Being able to type in the substitute command correctly on the T1-89;

5 Being able to interpret the result, and particularly to accept the lack of closure
when the result is an expression.

Asfor the solve instrumentation scheme, thislist of elements does not suggest alog-

ical order; the order in which the student needs each element may vary. We notice

that some of the elements have a primarily technical character (elements 2 and 4)

whereas the others have a mainly conceptual character.

Conclusions on the substitute instrumentation scheme

We conclude from our data that the instrumental genesis of the substitution scheme
advanced during the teaching experiments. Three aspects of instrumentation
emerged from the data analysis: the substitution of numerical values, the syntax of
the substitution of expressions and the insight into the substitution of expressions.
For the substitution of numerical values, instrumentation was easy. The students un-
derstood what happened when a value was substituted. Thisisin line with the find-
ings on the parameter as placeholder (9.2). By-hand substitution of numerical values
in some cases was hard. This was a matter of algebraic skill and symbol sense.

For the syntax of the substitution of expressions we conclude that the notation
seemed to be natural (elements 2 and 4 in thelist). The procedure was transparent in
the sense that the students were able to verify the machine’ s output in simple cases.
However, afrequent error wasthe substitution of non-isolated forms (elements 1 and
3). Thismistake was persistent and seemsto be related to alimited understanding of
the substitution of expressions or to an overestimation of the cas potential.

For the insight into the substitution of expressions we conclude that the extension of
the concept of substitution towards the substitution of expressionswasindeed made.
Substitution seemed to foster the reification of the expressions (elements 3 and 5).
The meaning of the substitution bar was clear to most students, and they were able
to explain this. Giving the substitution bar a name (the ‘wherein bar’) was helpful.
The visualization by means of ovals supported the concept of substitution (element
1). What creates doubt, however, isthat the problem of the substitution of non-iso-
lated forms was not easily solved, and also appeared later in the teaching experi-
ments, particularly in combination with the solve command in a composed scheme.

Overview of the results

In the analysis of the data we followed a similar method as for the solve scheme. A
free coding approach was used to identify episodesthat involved theinstrumentation
of substitute. By doing so, al data concerning this issue were gathered and coded.
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Theresults of thisfirst round of analysisindicate that the instrumentation of the sub-
stitution involved unexpected aspects that the students found hard. Overall, howev-
er, the obstacles seemed to be overcome as long as substitution was not embedded
into a composed scheme; in more complex situations, the ‘old’ errors showed up
again.

Further analysis and categorization of these data reveal ed three issuesrelevant to the
instrumental genesis of the substitution scheme:

a The substitution of numerical values;

b The syntax of the substitution of expressions;

¢ Theinsight into the substitution of expressions.

Pointsb and c arerelated, asthey stressthetechnical and the conceptual part, respec-
tively, of the instrumentation scheme. A second round of coding categorized thein-
cidences on substitution into these categories. A small number of observations did
not fit into any of these three aspects. We now elaborate on each of these issues.

a The substitution of numerical values

The substitution of numerical values concerns replacing variables or parameters
with numbers. The students were familiar with this— at least for variables— and this
point provided hardly any conceptual difficulties. The substitution linked up with the
students' concept of variables and parameters as placeholders. On the TI-89, substi-
tution is done with the ‘wherein bar’. For example, 3y + 5)x = 2 substitutes 2 for
x. The following fragment contains an explanation by one of the students.

Observer: Do you know what that bar means?

Barbara: Ehm, yes, that you have to fill in behind what the letter
then stands for.

Observer:  And if you press enter then, what happens then with
what’sbehind the bar? For exampleif you substituted this
[pointsat 3x + 5| x=2], what doesit haveto do?

Barbara:  Fill in the number for the letter.

(G9-11-E2/3, assignment 3.22)

For the calculation of function values and for verification of a solution, usually the
students applied numerical substitution correctly. However, observations from the
G9-11 teaching experiment show that by-hand substitution in complicated formulas
was difficult. Maria s struggle to substitute a = 0 into x + a- /X2 + 1 isan exam-
ple of this (Section 9.7.3). This difficulty seemed to be caused by alack of symbol
sense rather than by alack of insight into numerical substitution. A more conceptual
error was made by a student who wanted to solve the equation X—5). (x+1) = 7
by hand by substituting 12 for the first instance of x and O for the second.

For drawing two-dimensional graphs of parametric functions, the substitution of nu-
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merical valuesfor the parameter wasindispensable. Thiscorrespondswith the place-
holder conception of parameter. In some cases, students forgot the substitution and
tried to graph the general function. An error message usually reveal ed this omission.
To draw a sheaf of graphs, which prepared for the parameter as generalizer, more
than one numerical value needed to be substituted into the formulaof the parametric
function. The teaching material suggested the following notation for drawing the
graphof y;(x) = x- (s—x) forthevaluesO, 1, 2,3,4,50f s
Yy (X) = x-({0,1,2,3,4,5} —X)

However, this notation caused the students difficulties, until one of them, Arno,
found a more natural notation:

yi(X) = x-(s=x)|s = {0,1,2,3,4,5}
This notation reflects the hierarchic relation between the variable x and the parame-
ter s: achange of sclearly affects the whole function, whereas thisis not the case for
x. Furthermore, the notation indicates that s stands for a set of values rather than a
single value, and thus prepares for the concept of parameter as generalizer. After this
notation was introduced, the substitution of values in parametric functions was no
longer a problem.
The more complex case of two parameters required a double substitution. That pre-
sented some technical obstacles, such as using two vertical barsrather than onejoint
substitution. For example, y;(X) = a-x+bla = 5and b = 3 is syntactically cor-
rect, whereas y,(x) = a-x+bja = 5|b = 3 isnot. Also, to the surprise of the
students, the T1-89 accepted y,(X) = a-x+bja = 5and b = {1, 2, 3}, but not
y1(X) = a-x+bla = {5}and b = {1, 2, 3}, because the sets that appear in the
function definition need to have an equal number of elements.
Altogether, theinstrumentation of the substitution of numerical valueswent well and
did not cause any lasting problems.

b The syntax of the substitution of expressions

The syntax of substitution was an aspect of the instrumentation, which generally was
mastered quite well (elements 2 and 4). Only one error was persistent and troubled
students on many occasions: the substitution of non-isolated forms. For example, the
right-angled triangle assignment (see Fig. 10.4 in Section 10.4) led to the system of
equations x2 +y2 = 252 x +y = 31.Insuch situations, substitution of anon-iso-
lated form meant entering x2 +y2 = 252|x+y = 31. This gave an error message,
asthe casdid not know which variable in the quadrati c equation was to be replaced.
There are several explanations for this error. First, the two equations in the system
have equal roles, whereasin x2 +y2 = 252|x +y = 31 they havedigtinct roles, and
aretreated in adifferent manner. Second, students may have theidea that while en-
tering the two eguations ‘the cas will find a way to combine them’. The analogy
with the combined solve command, solve(x2+y2 = 252 and x+y = 31, X) that
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doeswork onthe T1-89, may play arole aswell. The students see the ‘wherein bar’,
annotated by |, probably asamore symmetric ‘with’, close to the set theory notation
{x%+y?= 257 | x + y = 31}. A mature insight into the process of substitution would
prevent this error from occurring, so once more we see the rel ation between the syn-
tactic mistake and the conceptual understanding of the process of substituting ex-
pressions (element 1). The difficulty of non-isolated substitution was persistent, par-
ticularly when substitution was combined with solve.

The following remarkable incident shows how notations can be confusing. In the
cylinder assignment (see Fig. 6.5), Ramon substituted the formula for the area a,
a = n-r2, intothevolumefunction a - h. Hethought theresult 7 - h - r2 waslog-
ical, because he confused the vertical wherein bar ‘| with the slash */’ for division.

Ramon: S0 here you have an a [ before the bar], and there one
[after the bar], and the one a cancels out the other, and
then you get h times pi timesr squared, the two a’s cancel
out so to speak.

Teacher:  Instead of a you get pi r squared.

(G9-1-B6, assignment 4.17)

In later teaching experiments, a more conscious use of the substitution bar was stim-
ulated by calling it the‘wherein bar’ and by phrasing 3x + 5|x = 2 as‘3x+5where-
inx=2"or‘3x+5whereby x=2".
The final observation of this section provides an example of using substitution for
renaming the variables, which was presented in Section 9.5.2. Thevariablew (which
stands for body weight) was replaced by x to allow for drawing the graph. One of the
students used substitution to rename w as x:

y1(X) = 11*w?3 | w=x
Overall, the substitution of non-isolated formswasthe main syntactic obstacle of the
substitute scheme. The next subsection deals with the conceptual aspects of substi-
tution.

¢ The insight into the substitution of expressions

The instrumentation of the substitute scheme involves the conceptual extension of
the substitution of numerical values towards the substitution of expressions.
Introductory assignments on the substitution of expressions showed good results.
The meaning of the substitution was often explained adequately. For the assignment
ontherectangular cylinder (see Fig. 7.6), Fred carried out the following substitution:
v =a-hja=n-(d/2)2and h = 2r. Thev stands for the volume, a for the area
of the bottom, h for the height, d for the diameter of the bottom and r for the radius.
He explained the substitution as follows and got help from Cedric:
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Teacher:  Now what exactly does that vertical bar mean?

Fred: Well, it meansthat here [ after the bar] an explanationis
given for that variable.

Teacher:  You mean the variableis explained, so to say?

Fred: Yes. Anyway, that's what | thought and that came out
more or less.

Teacher:  But what do you mean exactly, the variable that is before
the bar, or...

Fred: Yes the ones before the bar, they are explained here.

Teacher:  Yeah, that'strue, but... Who can explain what exactly the
effect of that ‘whereby’ is?

Cedric: WEll it, that isin fact a manual for the formulathat stands
beside[in front] becauseit says, well, v equalsatimesh
and besides it says yes and there a, that is pi and then r
squared.

(G9-11-1/46, assignment 3.20-3.21)

Similar explanations were observed more often. Students understood the substitu-
tion of an expression as ‘explaining a variable’, as a ‘manual’ or an ‘instruction’.
Some students came up with more vague terms such as ‘ combining’, ‘simplifying’

or ‘make one formulaout of it". Theword * substitution’ itself was difficult for some
students to use, even if they understood its meaning.

The students who used the more vague explanati ons seemed to have missed the idea
of substitution that was visualized by means of ovals (element 1):

v{a)hlakr D)

This visualization supported the image of ‘ cutting an expression’ and ‘pasting it in-
to’ theright position(s) in the expression before the wherein bar. Our impression is
that this visualization contributed to the development of an appropriate conceptual
understanding of substitution and hel ped in overcoming the syntactic obstacle of the
non-isolated substitution that dominated the previous section.

The substitution of expressions stressed the object character of the expressions that
were substituted and thus both required and contributed to the reification of formulas
and expressions (see Section 9.7 and elements 3 and 5). In the interviews after G9-
Il we observed transfer on the issue of substituting expressions from the computer
agebraenvironment to the paper-and-pencil environment (Section 7.4.6 and Section
10.6).

To conclude this section we will mention an incident in which the student substituted
the expression —b/2 by hand into the x in x2 + b - x + 1, but did not realize that this
should be donefor all instances of x. She replaced the x only in the second term, and
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not the x in x°. Thisis similar to the mistake reported in point a on numerical substi-
tution. Still, such errors were rare.

Exemplary development of one of the students

In this section we follow the instrumental genesis of the substitute scheme by Maria
throughout the G9-11 and G10-11 teaching experiments. The overall impression of
these observationsisthat initially instrumentation advanced well; later on, however,
the combination of substitute and solvein more complex situations confused Maria.
The first fragment from the start of the G9-11 experiment shows that Maria devel-
oped a sense for substitution. Numerical substitution was clear to her, but she de-
scribed substitution of expressionsin somewhat vague terms:

Observer:  And what happens now for example in assignment 20,
v =a-hwherea = n-r2?

Maria: W, that it just makes one formula out of it.

Observer: Yes, and how doesit do that then?

Maria: By joining them or something?

(G9-11-1/42, assignment 3.20 - 3.21)

Later Mariawas able to explain the substitution of a = ©-r2 inv = a- h during
the classroom discussion. She noticed that the ‘value' for a now is an expression:

Teacher:  Who can explain what the exact effect is of that wherein?

Maria: I think it's like this. You have a formula, and then you fill
inainthe formula, so that the resultsis, so to say, the
same formula, but you gave a a value. That valueisa for-
mula once more. And then you give that a value, then you
fill itin.

(G9-11-1/51, assignment 3.21)

Shortly after that, Mariamanaged the syntax of the substitution, although shedid not
feel confident about it. She entered y = x+ 1|y = /25—-x2 and asked: ‘Did | do
it well likethis? | wasn't sureif it was correct now.’

Maria's long struggle to substitute a = 0 into x + a- 4/x2 + 1 shows that she had
difficultieswith substituting numerical values by hand (see Section 9.7.3). However,
this seemed to be caused by alack of symbol sense rather than by alack of insight
into the substitution process.

The sum-difference problem in the context of the rectangle with perimeter P and dif-
ference v between base and height led to the equations P = 2-(b+h) and
b—h = v. By hand, Maria rewrote the second equation as b = h+v and substi-
tuted this result into the first equation: sum = 2 - h + difference. Thisindicates a
good insight into the process of substituting expressions (see Section 9.4.3).
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One of the next assignments concerned solving the system b-h = 540,
b2+ h2 = 392, Once more, Mariastarted to work by hand. After an error, she man-
aged to rewritethefirst equationas h = 540/b, but the substitution in this case was
harder to carry out. The observer felt the need to guide her quite alot. At the end,
she showed she was able to translate her substitution into machine language.

Observer:  And could you use this now in the first equation?

Maria: | don’t know, because of courseit isa square.

Observer: Yes, but what does it matter?

Maria: Maybe | canfill it in for the h, but then | still have that
sguare.

Observer: But you got rid of the h.

Maria: But can | squarethis[540/ b]?

Observer: You can.

Maria: That comes down to the same, in fact?
Observer: Yes. If h= 540/ b then you can fill in here for h? the
square of 540/b.

Maria: Oh yes.

Observer: What would you get then?

Maria: Wl b% + (540/b)%= 1521.

(..)

Observer:  And how would you fill in that h = 540/b in that first
equation without doing it yourself?

Maria: Well, | think, then you have to do this[ b2 + h2 = 392]
and then such a wherein and then wherein h=, and then
you fill in this[h = 540/b].

(G9-11-9/2, assignment 9.5)

In the next teaching experiment, G10-11, Maria was still able to carry out substitu-
tionswith the cAs. She also substituted numerical values by hand. However, later on
in G10-11 she started to confuse solving and substitution. For example, she used
solve in combination with substitution, where substitution alone would have suf-
ficed.

One of the last observations of Maria concerning substitution shows how she substi-
tuted the expression —b/2 by hand into xiny = x2+ b - x + 1. Then she solved the
result with respect to y, although y was already isolated. She seemed to havetheidea
that a substitution always had to be followed by a solve command.

The isolate-substitute-solve (ISS) instrumentation scheme
Description of the ISS scheme

While describing the instrumentation of solve and substitute in Sections 10.2 and
10.3, we made the remark that theinstrumentation was shown to be incompl ete when
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these simple schemes were integrated into a composed instrumentation scheme. We
now illustrate this by discussing such a composed scheme, the | SS scheme.

Fir] Fe= [F3~] Fi=] FE Far
Tools|A1dcbrajCalc|Other |FrAmIOjClzan Up

Fir] Fe= [F3~] Fi=] FE Far
Tools|A1dcbrafCalc|Other |FrAmiOjClzan Up

mzoluelx +y=31,u)
=31 -

g=31-=x
#xZ+u2=252|y=31-x
2-x2 - 82-x + 951 = 625

#xZ+u2=252|y=31-x
2 %2 - 62 %+ 951 = 625

meoluelz w2 - 62+ 951 = 6P
=24 or x=7

e P 2 OG 1 =625, 1)
HiIH HDERACT __FUNE ERET]

HMAlN EAD EXACT FUHC 2730

Figure 10.4 Assignment inviting application of the ISS scheme

5.4 Thetworight-angled edgesof aright-angled
triangle together have alength of 31 units.
The hypotenuse is 25 units long.

a How long is each of the right-angled edges?

b Solvethe problem also in case the total
length of the two edgesis 35 instead of 31.

¢ Solvethe problemin generd, that is <
without the values 31 and 25 are given.

—

-
7

/ 25
/

31

v

Figure 10.5 The ISS scheme on the T1-89

We explain the I SS scheme for the right-angled triangle assignment from G9-I (see
Fig. 10.4). Question a leads to a system of two equations with two unknown,
x+y = 31 and x2+y2 = 252 wherex andy stand for the lengths of the two per-
pendicular edges. Fig. 10.5 shows the proposed solution strategy for this case on the
TI-89. First, one of the variables, in this caseyy, is chosen to beisolated in one of the
equations, here x +y = 31. Theresult isthen substituted into the other equation us-
ing the wherein operator, symbolized by the vertical bar |. In the resulting equation,
thereis only one variable |eft (here x) and a second solve command provides the an-
swer, inthiscase x = 7 or x = 24. The calculation of the corresponding values of the
other variable, y, is a matter of substituting the values of x in one of the equations.
In question b this scheme is repeated for other values, and in c it is generalized for
the case with parameters.

It isimportant to notice that many students did not carry out the I SS scheme as pro-
posed; they developed variations, such as condensing the scheme into a one-line
nested form that in this case comes down to solve(x?+y?=257 | y = 31 — x, x). The
next section will show that this form in particular led to instrumentation problems.
What doestheinstrumental genesis of the composed | SS scheme mean? The scheme
contains the following elements:
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1 Knowing that the ISS approach is away to solve the problem, and being able to
keep track of the global problem-solving strategy in particular;

2 Being able to apply the solve scheme for the isolation of one of the variablesin
one of the equations;

3 Being ableto apply the substitute scheme for substituting the result from the pre-
vious step into the other equation;

4 Being able to apply the solve scheme once more for calcul ating the solution;

5 Being able to interpret the result, and particularly to accept the lack of closure
when the solution is an expression.

Thislist of elements does suggest an order, as the sequence of steps 2 - 4 cannot be

changed. We notice that steps 2, 3 and 4 are simple instrumentati on schemes, which

were described in the previous sections. They include technical and conceptual as-

pects and are embedded here in a composed scheme.

Conclusions on the ISS instrumentation scheme

We conclude from the data analysis that the instrumental genesis of the ISS scheme
was very difficult, even though the instrumentation of the components schemes of
solve and substitute seemed to be adequate. The difficultiesthat the students encoun-
tered were similar to those described in Sections 10.2 and 10.3. The use of the nested
form of the I SS scheme, however, made it harder to overcome them and to overview
the problem-solving strategy. The following aspects of the instrumental genesis of
the I SS scheme emerged.

First, many errors concerned skipping the isolation step and directly substituting a
non-isolated form. This mistake, which turned out to be persistent, is related to the
understanding of the substitution procedure and to its T1-89 notation with the where-
in bar. When the substitution stood on its own, as was the case in Section 10.3, this
difficulty was overcome, but in the more complex context of the ISS scheme this
turned out to be harder, whether or not parameters were involved.

Second, the use of the nested form of the ISS scheme, in which the scheme is con-
densed into one command, led to solving with respect to an unknown that no longer
appeared in the equation. Students found it difficult to foresee what variable would
remain in the equation after substitution. The step-by-step method shown in Fig.
10.5 is easier than the nested form in this respect.

Third, strategic errors were observed that were related to a lack of overview of the
whole problem-solving process. These errors included the ‘circular’ substitution in
the same equation, and doing ‘double work’ such as substituting twice rather than
once, so that none of the variablesis eliminated.

Finally, variations to the ISS scheme appeared. One of these variations, which we
called isolate-isolate-equal-solve, seemed to be more accessible to the students be-
cause of itsrelation with the paper-and-pencil approach and with the graphical inter-
pretation of solving equations.
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All together, we conclude that the integration of simple instrumentation schemes
into a composed scheme requires a higher degree of instrumentation of the compo-
nentsthan does the application of the separated simpl e instrumentation schemes, and
an overview of the problem-solving procedure as a whole. For the ISS scheme, we
question whether it is the most natural approach to solving systems of equations.

Overview of the results

In the analysis of the data concerning the I SS scheme we followed a similar method
asfor the solve and substitute schemes. A free coding approach was used to identify
episodes that involved the instrumentation of the ISS scheme. By doing so, all data
concerning thisissue were gathered and coded.

Theresults of thisfirst round of analysisindicate that the instrumentation of the ISS
led to many unexpected errors, if we take into account the relatively smooth instru-
mentation of the component schemes. These difficulties hindered carrying out the
I SS scheme throughout the teaching sequences. Even in the final tests of G9-1 and
G9-11, many students were not able to apply the scheme adequately. Overal, thein-
strumentation of the | SS scheme was more successful in G9-11 than in G9-1. Possible
factors that caused this are the increased amount of practice with the simple instru-
mentation schemes and a better orchestration by the teachers, who were more expe-
rienced in G9-11. In G10-11 the ISS scheme played aless important role, because of
a decreased importance of systems of equations in the instructional activities.
Correct |SS procedures were observed as well. For example, Carolien adequately
solved the system of equationsa+v = 62, 4a—v = 13 that emerged from acon-
text about the ages of mother and daughter. Sheisolated vin the second equation and
said that the result should be substituted into the first equation. She combined this
with solving the equation with respect to the correct unknown by entering:
solve(at+v =62 | v =4a-13, a).

In simple cases, some students carried out the first step of the I SS scheme — the iso-
lation — in their head. For example, the equation x +y = 31 wasimmediately sub-
stituted asy = 31 — x in the other equation. This, of course, is an efficient strategy.

Further analysis and categorization of these dataled to the following categories:

a Errorsintheisolation and substitution phase;

b Errorsin the solution phase;

c Strategic errors,

d Variationson the | SS scheme.

A second round of coding categorized the incidences of the ISS scheme into one of
these categories. Only alimited number of observations did not fit into any of these
four categories, which are elaborated on below.
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a Errors in the isolation and substitution phase

Thefirst and second step in the | SS scheme are solving one of the equations for iso-
lation one of the literal symbols and substituting the result into the other equation
(steps 2 and 3 in the list). The frequently observed error here was that the first step
was skipped and the non-isolated equation was substituted directly into the other.
This problem was described in Section 10.3 on the instrumentation of substitution.
As an example, the next protocol shows how John and Rob worked on the right-an-
gled triangle problem (see Fig. 10.4). While solving the system o+a = 31,
02+ a? = 625, Rob substituted the non-isolated form, but John helped him.

Observer:  Rob, youwrote down solve(o? + a2 = 625| 0+ a= 31, a).
How about that bar?

John: You have to put one apart: you haveto put either the o or
the a apart.

Rob: You can only work on one |etter?

Observer:  John, could you explain this to Rob?

John: I think if you have got the vertical bar, you are allowed to
explain only one letter, soo =.

Rob: Oh, o0=31l-a

(G9-1-A13, assignment 5.4)

Asweexplained in Section 10.3, the substitution of non-isolated forms showsalim-
ited understanding of the substitution process. We al so described some possible rea-
sonsfor thiserror. Apparently, embedding the substitute scheme into the more com-
prehensive | SS scheme causes this error to occur more frequently.

b Errors in the solution phase

The most frequent error in thelast solution step of the scheme was to solve the equa
tion with respect to the wrong unknown (step 4 in the list). This was observed par-
ticularly when the students used the nested form of the | SS scheme, in which the sub-
stitution and the solving are combined in one command.

For example, one of the students used the nested form to solve the system of equa-
tions X2 +y2 = 25, x-y = 10. He entered: solve(x?+y?=25 | x*y=10, y). Thisis
an example of non-isolated substitution. When the observer pointed this out to him,
he changed the input into solve(x?+y?=25 | y=10/x, y). The result of thiswas acom-
plicated equation in x rather than theintended solutionfory: 1 = 25x2/(x# + 100).
To be able to choose the unknown correctly, the students needed to mentally divide
the nested command into two subprocesses, and to realize that if the substitution part
starts with y=, then the resulting equation will no longer contain y, so it has to be
solved with respect to x. One of the students avoided this mistake by symbolizing
the two subprocesses in the nested command with an extra pair of parentheses:
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solve((x% +y? = 252 |y = 31 —X), X)
A second way to avoid this difficulty is to use the step-by-step method proposed in
Fig. 10.5. Many students preferred the nested form, and this preference was related
to the classroom culture and the orchestration by the teacher (see Section 10.7). Ina
paper-and-pencil environment this difficulty probably does not occur asthe step-by-
step approach isanatural one. The power of computer agebrato integrate two steps
requires an increased awareness of what is happening.

¢ Strategic errors

Besides errors in carrying out components of the composed ISS scheme, we ob-
served errors that go beyond the level of the simple instrumentation schemes and
concern the overall problem-solving strategy (step 1 in the list). Two kinds of stra-
tegic errorswere observed, one showing a‘ circular approach’ and the other showing
‘double work’.

The circular approach concerns the substitution of an isolated form into the equation
from which it was derived. For example, one of the studentsisolatedyinx+y = 5
and then continued by substituting: x+y = 5]y = 5—x. Theresult was the mes-
sage ‘true’. A second example of this was described in Section 9.2.2 where one of
the students tried to solve the general system of equationsb+h = s, b-h = p by
entering solve(b+h = s |b = s—h, h).

As alast example of such circular substitution, the following dialogue shows that
Donald did not know how to solve the system of equations x-y = 540,
x2+y2 = 392,

Observer:  What would you do now?

Donald: Ehm, well, | calculated that x is 540 divided by y.

Observer: Exactly.

Donald:  WEll, andif ... you then can replace this[x in x*y = 540]
by that [540/y].

Observer: WA, yes, but that isnot sensible, because x is540 divided
by y but you shouldn'’t fill that in in the equation where
you got that from, where you derived it from.

Donald:  Oh.

Observer: Soyou'd better substitute it into the other equation.

Donald: In that one [the quadratic equation].

Observer: Right. Soif you fill inthis[540/y] here[xinx?+y?=397 ..

Donald: ... andthat onebelow [y = 540/x] there[theyinthe quad-
ratic equation].

(G9-11-10/7, assignment 9.5)

The last line of the above dialogue reveals the strategic error of the ‘double work’:
by means of two ‘isolations’, both x and y areisolated from x -y = 540. Then xin
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x2+y2 = 392 jsreplaced by 540/y and simultaneously y is replaced by 540/x. That
clearly is double work with no progress towards the result.

Both the circular approach and the double-work error show alack of overview of the
solution strategy and of the composed scheme as awhole. These errors are not new:
Arcavi described how these problems emerged in paper-and-pencil work (Arcavi,
1994). Thisillustrates that ‘traditional’ algebraic difficulties in the paper-and-pencil
environment can show up in comparable forms in the computer algebra environ-
ment.

d Variations of the ISS scheme

The|SS scheme was used in a step-wise form (Fig. 10.5) and a nested form. Besides
these two forms the students devel oped other variations that could be applied to the
same type of problems. The following alternatives were observed:

— The method of simultaneous solving
The system x+y = 31, x2+y2 = 252 can be solved simultaneously on the
T1-89 by the command solve(x2 +y2 = 252 and x+y = 31, X). This option
was not foreseen during the preparation of the G9-1 teaching experiment but be-
came quite popular. In G9-11 it was indicated to the students that this combined
solve command works only for avery limited number of systems.

— The method of isolate-isolate-equal-solve
In the above system this approach starts with isolating the same variable, for ex-
ampley, inboth equations; y = 31—x andy = /252 —x2 . Often, studentsfor-
got the negative square root. The next step is to equal both isolated forms and
solve the resulting equation: solve(31 —x = /252 —x2, X). This approach links
up with the interpretation of solutions of equations as coordinates of intersection
points of graphs, and with the method that the students used by hand. Incidental-
ly, the last solve command was entered by means of substitution:

solve(y = 4/252—x2 |y = 31—X, X).

These variants sometimes developed individually; their popularity was related to
classroom practice and the orchestration by the teacher (see Section 10.7).

Exemplary development of one of the students

In this section we follow the instrumental genesis of the ISS composed scheme by
Mariain the G9-I1 teaching experiment.

The sum-difference problem in the context of the rectangle with perimeter P and dif-
ference of v between base b and height h led to the equations P = 2. (b + h) and
b—h = v (seeFig. 7.9). In Section 9.4.3 we described how Mariaisolated b in the
second equation by hand and substituted the result manually into the first equation.
The natural way in which she devel oped this method suggeststhat isan intuitive ap-
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proach for students. The next fragment shows how Maria explained the step-wise
ISS method to her fellow students in a classroom discussion for the case that P =
1400 and v = 400.

Maria: So that P was 1400. And you know that b-h=400. W&l
this[P] divided by 2is 700. And then it isthis, so to say:
700 = h+ (h+v). And so you do next, if you 700, well,
minus 400 [the value of V] isalready 300, divided by 2 is
150. Then you have 150 + 150 + 400 is 700. So then you
know already that this one [ 700] minus 150 is 550, so
then you know that b is 550 and h 150.

(G9-11-E3/20, assignment 5.7)

In assignment 9.4 it was suggested to isolate y in both equations of the system
x2+y2 = 25, x-y = 10 and to graph the two resulting functions. After that, Mar-
iatended to solve the system graphically, as though the graphs led to neglecting the
algebraic method. In the next assignment, 9.5, substituting h = 540/b by hand into
b2+ h2 = 392 wasdifficult for her, as was shown in Section 10.3.4.

Inthefinal test of G9-11, Maria showed that she was able to carry out the nested ISS
scheme correctly for the system x +y = 10, J/x2+y2 = 8 (Fig. 10.6).

All together, theinstrumentation of the | SS scheme during the G9-11 teaching exper-
iment was accomplished well by Maria.
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— ol ( Xt .
O ‘.“_—_l:!bz&g Q_(\Lﬁ’:_ 'L}g‘;c}\rgc\c:&sssbo

Figure 10.6 Maria s ISS scheme at the final task of G9-11

Obstacles to the instrumentation of computer algebra

Conclusions on obstacles to the instrumentation of computer algebra

In Chapter 5 we presented evidence from previous research indicating that the in-
strumentation of computer algebra often does not go smoothly. The previous sec-
tions of the present chapter confirm this as far as the instrumentation schemes for
solve, substitute and ISS are concerned. In Chapter 5 we also argued that it can be
important to pay attention to the obstacles that students encounter during the instru-
mentation, because an inventory of such obstacles might reveal the students’ techni-
cal and conceptua difficulties, which is a first step towards understanding them.

268



10.5.2

Results concerning the instrumentation of computer algebra

Therefore, in this section we take a seemingly negative perspective by focusing on
the obstacles that we observed. We define obstacles here as technical and/or concep-
tual barriers encountered in the CAS environment that prevent the student from car-
rying out the instrumentation scheme he/she had in mind. We confine ourselves to
obstacles that are related to algebraic insight, which is the main topic of this study.
Because such obstacles were encountered on various occasions, we no longer focus
on the development of one particular instrumentation scheme.

We conclude from the data analysis that obstacles inhibited the instrumental genesis
on many occasions, and that similar obstacles showed up in different situations. For
example, the difference between the exact calculations that the cAs carries out and
the approximated numerical results that the students appreciate was one of the ob-
staclesthat played arolein different kinds of problems. Furthermore, insight into the
structure of formulas and expressions — symbol sense — was an important obstacle
to correctly entering expressions and dealing with equivalent formulas.

In our analysis of the datawe followed amethod similar to that applied to theinstru-
mentation schemes in the previous sections. Asthe occurrence of obstaclesis diffi-
cult to predict, a free coding approach was used to identify episodes that involved
obstacles to the instrumentation. By doing so, al data concerning this issue were
gathered and coded. Further analysis of these episodes revealed three categories:

a Numerical approximation versus exact calculation;

b Entering expressions,

¢ Equivalence of expressions.

A second coding round categorized all instances of obstaclesinto one of these three
categories. Only alimited number of observations did not fit into one of these cate-
gories. In the next subsections we el aborate on each of these categories. Therelation
between the computer algebra environment and the paper-and-pencil environment,
which caused most of the equivalenceissues, iselaborated in Section 10.6. A broad-
er inventory of obstacles that students encounter while working in a computer alge-
bra environment can be found in Drijvers (2000, 2002b).

Numerical approximation versus exact calculation

Thefirst category of obstacles that students encountered while working in the com-
puter algebra environment concerns the difference between numerical approxima-
tionsand exact calculations, and theimplicit way the cAs often deal swith this. Three
kinds of observations are presented on this issue: the students’ preference for deci-
mal approximations, their understanding of exactness, and the way the TI1-89 deals
with approximations and exact calculations.

One of the capacities of computer algebratools is the ability to deal with exact nu-
merical values such as fractions and sgquare roots. However, the students often per-
ceived such numerical results as not informative; instead, they had a strong prefer-
ence for approximated, decimal results, which is also what their regular calculator
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provides. For example, one of the students complained when the result of entering
100/6 was 50/3. He commented: ‘But | want the result.’

Such observations are related to the expected-answer obstacle and the lack of closure
obstacle that were described in Section 3.4: the students did not see afraction as an
outcome, but as an instruction to carry out adivision process. They expected a dec-
imal answer that providesinformation on the order of magnitude. In the next two ob-
servations, the task was to enter 8/15 and to calculate the decimal approximation,
which is 0.53.

Observer: Probably you find 0.53 a more real answer?

Marg: Yes, that issimply moreclear, this[8/15] islikeif it istill
atask. (...) That isalittle bit nothing-like.

(G9-11-1/5, assignment ZT1.1)

Observer: Do you understand the difference between that 8/15 and

that 0.53333?
Nick: Yes, that [8/15] is a fraction, so to say 8 divided by 15.
Observer: Yes, and the other one?
Nick: That is the results of 8 divided by 15.

(G9-11-1/4, assignment ZT1.1)

These observation also suggest a relation with the process-object issue: for the stu-
dents, exact answers signify a process or calculation. In contrast, they perceive an
approximation as aresult. The fraction is not seen as an object on its own. The same
holds for results that contain square root signs. In the next protocol, the results of
factor (x?—2, x) and factor(x>~2.0, x) were compared.

Teacher:  What's the difference between that 2 and the 2.0?

Sudent:  For thefirst it gives a square root function, and for the
other the outcome of that square root.

(G9-1-A4, assignment 4.7)

On another assignment, one of the students got /5 + 1 asaresult. She found thisa
strange results, because she ‘did not see much in it’. In fact, she is right in that
/5 + 1 still “ contains some algebra’ and is harder to imagine than adecimal approx-
imation that indicates the order of magnitude. That explains why students are reluc-
tant to process the exact answer further. The advantage of working with exact results
is that the original input can be better recognized in the results. On the other hand,
decimal approximations are meaningful in concrete problem situations and in
graphs.

A second issue concerns the misconceptions that students have about exactness. In
particular, some students confused exactness with precision: they considered an ap-
proximated answer with many decimals as ‘more exact’ than the exact value. In the
next protocol, the results of solve(x?=2, x) and solve(x*=2.0, x) were compared.
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Teacher:  And then that 2 point O, who remembers the difference?

Dirk: Then you can calculate it exactly.

Teacher:  For the 2 point O or the 2?

Dirk: 2 point 0.

Teacher:  Why, (...) What do you think is more exact?
Dirk: 2 point 0.

(G9-11-vab, assignment 3.6)

An important factor in the confusion between exactness and precision might be the
different approaches in mathematics on the one hand and in physics and science on
the other hand. In mathematics exactnessis stressed, whereas in science and physics
the number of significant digitsand the precision of the resultsare the primary focus.
Thethird issue concernsthe way the T1-89 deal s with exact answers and decimal ap-
proximations. The TI-89 has three settings for numerical calculations; the exact, the
approximate and the auto mode. In exact mode, fractions such as 3/2 are not ap-
proximated. However, the approximate key of the TI-89, [F], in this case gives 1.5,
which is not an approximation but an exact value in the eyes of one of the students:
‘“Why doesit say approximated and not just equal? In exact mode, 1.5 issimplified
as 3/2, and 3.14 as 157/50. The fractions that emerge this way can be confusing to
the students.

In approximate mode, the T1-89 approximates all values. Asaresult, theformulasin
some cases become harder to overview. For example, in the traffic flow problem,
| =4 and a=00075-v2 ae substituted into the flow formula
f = 100-v/(6- (I +a)) Inapproximate mode, the decimal value in the expression
for a results in f = 2222, 22222222 - v/(v2 + 533, 333333333), which gives no
clue asto how these numbers are related to the input values.

In auto mode, the T1-89 calculates with exact values such as 3/2 or /2 if they are
entered as such, whereas decimal numbers remain unchanged. Because of the de-
mands of science and physics, many students set their machine to approximate
mode, thereby losing the exact cal culations that we appreciate so much in mathemat-
ics.

The cAs settings offer opportunities for paying attention to this issue: whole-class
discussions focused on the effects of the different settings of the T1-89 may encour-
age the development of an insight into the different kinds of cal culations. Such acol-
lective instrumentation was observed in the teaching experiments only to a limited
extent; we conjecture that more attention to this would have been worthwhile.

Entering expressions

The second category of obstacles that students encounter while working in the com-
puter algebra environment concerns entering formulas and expressions. We distin-
guish two subcategories, the first dealing with the structure of the formulas that are
entered, and the second with the notations and the conventions of the cas.
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Entering formulas and expressionsin the computer algebra environment requiresin-
sight into their structure. In Section 9.7.2 exampleswere given of how the TI-89 uni-
dimensional line editor requires entering formulas using parentheses in order to ad-
equately deal with rational expressions, square roots and exponents. In the case of
thetraffic flow problem, for example, some of the students entered the flow function
without the appropriate pairs of parentheses, and got:

f

_100-v _ 100-v
= =% (I+a)rtherthanf—6-—-———'(|+a).

Our observations with students working with TI-Interactive, which provides bidi-
mensional entering of formulas, show that this did not solve all problems. Students
still had to realize the scope of the square root signs and of the exponents. Observed
errors included entering /23 rather than /x2—3 and ./a2—** rather than
JaZ—x2.,

Another example of difficultieswith entering formulas concerns the James Bond as-
signment (see Fig. 8.8). The context led to a sub-expression that was entered as
3*(3"2+x"2)/6 and was displayed in the output window as:

2 2
3. NEHXT) V(Sgﬂ(z) , Where the student expected 3 - % .

Recognizing the equivalence of such expressionsis the topic of the next section.
Entering expressions and formulas using parentheses, and adequately dealing with
rational expressions, square roots and exponents, required insight into the structure
of the formulas, which was identified as an important aspect of symbol sense. This
work in the computer algebra environment, however, also supported the develop-
ment of thisinsight.

The notations and the conventions of the cAs, which often differ from the paper-and-
pencil notationsthat the students are used to, can be obstaclesaswell. Such obstacles
are specific to the cas; however, similar obstacles were observed in other computer
algebra environments as well.

Fir] Fi= [F3=] Fi=] FE Far Fir] Fi= [F3=] Fi=] FE Far
Tools|AldcbrajCalc|Other |FrAmiOjClzan Up Tools|AldcbrajCalc|Other |FrAmiOjClzan Up

5

EAD EXACT ElT] 1/z0

|

EAD EXACT ElT] 1/z0

Figure 10.7 Entering square roots and products on the T1-89

A first notational issue concerns parentheses once more. The T1-89 in some cases
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generated parentheses that the students did not expect. For example, pressing the
square root key V leads to square root and an opening bracket V( in the editor line.
After adding, for example, the value 5, a closing bracket is required, but the output
shows V5 without parentheses (see | eft-hand screen of Fig. 10.7).

A second notational difficulty isshown in theright-hand screen of Fig. 10.7 and con-
cerns multiplication. In default mode, the product of x and y has to be entered into
the T1-89 as xxy rather than xy, because the latter isinterpreted as a single two-digit
variable name. Furthermore, the x and the x key should not be confused; x*y appears
in the input line, whereas the output screen shows X - y . Such notational inconven-
iences were obstacles to productive cAs use for the students.

Third, in the Netherlands the comma is used for decimal digits, whereas the T1-89
uses the decimal point. On some occasions this confused the students. For example,
in the solve command some students wanted to solve the equation x° =30 (Dutch
notation) by entering solve(x2 = 3,0), which is interpreted by the machine as are-
quest to solve with respect to 0.

Fourth, the notation of the vertical bar for substitution was mixed up with the slash
/ for division. An example of this confusion can be found in Section 10.3.3.

Fifth and final, the meaning of the equal sign = is different. While working with pa-
per and pencil, the equal signisused for equations, definitions, identities and equiv-
aences. Like most computer algebra environments, the T1-89 and TI-Interactive use
:= rather than = for definitions. As aresult, the students in some instances entered
definitions as equations and got unexpected results.

In the described notational obstacles we recognize the phenomenon of pseudo-trans-
parency of the cAs (see Chapter 5): the notations and conventions were close to what
the students know from their paper-and-pencil experience, but not exactly the same.
Minor differences may have important consequences, and become serious obstacles
to the progress of the work. Students’ insight often lacks the subtlety to understand
these differences and to deal with them adequately. Furthermore, the notational ob-
stacles show a combination of technical and conceptual aspects. For example, if one
does not understand the difference between an equation and adefinition, it ishard to
deal with thetechnical difficulty of the difference between the = sign and the :=sign.
The relation between the work in the computer algebra environment and the paper-
and-pencil background of the studentsis elaborated on in Section 10.6.

Equivalence of expressions —
The representation of the CAs output 3 V(32+x2) in the previous section aready
raised the issue of interpreting results, and of dealing with equivalent expressionsin
particular. Recognizing equivalenceis an important skill when working in acompu-
ter algebra environment, as the CAs often represents the result in another way than
the user would expect or would perceive as the simplest form. The inability to rec-
oghize equivalence in the experiments was an obstacle in many instances.
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Thefirst fragment below shows how Rob, while working on the general sum-differ-
ence problem, needed a numerical example to see that §/2 and %s are equivalent:

Rob: s,0hno 1/2 s, sdivided by 2, isthat the same?
Observer: Isg/2thesameas1/2 s?

Rob: Well anyway hereit is the same.

Observer: Yes. But you can understand that, | think?
Rob: s§2isl/2s.

Observer: Yes. Why then?

Rob: 10/2 = 5and 5 is one half, is half of 10.

(GO-11-7/16, task 6.2)

Entered in the TI-89 (part of) TI-89 result Expected form Task
solve(b*h=7 and b+h=6, b) —(2-3) 3-.2 Task 7.2
factor(x"2+3x+1, X) (2x+ 5+ 3)4(2x— J/5+3) (%x+ iJB + ;33 . (%x-}lﬁ + ?J Task 3.1
solve(x+y=s| y=x+Vv, X) x = ¥ X = %s+%v Task 5.4
(1-x)"2 (x—1)2 (1-x)2 Task 8.7
factor(x"2-13/2*x-7/2, x) e (X=7)- (x+3) Task 10.5
X* (40 - X) —X - (X—40) X - (40 —x) Task ZT2

Table 10.1 Equivalent expressions?

Table 10.1 summarizes some more cases in which the equivalence of expressions
was an obstacle. The following observation, corresponding to the third line of Table
10.1, shows how Maria understood algebraically that b = (s+Vv)/2 and 1/2s+1/2v are

equivalent:

Maria:
Observer:
Maria:

In fact that comes down to the same thing.
Could you explain that?
WElI, because thisisin fact, because you divide by 2 it is

in fact already one half, so that comes down to the same.
Thisone[(st+V)/2] infact is easier than that one.

Observer:
Maria;

Yeah, that depends.
Soin fact | found already another formula for the same

problem.

Observer:
Maria;

(G9-11-6/34, task 5.4)

Yes, another formula but one that...
Comes down to the same thing.

The next fragment shows how the output from the cAs can lead to misconceptions.
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It concerns the fourth line of Table 10.1, in which the TI-89 represents (1 —x)2 as
(x—1)2. The formula emerged as the area of two equilateral right-angled triangles
with edges 1 — x. As aresult, Mariathought that 1 — x equals x — 1.

Maria: The one edgeisx-1
Teacher: Theoneis1-x.
Maria: Yes, then you can also say x-1?

Teacher:  Isthat so?

Maria: Wl that'swhat my calculator did, so | though it was pos-
sible.

Sudent:  That's something very special.

Maria: Yes | thought so, too, but my calculator did it.

The teacher fillsin a numerical value to show that it is not correct.

Maria: Yes | do understand it, but my calculator solved it this
way, yes, | have a very strange calculator.

(G10-11-4/1, task 8.7)

This observation and similar onesindicate that students take the output from the ma-
chine very serioudly and find it difficult to verify whether it is equivalent to what
they expected or obtained in another way. These difficulties are caused by the ex-
pression ordering algorithm of the cas. Checking the equivalence requires insight
into the structure of the formulas; on the other hand, the differences between ob-
tained and expected results may encourage a closer inspection of the formulasto try
to see whether ‘they come down to the same thing’, as Maria put it. This can con-
tribute to the development of symbol sense. Some students found an efficient, tech-
nical way to usethe casfor thisverification: they set the obtained result equal to the
expected one, and hoped that the T1-89 reaction would be ‘true’ (see Fig. 10.8).

Fir] Fi= [F3=] Fi=] FE Far
Tools|AldcbrajCalc|Other |FrAmiOjClzan Up

l$= 1422+ 152w Lrue

FI=1 S That ] o2

EAD EXACT ElT]

Figure 10.8 T1-89 verification of equivalence

Theissue of recognizing equivalent formsisnot new or specific for technology use,
but also awell-known difficulty from the paper-and-pencil work that shows up when
students found different but equivalent solutions. This was the case when the equa-
tion of lines through the point (3, 0) was asked for. Mike found the formula
y = a-(x—3), but Sandra said she had a different one, (x—3)/a. Mike under-
stood that these two formulas represented the same family of lines, although his ex-
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planation was not perfect: ‘If you do a times 0.1 for example then you get the same
as when you do divided by 10.” What he seemed to be saying is that the value
a = 0,1 inthefirst formulacorrespondsto a = 10 inthelatter.

Instrumented cAs techniques and paper-and-pencil techniques

Conclusions on instrumented cAs techniques and paper-and-pencil
techniques

An important aspect of instrumentation is the intertwining of technical and concep-
tual aspects within the instrumentation schemes. In the obstacles that students en-
countered during the instrumentation process, both aspects could often be recog-
nized as well. The relation between techniques in a computer algebra environment
and the students' mental conceptions was considered as crucia for appropriate in-
strumentation. However, the students in the teaching experiments already had a lot
of experience with techniquesin another medium: ‘by-hand’ techniques using paper
and pencil. Thiswastheir main frame of reference, so it seemed appropriate to con-
sider the relation between the new computer agebra techniques and the old paper-
and-pencil techniques. The aim of this section, therefore, isto report on observations
concerning the relationship between computer algebra use and traditiona paper-
and-pencil work in relation to the students’ thinking. In short, to consider algebra
on the screen, on paper and in the mind (Drijvers, 20023, in press).

We conclude from the data that the paper-and-pencil techniques the students knew
already did indeed interfere with the instrumentation of computer algebra. While
considering the screen - paper - mind triangle, we observed the transfer of notations,
techniques and language from the paper-and-pencil tradition towards the computer
agebraenvironment. Obstaclesto thistransfer were thelack of congruence between
the cAs techniques and the paper-and-pencil techniques, and the black box character
of the cas. Stressing the similarities and the differences between the work in the two
environments and comparing the two approaches hel ped the students to translate the
paper-and-pencil techniques into computer algebra techniques.

The transfer of computer algebra techniques to the paper-and-pencil environment
was observed for the substitution of a parametric expression in the post-experiment
interviews of the G9-11 teaching experiment. These data support the idea that work-
ing in the computer algebra environment does not necessarily imply that by-hand
skillswill not develop or are neglected. Such atransfer did not take placefor solving
equations. We interpret this as support for the transparency condition: the substitu-
tion procedure on the TI-89 was far more transparent for the students than was the
black box solve procedure, in that they felt able to ‘look through’ the way the cas
carried out the substitution and could relate this to their own experience with paper-
and-pencil substitution.

The students differed in their preference for cas work or paper-and-pencil work.
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Sometimes they preferred the latter because it was more efficient, or because they
felt they had more control over and understanding of what they were doing. The con-
fidencein their skillsin both media also played arole. The fact that the students had
to hand in the machines after the experiment meant that it seemed somewhat risky
to neglect by-hand skills and to rely too much on the machine. Finally, an important
factor in the students’ preference wasthe teacher’ s attitude to by-hand skillsand ma-
chine skills, which is the topic of Section 10.7.

In the analysis of the data concerning the relation between computer algebra tech-
nigues and paper-and-pencil techniques, we followed asimilar method asfor thein-
strumentation schemes and the obstacles in the previous sections. All data concern-
ing this issue were gathered and coded. Further analysis of these episodes revealed
three categories concerning the rel ation between computer al gebratechnique and pa-
per-and-pencil techniques:

a Transfer of paper-and-pencil techniques to the computer algebra environment;
b Transfer of computer algebra techniques to the paper-end-pencil environment;
¢ Student preferences for one of the two media.

A second round of coding categorized the relevant instances into one of these cate-
gories. Only alimited number of observationsdid not fit into one of them. In the next
sections we elaborate on each of these categories.

Transfer of paper-and-pencil techniques to the computer algebra
environment

In this section we describe how students trandated a problem-solving method that
they found natural from their paper-and-pencil work into the computer algebra en-
vironment.

One of the most salient examples of this concerns the I SS scheme. In Section 10.4.3
we described the variation on this scheme that we called isolate-isolate-equal-solve
(IIES). For example, while solving the system of equations x+y = 31,
x2+y2 = 252 some of the students preferred to first isolate y in both equations.
Thatgavey = 31—x and y = /252 —x2. The negative square root often was ig-
nored. Then they set both right-hand sides equal and solved with respect to x:
solve(31—x = 4/252—x2, X). Marty explained this scheme to the class by saying:
‘31 - xisequal to the square root of 625 — X2, and if you put these against another
and then compare, you get the answer.” We conjecture that this I1ES scheme comes
closer to the paper-and-pencil technique than the ISS scheme, which in the nested
form here would be solve(x2 + y2 = 252y = 31 —x, X). In the paper-and-pencil
work and in the textbooks, functions and graphs were often the points of departure.
In these contexts, the graphing requires that one of the variables, usually vy, isisolat-
ed. Inthat sense, the [ IES schemefitsto the paper-and-pencil practice better than the
| SS scheme does.

Transfer from paper-and-pencil technique to computer algebra technique is not evi-
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dent. In Section 9.4.2 we described how Aishawas able to generalize the solution of
the sum-difference problem x+y = s, x—y = v mentally and by using paper-
and-pencil. In her own words, her method consisted of ‘ adding the difference’ to the
two equations, which led to 2x = s+ v. However, she was unable to translate this
approach into a T1-89 technique.

When a student did not understand the output of the cAs, and there seemed to be a
lack of transfer between paper-and-pencil technique and cas work, the question how
it would be done with paper-and-pencil served as a cue. The next fragment, which
was presented in Chapter 8, illustratesthis. Adaentereda-b-c-a- b/c andthere-
sultswas a2 - b2.

Observer: Do you understand what the machine does when it sim-
plifies this [a*b*c*a*b/c] into this[a®*b?]?

Ada: No, not really.

Observer: What would you do if you wrote down the left part and
tried to simplify it without that machine?

Ada: Wl yes, then | would just, in fact | wouldn't use b square.

Observer: But if you look at this, a*b* c*a*b/c, could you simplify
that yourself if you look at it?

Ada: Inthe end | would have divided by c, but not that the c dis-
appears, oh yes, c divided by ¢ so disappears, yesit is
right.

Observer: OK so you would skip the c?

Ada: And then the rest, a squared times b squared.

(G10-11-v1, assignment 1.3)

While trand ating paper-and-pen proceduresinto the computer algebra environment,
the students encountered the notational obstacles we described in Section 10.5.3,
such as incongruence concerning entering fractions, square roots, exponents, using
parentheses, and differences between the two minus signs. This lack of congruence
complicated experiencing the similarities of the corresponding techniques in both
media.

In one case, one of the studentstried to make the T1-89 notation more congruent with
the paper-and-pencil notation. She entered the square root sign ' and got it with an
opening bracket (. Using the backspace key, she deleted the bracket. When asked
why she did that, shereplied: ‘ That bracket is not in the book either.’

Transfer of computer algebra techniques to the paper-end-pencil
environment

Observations concerning the transfer of computer algebra techniques to the paper-
and-pencil environment are relevant, because they may help to answer the question
whether the use of computer algebra comes at the expense of diminishing by-hand
skills. From this perspective, the results of the post-experiment interviews of the G9-
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Il teaching experiments were interesting.

Asdescribed in Section 7.4.6, after the teaching experiment weinterviewed nineteen
students, who had been followed during the experiment. One of the questions in
these final interviews was a context-free substitution task (see Fig. 10.9). All obser-
vationsin this section refer to these interviews on this assignment.

This assignment was also part of the pretest, and the pretest results were not good:
hardly any of the students managed to deal with the assignment. Because the stu-
dents had already handed in the T1-89 by the time of the post-experiment interview,
they were forced to use the traditional paper-and-pencil approach.

2 Consider theequations y = a—Xx
x2+y2 = 10.
Make one new equation from these in which y does not appear.
Y ou do not need to solve this new equation!

Figure 10.9 Second assignment from G9-11 post-experiment interviews

Of these nineteen students, fourteen found the correct answer x2 + (a—x)2 = 10

or,inoneinstance, a—x = /10 —x2. Some of these fourteen students first made an
error that they corrected after getting ahint from the interviewer. Four other students
performed the substitution but made an error that was not corrected by the interview-
er. The answers these four students gave were:

(1) X2+ a?—x2>=10
2 X2+ a—x=10
3) a—-x=10-x
(4) a—x= V(10* x)

In answer (1) the student squared both a and x rather than squaring their difference.
In answer (2) the student forgot the squaring. In answer (3), the student missed the
sguare root on the right-hand side, and in (4) the student multiplied 10 and x while
isolating y rather than subtracting x? from 10. However, despite these errors, all four
students showed some understanding of the principle of substitution. Only one stu-
dent out of nineteen did not arrive at a sensible answer.

The following fragment of the interview with Donald is illustrative. After some
struggling with the task, Donald carried out the substitution correctly and gave an
adequate explanation.

Interviewer: You understand the problem, don't you?
Donald: Yes, | don’t know how to do it without cal culator.
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Interviewer: How would you do it then with your calculator?

Donald: Well, ehm, solve, and then, let me think, no, ehm, yes, |
think solve, doesn’t contain'y,

Interviewer: Ehm...

Donald: Gosh, ehm, maybe no, wait a moment, let me have a
look.

Donald writes down: x° + (a—x)? = 10

Interviewer: Wonderful, how do you get this?

Donald: | wasthinking too hard. Hereisalready ay and here it
sayswhat yis, so you just haveto replacethiswith that.
| was just thinking too hard.

Interviewer: Right. And do you now know how you would do it with
the calculator? Of course, you could typeit in like this.

Donald: Then | would do this... withy = a—x.

Donald adds to x? + y? = 10 on the sheet of paper: | y = a—x.

=a—x

x2+)52= IO\"{'—Q-X

Figure 10.10 Donald’ s transfer of notation

Fig. 10.10 shows that Donald wrote down the vertical bar notation for substitution,
which isatransfer of notation from the cAs to paper and pencil. Another example of
transfer from computer algebra technique to paper-and-pencil work istheway Kevin
looked at the equation y = a—x. In hisreasoning he made use of T1-89 language, but
he also related the machine technique to his understanding. What is remarkable is
thefact that he converted thefirst i solated equation into the symmetrical, non-isol at-
ed form, like he encountered them often in the T1-89 environment.

Kevin: W, | think x + y = a, doesn't it?

Interviewer: Yes.

Kevin: But in fact thisis, thisis already solved. Becauseif you
do solve, x+y = a, comma y with solve, then you get
this.

[pointsat y = a— x on the paper]

Aswe described in Section 10.6.2, Marty preferred the I1ES scheme of double iso-
lation. By mistake, during the post-experiment interview heisolated y in the second
equation by hand as follows: y = \(x*10). His equation then was a — x = V(x*10),
but he did not feel sure about the right-hand side. Theinterviewer asked him how he
would check this if he had the calculator in his hands. He said he would use solve.
On his sheet of paper he changed x2 + y? = 10 into solve(x? + y? = 10, y)

280



10.6.4

Results concerning the instrumentation of computer algebra

and a—x = (x*10) into solve(a — x = \(x*10), x).

Asinthe previous section, we saw that asking students how they would do it by hand
could help them to understand the cAs technique, the inverse question ‘how can you
do that with the cAs' helped Marty to clarify his paper-and-pencil strategy.

To summarize this section, the data suggest that the transfer of computer algebra
techniques to the paper-and-pencil environment does take place, including the cor-
responding notations and language. Although it could not be observed frequently,
because the cas was permanently available during the teaching experiments, the
data from the post-experiment interview of G9-11 in particular provide evidence for
the conclusion that such a transfer can be effective. We interpret this outcome as
modest evidence that working on substitution in the computer algebra environment
improved the students’ understanding so that transfer to the paper-and-pencil envi-
ronment could take place.

Student preferences for one of the two media
The last issue concerning the relation between computer algebra techniques and pa-
per-and-pencil techniquesisthe students' preference for one of the two media.

In some cases students preferred to do things mentally or to use paper-and-pencil
methods rather than use cAs techniques. For example, in Section 10.4.3 we noticed
that in simple cases students carried out theisolation step of the I SS scheme mental-
ly. The next fragment showshow Cindy didthat for b - h = p andimmediately sub-
stituted the isolated form into the other equation, b + h = s. Robert needed an ex-
planation.

Cindy enters: solve(b+h=s| b= p/h, h)

Robert: Why divided by h?

Cindy: We found the formula of b times h is p, and then if you
want to isolate b then you have to divide p by h.

Teacher: So sheisolated b mentally.

(G9-1-A12, assignment 4.6)

Thisisamatter of efficiency: if you do it faster mentally, then why use the machine?
Some students also preferred to work mentally or with paper-and-pencil in more
complex cases, such as solving the equation (x—5) - (x+ 1) = 7. Probably they
felt that they knew better what they were doing in thisway. For example, Mariacom-
mented: ‘| can always see it easier mentally than with the calculator, because then |
awaysforget what I’'m doing’ . Thislinks up with another remark that she made ear-
lier concerning graphing with the T1-89:

Maria: Yes but it iswith that calculator, yes | think it is much
more clumsy, because normally | understand that very
well but such a formula, yeah, | don't see so much in it
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if | just enter it into the calculator and it draws the
graph.
(G9-11-5/11, assignment 3.1)

We conjecture that the preference for paper-and-pencil and mental work is caused
by the black box character of the computer algebra environment that elicits the stu-
dents' feeling of not understanding what is happening. Working in the ‘traditional’
manner givesthem afirmer grip on the process. Thislinksup with findingsfrom pre-
vious studies. For example, the following fragment reveals asimilar attitude:

Esther solved an optimization problem graphically.

Observer: It can also be done with differentiation.

Esther: But | cannot differentiate this function yet.

[ She means she cannot differentiate it manually]

Observer:  But the machine can.

Esther: Yeah, but then you don't know what you're doing!
(Drijvers, 2000, p. 206)

The preference for the paper-and-pencil method because otherwise ‘ you don’t know
what you're doing’ shows a striving to understand what is happening and to control
the problem-solving process. The above quotations show that students sometimes
missthisin the cas work. Apparently they want the * black boxes to become white'.
This tendency indicates a critical mathematical attitude that we appreciate and not
like to discourage.

In addition, studentsin some cases seemed to use the by-hand method because they
did not realize that the cAas could do the work for them. For example, they solved an
equation with paper and pencil because they still were not used to the idea that the
cAs could take over thistask. Therisk of this preference for paper-and-pencil work
isthe occurrence of elementary algebraic errorsthat hinder the progress, such asthe
mistakes summed up in table 9.4.

Other students, or the same students in other situations, preferred using the CAs to
the paper-and-pencil method. For example, Maria used the TI-89 to solve the lens
equation 1/5 = 1/v+ 1/b with respect to b. After the observer asked if she could
do it by hand as well, she answered: ‘Well, | have the calculator for that. | always
struggle with the machine so I'm happy | can use it for something.’

All together, the students had different preferences on the cas/ by hand issue. As
was shown in Fig. 8.13, Helen was one of the students who preferred to work with
paper and pencil. The following dialogue took place after she had solved the general
lens equation 1/f = 1/v+1/b on the blackboard by hand. Linda supported
Helen's approach, whereas Maria and Ada preferred the cAs method.
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The teacher explains Helen's solution and says it can also be done

with solve on the TI-89.

Linda: But that's far too easy, isn’t it? Then you have to know
the result, or don’t you? [ She means that you should be
able to solve it by hand]

Teacher: No, that doesn’t matter, you can do it with the solve
command. It should be done by hand aswell, but you're
now working with the machine.

Maria: Yes indeed.

Ada: Solve, very easy.

(G10-11-3/34, assignment 8.3)

The students knew that they were using the TI-89 for a temporary project, and that
after that they would have to be able to do the algebra by hand. Of course, thisinflu-
enced their attitude concerning CAS use versus paper-and-pencil work. Furthermore,
the demands of the teacher concerning the by-hand skills to a great extent deter-
mined this attitude. The role of the teacher in using the cAs or working in the paper-
and-pencil environment is addressed in Section 10.7.3.

Orchestration of instrumentation by the teacher

Conclusions on the orchestration of instrumentation by the teacher

Many research studies stress the role of the teacher in the instrumental genesis of
technological tools (Doerr & Zangor, 2000; Guin & Trouche, 1999, 2002; Kendall
& Stacey, 1999, 2001). The teacher is the exemplary user of the tool, and orches-
trates the instrumentation of the technology by means of individua interactions,
classroom discussions and demonstrations.

Although the role of the teacher in the instrumentation was not a primary focus of
this study, the data suggest that the way in which the teacher orchestrates the instru-
mentation influences the practice that is developed by the students. This links up
with the findings of the studies mentioned above. Furthermore, the integration of
computer algebrarequiresarethinking of the relation between carrying out algebraic
operations by hand and leaving this to the computer algebra environment. This re-
sultsin anew didactical contract (Brousseau, 1997). Reflecting on the teaching ex-
periments of this study, we reconstruct this new contract as one that stressed the
combination of the CAs approach and the paper-and-pencil approach, so as to con-
sider the differences and similarities of the techniques in the two media. This was
instructive for the students, but using the computer algebra environment in addition
to the paper-and-pencil work is time-consuming and does not relieve the students.
Looking back we regret that we did not communicate this new didactical contract
more clearly to the teachers and the students.

Two issues are worth discussing in more detail. As an example of the teachers' or-
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chestration of computer algebra use, we will first describe how the instrumentation
of the ISS scheme wasinfluenced by the teachers of the ninth grade classes (10.7.2).
Second, we will address the didactical contract that was not clear to the teacher and
the students in the tenth-grade G10-11 teaching experiment (10.7.3).

Orchestration of the instrumentation of the ISS scheme

We described the isolate-substitute-solve scheme (ISS, see Fig. 10.5) in Section
10.4. The students appeared to develop several variations of the proposed scheme.
The popularity of these variations was largely influenced by the way the teacher
dealt with them. As an example of teachers influencing the instrumentation of cas
techniques, we will now compare the orchestration of the ISS scheme in classes A
and B of the G9-I teaching experiment.

In class A, the first context of the ISS scheme was the sum-difference problem, in
which two numbers with given sum and difference had to be found. The teacher im-
mediately used the nested form that integrates the substitution and the solution into
one combined command. She wrote on the blackboard:

X+y=8 —y=s-Xisolate
X —y = s, substitute
TI-89 solve: solve(x —y=Vv|y=5sS-X,X)

fair share:
1 1 S+v
= g+ = -
X = 355+3V 5
1.1 S—V
y=353V

In this approach we appreciate the attention paid to the equivalent forms of the so-
lution formulas. However, the nested form is complex because of its compactness,
and led to errors such as substituting non-isolated forms or solving with respect to
the wrong unknown (see Section 10.4.3.).

In class B things went quite differently. First, while working for themsel ves some of
the students discovered the option to solve systems of equationsusing ‘and’. For ex-
ample, solve(x+y = 700 and x—y = 600, X) solved the system directly. One of
the students called this a ‘double solve'. This simultaneous method soon spread
throughout the class. In a classroom discussion, the observer acting as a guest teach-
er demonstrated the step-wise method. The teacher followed this approach in the
subsequent lessons.

For example, while solving the system of equations x2 +y2 = 625, x+y = 31
she demonstrated the step-wise method on the TI-89 view screen as follows:

Entered: x2+y2 = 625 |y=31—-x
Thisyields: 2x2—-62-x+ 961 = 625
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Entered: Solve(2x2 —62 - x + 961 = 625, )
Thisyieldss x=24o0rx=7
(G9-1-B15, assignment 5.4)

The different approaches of the teachers|ed to adifferent instrumentation of the ISS
scheme, as is reflected in the handed-in results of the right-angled triangle assign-
ment (see Fig. 10.4). The distribution of methods in Table 10.2 shows differences
between the two classes. The nested form is popular in class A, whereas the step-
wise method and the simultaneous method are preferred in class B. This indicates
that the teacher’s approach led to standardization and collective instrumentation.
Thisisin linewith the findings of Doerr and Zangor (2000), who argued that the or-
chestration by the teacher is very influential, and of Kendall and Stacey (1999,
2001), who stated that teachers privilege specific techniques and schemes, and dis-
privilege others.

Solution method Class A Class B
ISS step-wise 6
ISS nested form correct 15 2
ISS nested form incorrect 1 1
ISS simultaneous form correct 8
Divers methods, partially correct 4 2

Table 10.2 Different methods for carrying out the | SS scheme in task 5.4

In the next teaching experiment in ninth grade, G9-I1, the differences between the
two classes were not so obvious for several reasons. First, the class A teacher was
more careful inintroducing the nested method than she had been the year before, be-
cause of the difficulties that had shown up. Second, the teaching materials contained
more assignments that could not be solved with the simultaneous method. Asare-
sult, the proposed step-wise method was used more often than in G9-I and the classes
did not differ so much. When students changed to the nested form after mastering
the step-wise method, errors were less frequent than when they started with the nest-
ed form, probably due to an increased insight acquired by the step-wise method.
After solving the system of equations x2 +y2 = 625, x+y = 31 with the ISS
scheme using the TI-89, the teacher encouraged the use of the machine and told the
students that after the experiment they would have to do it with paper-and-pencil
again. When one of the students asked ‘ Why do we need to do it by hand then? the
teacher replied ‘ Because by then you will have handed in the calculator.’
Thisfragment raisestheissue of the didactical contract concerning computer algebra
use and the paper-and-pencil work, which is the issue of the next section.
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Teachers’ influence on the relation between computer algebra use and pa-
per-and-pencil work

The use of a computer algebra machine in a mathematics course raises the question
what operations and procedures should be mastered by hand. Asthe teacher setsthe
norms, the students watched the teacher’ s attitude very closely: what isthe new di-
dactical contract concerning by-hand skills? In fact thiswas not so clear in theteach-
ing experiments. On the one hand, the teachers felt that the students should use the
CAS asit was an important aspect of the experimental setting. On the other hand, af -
ter the experiment the students would be thrown back on their by-hand algebraic
skills. Therefore, it was sometimes recommended to carry out procedures with paper
and pencil aswell.

For example, in the G10-11 teaching experiment one of the tasks consisted of finding
the coordinates of theintersection points of thelinewith equationy = a-x—2 and
the parabola with equation y = x2—4x+ 5. On that occasion the teacher said it
could be done by hand, but that it was better to do it with the machine now, as this
was acalculator experiment. On the other hand, teacher and observer often asked the
students who found a result in the computer algebra environment whether they
would be able to find it by hand as well. The reason for this question was to avoid
the risk of getting too dependent on a machine that would be gone within a few
weeks, as well as the idea that comparing the two methods and experiencing their
congruence/incongruence would increase the insight into the procedure.

All in all, the attitude of teachers and observers concerning carrying out the opera-
tions by hand in the paper-and-pencil environment versus leaving it to the cas was
ambiguous; as a result, the didactical contract was not clear to the students, who
were aware of the temporary character of the teaching experiments and the availa-
bility of the technology. The fina observation of Section 10.6.4 shows thisambigu-
ity in the teacher’ reaction, and the mixed feelings of the students afterwards.

Conclusions on the instrumentation of computer algebra

In the final section of this chapter, we first summarize and discuss the results con-
cerning the instrumentation of computer algebra. Then we reflect on the role of the
theoretical framework that was described in Chapters 3 and 4. Finally, some peda-
gogic consequences are formulated in the form of recommendations to teachers.

Summary and discussion
The central question in this chapter is the second research subquestion:

What isthe relation between instrumented techniquesin the computer
algebra environment and mathematical concepts, asit is established
during the instrumentation process?
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In Chapter 5, we defined instrumented techniques and schemes of instrumented ac-
tion as mental schemes for solving specific types of task by means of sequences of
actions in atechnological environment. Characteristic of such schemesisthe inter-
play between mathematical conceptual understanding and technical skillsfor carry-
ing out procedures in the technological environment.

The conclusion of this chapter is that there does indeed exist a close and reciprocal
relation between cAs techniques and conceptual understanding. Furthermore, the
paper-and-pencil techniques were identified as athird element involved in thisrela
tionship. We found differences between the instrumental genesis of simple schemes
and composed schemes, and identified conceptual obstaclesthat hindered the instru-
mentation as well as technical obstacles that sometimes were related to the limita-
tions of the cas interface. The teacher seemed to play an important role in the or-
chestration of the instrumentation.

While the students worked with the TI-89 they developed instrumentation schemes
of different complexity. For the schemes that were investigated in particular — the
solve scheme, the substitute scheme and the | SS scheme — the data showed that tech-
nical and conceptual aspects were integrated and developed interactively. Limited
conceptual insight hindered the instrumentation, and the instrumental genesis fos-
tered the conceptual development. For example, the solve instrumentation scheme
required the extension of theidea of solving for ‘ expressing one variablein terms of
others’ and the identification of the unknown with respect to which the equation was
solved. For the substitute scheme, the conceptual development included the under-
standing that only isolated forms could be substituted.

We found a difference between simple instrumentation schemes such as the solve
scheme and the substitute scheme, and composed instrumentation schemes such as
the ISS scheme. The instrumental genesis of the last-mentioned scheme showed the
above-mentioned difficulties for the component schemes of solving and substituting
to agreater extent than was observed when the simple schemes were carried out on
their own. The integration of the partial schemes into a composed scheme led to an
increasing number of errors. We conclude that such an integration sets high demands
on the instrumentation of the component schemes. Furthermore, in the comprehen-
sive scheme the students sometimes lost track of the global problem-solving strate-
gy, especially when the problem situation, the formulas and the expressions became
more complex.

A closerelation between the instrumented techniquesin the cas and the understand-
ing of the mathematical concepts was assessed. A third element involved in thisre-
lation was the paper-and-pencil practice that the students were familiar with. Incon-
gruence between computer algebra technique and paper-and-pencil technique
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caused instrumentation problems. When the techniques in the two media were con-
gruent, transfer of notation, strategy and technique took place. A second condition
for transfer is the transparency of the computer algebra technique: if it is not trans-
parent, but rather a black box, the student would be unable to link it with the paper-
and-pencil technique and with the mathematical concepts he has in mind. We rec-
ommend to regularly ask the students to compare the computer algebra technique
with the paper-and-pencil method. Whole-class discussions of both kinds of tech-
niques may clarify instrumentation difficulties. In short, we pleafor the integration
of algebra on the screen, on paper and in the mind.

Often the instrumentation in the teaching experiments did not take placein a smooth
way. Weidentified a number of obstacles that hindered the instrumentation of alge-
braic techniques that were related to the primary focus of the study, viz. the under-
standing of the concept of parameter. In addition to this, some more general obsta-
cles were defined that limited the effectiveness of the work in the computer algebra
environment, such as the understanding of the difference between numerical and ex-
act calculations and the symbol sense needed to enter expressions and to recognize
equivalent formulas. There are severa reasons to pay attention to these obstacles.
First, obstacles can discourage students. Second, obstacles can strongly delay thein-
strumentation and make the lessons ineffective. We have observed students spend-
ing twenty minutes on one minor obstacle. The third and main reason to pay atten-
tion to obstaclesisthat they offer opportunitiesfor learning (Drijvers, 2002b). Many
of the obstacles are existing cognitive obstacles that are simply made more manifest
in the computer algebra environment, and not created by it. Working on understand-
ing and overcoming an obstacle al so means making computer algebrawork more ef-
fective, and improving the conceptual development of the mathematical concepts
behind the obstacle. Such activities asinvestigating what the problem redly is, find-
ing out what the ‘logic’ of aspecific syntax is, discovering the meaning of the output
and inventing a new strategy that is more feasible in the computer algebra environ-
ment offer opportunities for a better understanding, an improved conceptual devel-
opment and a good mathematical attitude. In that sense, obstacles are opportunities
for mathematics education.

The students’ instrumentation and their attitudes to working in the computer algebra
environment are influenced by the teacher. Different orchestration of techniquesled
to different collective instrumentation and classroom practices. Classroom demon-
strations and whol e-class discussions are recommended in order to achieve collec-
tiveinstrumentation. Furthermore, the didactical contract concerning therelation be-
tween by-hand work and machine work was affected, but it was not clearly stated
how; teachers, observers and students struggled with the question what part of the
procedural work could be left to the cas and what had to be done by hand as well.
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10.8.2 Reflection on the theoretical framework
The main elements of the theoretical framework of the study for this chapter are the
theory of instrumentation, the instruction theory of Realistic Mathematics Education
and theories on symbol sense and symbolizing. In this section we reflect on the re-
lation between these theoretical elements and the findings of this chapter.
The central issue in the theory of instrumentation is the instrumental genesis, which
consists of building up simple and composed instrumentation schemes. Such
schemes have technical and conceptual aspects that are closely related.
The findings of this chapter show that the perspective of instrumentation was valu-
able for interpreting the observations. Indeed, this chapter describes the building up
of some instrumentation schemes in detail. A technical and a conceptual aspect
could be distinguished in many of the problems that the students encountered while
doing so. Conceptual limitations could hinder the instrumental genesis, but the cas
reguirements for building up the schemes could elicit a further conceptual develop-
ment aswell, such asthe extension of the understanding of solution and substitution.
These findings do not suggest modifications or extensions of the instrumentation
theory; rather, they show its usefulness for understanding the student - machine re-
lation, and they translate the theory to the concrete practise of classroom observa-
tions. For a successful instrumentation, the transparency of the computer algebra
tool turned out to be crucial, asdid the congruence of the computer algebratechnique
and the corresponding paper-and-pencil technique. If congruence islacking, the ab-
sence of alink with the paper-and-pencil tradition may hinder instrumentation. If the
computer algebra techniqueis not transparent, CAS use acquires a black box charac-
ter and is no longer meaningful to the students because they are unable to ‘look
through’ theway the casfindsitsresults, and cannot relate these results to their own
experience with paper-and-pencil techniques

Theideathat procedures and concepts have to be meaningful for the studentsis one
of the key issues in the instruction theory of Realistic Mathematics Education. As
soon as the students are not able to understand what is happening within the compu-
ter algebra environment, or to give meaning to results and to the formulas that ap-
pear, thework acquires ablack box character and no longer leadsto ‘ agrowing com-
mon sense’, to quote Freudenthal (1991). Thiswas observed for the simple solvein-
strumentation scheme. Students are confronted in a top-down manner with results
that, to them, do not refer to akind of reality. The connection with reality can be es-
tablished by using real-life contexts, as was shown in Section 9.6. Relating the com-
puter algebrawork to paper-and-pencil techniquesthat the students are familiar with
can also help. Computer algebra asameans for vertical mathematization only seems
towork if the situation is experienced as meaningful by the student; the general level
of the mathematical framework can only be built up from the referential level. The
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opportunity to use computer algebrafor addressing more complex and more realistic
problem situations, as was suggested in Chapter 5, was exploited only to alimited
extent in this study.

Like the theory of instrumentation, the notion of symbol sense was useful for ex-
plaining student behaviour in the computer a gebra environment as well. In particu-
lar, entering formulas correctly into the cAs and interpreting the CAS output requires
the ability to ‘see through’ the formulas and expressions, to understand their mean-
ing and structure. On the other hand, the work in the computer algebra environment
can contribute to the development of this kind of symbol sense, if the entering and
interpretation of expressions and formulasistaken asan opportunity to analysetheir
structure. In this sense, the CAS is an appropriate environment for experimenting
with algebraic expressions and formulas. It is up to the teacher to stimulate such a
closer ook into the formulas. The sometimes subtle differences in notation between
the computer algebra environment and the paper-and-pencil work may generate ob-
stacles to the development of this kind of symbol sense.

An important element in the theories on symbolizing is the signification processin
which the student devel ops his’her own symbolizations, and improves and usesthem
in relation to the meaning he/she attaches to them. The observations presented in this
chapter did not show much of this bottom-up process, because the computer algebra
environment already offers asymbol system and is not very flexible concerning no-
tation and syntax. Thisinhibits a free development of symbolizations at the level of
ninth and tenth grade. For supporting the progressive development of notations and
informal strategies the CAs is not the ideal medium for students at this level. How-
ever, the confrontation with a ready-made symbol system also involves the process
of developing meaning while using. This links up with the technical and conceptual
aspect of instrumentation. In that sense, theories on symbolization provided a back-
ground for understanding the growing sense for the symbols within the computer al-
gebra environment.

Consequences for teaching

Asaconsequence for teaching, Section 10.8.1 suggests a pedagogic strategy of con-
sidering obstacles seriously, paying attention to them and taking advantage of the
opportunities they offer. As Simon (1995) stated in a more general sense than our
specific case of working in acomputer algebra environment that:

Conceptual difficultiesthat | have previously observed in students are not to be avoid-
ed; rather, they provide particular challenges, which if surmounted by the students, re-
sult in conceptual growth.

(Simon, 1995, p. 139)
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Rather than trying to smooth over the obstacles, we suggest making them the subject

of classroom discussion in which the meaning of the techniques and the conceptsis

developed. The mathematical ideas behind the obstacles should be considered ex-

plicitly, and the computer algebra environment should be used as an inspiring object

of study rather than an ‘oracle’. Such an approach turns the obstacles to computer

algebra use into opportunities for learning, and enriches mathematical discourse in

the classroom.

If weaim at mathematics education that focuses on the development of a meaningful

network of mathematical objects by using computer algebra, the following sugges-

tions for teachers can be derived from the teaching experiments and may help to or-

chestrate the instrumentation.

« Thedidactical contract
When starting with CAS use in the classroom, we recommend establishing a di-
dactical contract concerning by-hand skills and computer algebra use and to dis-
cuss it with the students, so that they are aware of the new situation and of what
is expected of them. Furthermore, new socio-math norms will need to be devel-
oped. For example, one of the norms might be that numerical or graphical an-
swers should be explained by algebraic means. In that case, the teacher should
use problems that can be solved and explained algebraically.

« Technical and conceptual difficulties
We recommend paying attention to the difficulties students encounter while
working in the computer algebra environment, and trying to identify technical
and conceptual factors therein. This could be done during interactions with indi-
vidual students. The main observations could be reviewed and the main prob-
lems discussed in classroom teaching. Obstacles should be addressed and made
explicit rather than ‘ smoothed over’.

« Comparing paper-and-pencil and castechniques
We suggest carrying out selected tasks by hand on the blackboard and also in the
computer algebra environment using a data projector. While doing so, the stu-
dents should be asked to compare both methods, so that they become aware of
the transparency and congruence issues. However, the use of technology in this
approach does not save time. To develop new CAS techniques, initial examples
should not be too complex; on the other hand, they should not be so simple that
they can be solved mentally at once.

« Discussing the entering of commands and inter preting output
It is recommended to discuss with your studentsthe logical and illogical aspects
of entering commands into the CAS and interpreting the CAS output. Show them
that perceived strange aspects may have to do with their paper-and-pencil habits,
with peculiarities of the cAs or with limited conceptual understanding. Possibly
address the way the cas works internally. For example, ask students to develop
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their own ‘machine language’: how could you explain unambiguously to a ma-
chine what you want it to do?
- Discussing problem-solving strategies
In order to prevent students from losing track of the overall problem-solving
strategy, review theline of the strategy and itsrational e after it has been finished.
- Demonstrations
Have students demonstrate their work in the computer algebra environment us-
ing a data projector, and discuss the methods with the class, while also consider-
ing alternatives. An other option isto have a‘ Sherpa student’ (Guin & Trouche,
1999) manipulating the computer algebra environment while the teacher ex-
plains. Use these demonstrations to develop collective instrumentation and ma-
chine routine.
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11.2

Conclusions and discussion

Introduction

In this final chapter we discuss the detailed results that were presented in Chapters
9 and 10 from a more global perspective. The aim is to make a synthesis of these
results and to reflect on the findings. First, we summarize the conclusions on the two
research subquestions and derive the answer to the main research question (11.2).
Then, we compare these conclusions with our expectations at the start of this study.
We reflect on the influence of the theoretical framework and discuss the methodol -
ogy, aswell asthe generalizability of the results (11.3). The last Section, 11.4, con-
tains recommendations for teaching mathematics using computer algebra, for
designing computer algebra software for educational purpose and for further
research on the use of technology in mathematics education.

Conclusions

In this section we first summarize the findings on the two research subquestions, the
first one concerning the concept of parameter, the second the instrumentation of
computer algebra. These results have been presented in more detail in Chapters 9
and 10. Then we infer an answer to the more general main research question on the
contribution of computer algebra use to the learning of algebra.

Conclusions concerning the concept of parameter

Thefirst research subguestion was: how can the use of computer algebra contribute
to a higher level understanding of the concept of parameter? The results described
in Chapter 9 led to a hypothetical learning trgjectory for the concept of parameter
that followed the line placeholder - changing quantity - generalizer - unknown. The
studentsdid acquire ahigher level understanding of the parameter as changing quan-
tity; insight into the parameter as generalizer and as unknown, however, was
achieved only to alimited extent.

Computer algebra use supported the understanding of each of these parameter roles
and the transitions to the higher parameter roles in various ways. Work in the com-
puter algebra environment allowed for varying parameter values, for repeating prob-
lem-solving procedures, for calculating generic algebraic solutions and for shifting
roles of the parameter. The last isrelevant to the parameter as unknown. The use of
the dlider bar illustrated the parameter as changing quantity, and the link between
graphical features and algebraic properties (Section 9.8).

In the computer algebra environment, the students encountered expressions as sol u-
tions to equations that were processed further by other procedures such as substitu-
tion. This stimulated the reification of algebraic formulas and expressions aswell as
overcoming the lack of closure obstacle. In some cases the work in the computer
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algebra environment improved the students' insight into the structure of the — in
some cases parametric — formulas and expressions and thus the students' symbol
sense. A precondition for this to happen seemed to be that the formulas and expres-
sions had to be meaningful to the students, for instance by means of a connection
with a problem situation that was perceived asredlistic. This showsthat the original
focus of thisstudy — namely, to use computer algebraas ameans of entering the gen-
eral level of generalization — could not be achieved without paying attention to the
referential level and to redistic problems as starting points.

The data also suggest limitations of the positive effects of computer algebra use.
Instances of long periods of non-productive work in the computer algebra environ-
ment were observed, misconceptions in some cases turned out to be persistent, and
the test results revealed a lack of technical skills and conceptual understanding.
Although these modest results should be interpreted in the context of the relatively
weak student cohortsinvolved and the teachers' lack of experienceintheintegration
of technology, we conjecture that the following reasons explain the limited concep-
tual benefits:

« Thetype of tasks was new to the students. Their previous education had hardly
prepared them for generalization and symbol sense.

« The teaching experiments were too short to allow the studentsto really get used
to ‘doing mathematics with a machine’.

« Theninth-grade level isearly to start working with computer algebra, as the by-
hand experience of the studentsis still limited.

« The hypothetical learning trajectory may have treated the different parameter
rolestoo much as separated concepts. | ntegrating and mixing the parameter roles
might have led to a more comprehensive understanding.

- Thetargeted genera level was addressed too directly, at the expense of the ref-
erential level that provided the meaningful starting points. Some of the instruc-
tional activities were too general and too complex.

« The teachers had reservations about having whole-class reflective discussions
and about being explicit about the didactical contract. A comparison of G9-l1
with G9-I shows that as the teacher gained experience, the teaching improved.

« Instrumentation and interface problems sometimes frustrated the learning proc-
ess. Thisissueis addressed below.

Conclusions concerning the instrumentation of computer algebra

The second research subguestion was: what is the relation between instrumented
techniquesin the computer algebra environment and mathematical concepts, asit is
established during the instrumentation process? The overall conclusion from Chap-
ter 10 is that there is a close relation between instrumented techniques, which are
condensed into simple and composed instrumentation schemes, and conceptual un-

294



Conclusions and discussion

derstanding. The students can only understand the logic of a technical procedure
from a conceptual background. What seemed to be technical difficulties were often
observed to have a conceptual background, and the relation between technical and
conceptual aspects made the instrumental genesis (the development of instrumenta-
tion schemes) a complex process. The examples of the solve scheme and the substi-
tution scheme show in detail how the mixture of technical and conceptual aspects
may have led to difficulties that were not easy for the students to overcome. Thein-
strumentation of the scheme isolate-substitute-solve indicates that the integration of
elementary instrumentation schemes into a composed scheme requires a high-level
mastering of the component schemes. Evidence from the data suggests that congru-
ence between instrumentation schemes and schemes that the students had devel oped
within the paper-and-pencil environment is an important factor in the instrumental
genesis. This concerned the overall problem-solving strategy as well as the nota-
tions, symbolsand syntax used. The students encountered many obstacles during the
instrumentation process that could be explained in terms of the technique - concept
interaction and the incongruence between the cAs and the paper-and-pencil environ-
ment. We argue that such obstacles offer opportunities for learning that can be cap-
italized on by reflecting on their conceptual aspects and the relation with the corre-
sponding paper-and-pencil technique. This requires orchestration of the instrumen-
tation process by the teacher, attention to instrumentation issues in instructional
activities, and time.

Two comments should be made on these conclusions. First, one can ask whether
computer algebrais an appropriate tool for algebra education if the instrumentation
reguires so much effort. Indeed, the cAs has a top-down character in the sense that
‘everything is already there’, that no symbolizations have to be devel oped, and that
it is not flexible with respect to notational or syntactic differences. The students
work may suffer from a perceived lack of congruence with paper-and-pencil tech-
niques or alack of transparency, so that the CAs is seen asablack box. Although the
flexibility of any 1T tool islimited, thisissueis striking for CAs use at this level of
education. In Section 10.8 we argued that overcoming obstaclesis a processthat in-
volves conceptual development, and that instrumentation includes a signification
process of giving meaning to algebraic objects and procedures. Once the students
have dealt with most obstacles, the cAs offers awide scope of algebraic experimen-
tation room. For the ninth- and tenth-grade students in our study we conclude that
the balance between the costs of instrumentation and the benefits of algebraic insight
was not positivefor theserel atively short teaching experiments; instrumentation was
time-consuming. Although interesting issues came up during the instrumental gen-
esis, the opportunities were not easy to capitalise on. We conjecture that integrating
CAsinto algebraeducation is better suited for longer periods, so that students would
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be ableto really get used to the tool, or in higher grades, when they have more alge-
braic experience.

The second comment concerns the embedding of CAs usein the educational setting.
As for the first research subquestion, one can ask whether the results would have
been better if the orchestration by the teacher had been different, if other activities
had been designed, or if another computer algebratool had been used. Of course, the
educational context affected the instrumentation difficulties. For example, a better
orchestration of instrumentation might have led to more reflection on the instru-
mented techniques. In the meantime, we argue that the educational setting does not
change either the nature of the instrumentation process that students have to go
through while working in acomputer algebra environment, or theimportance of this
process.

Conclusions concerning algebra and computer algebra
The main research question that was phrased in Chapter 1 was:

How can the use of computer algebra promote the understanding of
algebraic concepts and operations?

Through extrapolating answers to the two research subguestions to a more general
level, we arrive at the following conclusions concerning the main research question.
First, the findings concerning the concept of parameter suggest that the use of com-
puter algebra can promote algebrai c understanding, but that the effect dependson the
didactic and educational settings. Computer algebra use can generate opportunities
for learning, for gathering experiences, for making explicit algebraic issues and for
developing conceptual insights. The contribution of the computer algebra work to
learning, however, is small if it is embedded in education in which the computer al-
gebrawork isnot related to paper-and-pencil work and in which whole-class discus-
sion on the interpretation of cAs results and reflection on the consequences and the
meaning of the findings are lacking.

Second, several of the benefits of the work in the computer algebra environment that
were observed in this study go beyond the concept of parameter and address algebra
in genera. For example, the cas work alows for combining different representa-
tions, and in particular for linking graphical and algebraic representations. In the
computer algebraenvironment, operations and procedures can be easily repeated un-
der dlightly different or more general conditions, which stimulates the construction
of amathematical framework of algebraic relations and objects.

Symbol sense, insight into the structure of algebraic expressions and formulas, and
the reification of formulas and expressions can benefit from computer algebra work
aswell: the confrontation with equivalent expressions stimulates a closer look at al-
gebraic structures, and the submission of expressions to subsequent processes fos-
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ters the perception of formulas as objects. On the other hand, a productive use of
computer algebra already requires a certain level of symbol sense.

Third, the findings concerning the instrumentation exceed learning the concept of
parameter as well. The instrumentation of computer algebra is an important issue.
An incompl ete instrumentation may hinder learning; on the other hand, the instru-
mental genesis often includes a conceptual development, provided the individual
and collective instrumentation is orchestrated adequately. Therefore, the instrumen-
tation of computer algebra offers opportunities for the learning of algebra.

Fourth, we distinguish some prerequisites for productive computer algebrausein al-
gebra education. The findings suggest that the algebraic expressions and formulas
that the students work with in the cAs have to be meaningful to them. Realistic prob-
lem situations play an important role here. In the first teaching experiments we fo-
cused on the general level of mathematical objects, while neglecting the referential
level of problem situations that are realistic to the students. Because the framework
of mathematical relations had not yet been devel oped by the students, thisturned out
to be an unbalanced approach that led to results that were meaningless to the stu-
dents. Instead, taking realistic problem situations at a concrete referential level as
starting pointsfor building up the mathematical objectsat the general level was more
successful, as we saw in the last teaching experiment.

Conditions for meaningful work in the computer algebra environment include the
students’ perception of congruence between instrumented technique and mathemat-
ical concept, and between notations and symbols within the cas and in the paper-
and-pencil environment. The cAs procedures should not be perceived as black box-
es. In short, the work in the cAs should connect with the mental algebraic concepts
of the students and with the paper-and-pencil tradition.

This relation between screen, paper and mind implies transfer: if the students per-
ceive transparency and congruence, their work in the computer al gebra environment
influencestheir paper-and-pencil techniquesand their conceptual understanding. On
the other hand, difficulties with the instrumentation of computer a gebratechniques
are often related to alack of conceptual understanding. Taking these difficulties se-
riously may foster an extension or adaptation of the algebraic concept.

Reflection and discussion

In this section we consider the results of this study from different perspectives.
First, we compare the conclusionswith our initial expectations, and reflect on chang-
esin these issues if we were to start again. Second, we reflect on the merits of the
theoretical framework and the role it played in the study. Third, we discuss the ap-
propriateness of the research methodology and design. Finally, we address the gen-
eralizability of the conclusions.
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Reflecting on the initial expectations and changes in the case of a restart

Looking back on our initial expectations (Sections 1.3, 5.4 and 5.5), some cametrue
and others did not. What came true is that computer algebra does indeed offer op-
portunities for the learning of algebra: we already mentioned the findings concern-
ing generalization, reification of formulas and expressions, insight into the structure
of formulas and expressions and exploration of algebraic relations. In the meantime,
computer algebra environments are difficult tools for students of the age and level
of the subjects of our study. The computer algebra environment was more an explor-
ative tool than an expressive tool, to use the terminology of Doerr (2001): students
can use the tool to explore the conventional symbol system, but not to express them-
selves by means of their own symbols.

The results show that the instrumentation difficulties were more important than we
had expected beforehand. For example, the difficulties with the | SS instrumentation
scheme were quite dominant. We had not foreseen the obstacle that the integration
of simple instrumentation schemes into composed schemes could present.

An outcome of the study that we did not expect beforehand concerns the importance
of meaningful, realistic problem situations as starting points for instructional activ-
ities. The cAs did not act asamicroworld that could replace the realistic contexts, at
least not for students of this age and level.

Finally, our initial belief that cas use would help to focus on the overall problem-
solving process without being distracted by calculational detailsis not supported by
the data. One possible explanation istheinterfering ‘noise’ of instrumentation prob-
lems; a second reason might be alack of attention to classroom discussions that fo-
cus on this aspect.

If we were to start this study again, what would we do differently? We would start
at areferential level with concrete realistic problem that students could meaningfully
engage in, so that aframework of mathematical relations and objects would be con-
strued by the students, leading to entering the general level. Thiswould involve both
horizontal and vertical mathematization. Furthermore, we would pay more attention
totheinstrumental genesis, individually by means of instructional activities and col-
lectively by means of frequent and deepening whole-class discussions. The new di-
dactical contract would require more discussion as well. Rather than focusing so
much on the devel opment of instructional activities, wewould pay more attention to
clarifying the main ideasto the teachers and to offering them more guidelinesfor es-
tablishing a classroom culture in which this new didactical contract and the accom-
panying social and mathematical normswould be realized (Gravemeijer, 1995). We
would try to encourage the teachers to have whole-class discussions in which reflec-
tion on the tasks is stimulated by appropriate questions, thus fostering a collective
cognitive development. Asfar asthe hypothetical learning trajectory for the concept
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of parameter concept is concerned, we would start mixing the different parameter
roles somewhat earlier and more extensively than we did, in particular in teaching
experiments G9-1 and G9-I1.

The role of the theoretical framework

In Section 1.5 weintroduced the theoretical framework of the study, which was com-
posed of elements with different backgrounds, such as the domain-specific instruc-
tion theory of Realistic Mathematics Education, level theories, theories on symbol
sense and symbolizing, the process-object duality and the theory of instrumentation.
We now briefly address each of these theoretical notions and reflect on their rolein
this study and on their contribution to the results. Thiswill indicate whether the sit-
uation of the study iswithin the scope of the theoretical notion. We a so wonder what
our study will contribute to the further development of the theoretical element.

In this study the domain-specific instruction theory of Realistic Mathematics Edu-
cation played arole in three related ways. First, the four-level structure of mathe-
matical activity hel ped to understand why the original ideaof using mathematics and
computer algebra as contexts at the general level did not work out well: the students
failed to attribute meaning to the algebraic objects and procedures, because an ap-
propriate network of mathematical relations had not yet been built up. Therefore,
concrete and realistic problem situations that were meaningful to the students at the
referential level provided better starting points. The notion of referential and general
level provided insight into the processes of generalization and abstraction, and the
intertwinement of horizontal and vertica mathematization. Second, the RME view
was helpful in identifying the problem of the black box character of using the casin
cases where the students were not comfortable with their inability to understand
what was happening within the computer a gebra environment, and to give meaning
tothe algebraic resultsthat appeared. These contributions of RME to this study do not
affect thetheory; rather, they support the general character because application to the
specific situation of using IT in mathematics education proved to be both appropriate
and valuable.

Thelevel theories (Section 4.5) were of limited importancein this study. They acted
as background for defining the higher level understanding of the concept of param-
eter. The Van Hielelevel theory clarified the need to devel op aframework of math-
ematical relations for the concept of parameter. In addition to what was said in the
previous paragraph, the four-level structure of Gravemeijer and the distinction be-
tween model-of and model-for stressed the relevance of a longitudinal perspective
for considering the transition from action language to formal language, the develop-
ment of the object view of formulas and expressions/sub-expressions.

The notions on symbol sense had to be specified for the purpose of this study. We
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confined ourselves to insight into the structure and the meaning of formulas. After
this definition, the notion of symbol sense was one of our primary means of inter-
preting the students' behaviour in the computer algebra environment with formulas
and expressions. Both the insight into the concept of parameter and the instrumen-
tation of computer algebra were related to this kind of symbol sense: complex for-
mulas appeared while working with parameters. Using the cas required insight into
the structure of expressions, such as /a2 —x2, to be able to enter them correctly.
Recognizing equivalence, even in such simple cases as —x-(x—40) and
X - (40-Xx), aso required symbol sense. On the other hand, CAS use seemed to re-
inforce the development of thiskind of symbol sense. Asfeedback to the theoretical
notion of symbol sense, we suggest that the notion as such lacks a more precise def-
inition.

Theories on symbolizing stress the signification process in which the student devel-
ops his/her own symbolizations. The character of the computer algebra environment
and theinitial choices of thisstudy did not offer much opportunity for such abottom-
up approach. However, symbolizing also involves reasoning with conventional
mathematical symbols (Gravemeijer et al., 2000). We conclude that the instrumen-
tation of computer algebrain the context of the concept of parameter may foster the
development of meaningful mathematical objects. In that sense, the instrumental ap-
proach can be seen as a symbolization perspective. The feedback to the theories of
symbolizing, therefore, is the question how symbolization takes place in a case
where the environment offers only limited freedom of notation and strategy.

The process-object duality helped usto state one of the goals of the learning trajec-
tory, viz. thereification of agebraic formulas and expressions. Furthermore, the du-
ality proved to be useful for identifying the influence that computer algebra use had
on the development of an object view of formulas and expressions by the students.
Together with the notion of symbol sense, reification was the main frame of refer-
ence for monitoring the progress of algebraic insight into formulas and expressions.
The theory of instrumentation was an important framework for interpreting student
behaviour in the computer algebra environment. The close relation of technical and
conceptual componentswithin instrumentation schemeswas observed and helped us
in understanding the instrumentation process. The instrumental genesis sometimes
was hindered by conceptual barriers, but also fostered further conceptual develop-
ment, aswas suggested by the theory. This study worked out the instrumentation the-
ory for the concrete case of some detailed schemes. Furthermore, we stressed therel-
evance of the congruence and transparency criteria and suggested to pay more atten-
tion to the link between the computer algebra technique and the corresponding
paper-and-pencil technique.

All together, most of the elements of the theoretical framework contributed to the
results of this study, which was not obvious beforehand: only the instrumentation
theory had been customized especially for application to learning algebrain a com-
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puter algebra environment. Apart from some suggestions for further development,
the main value of this study for the theoretical framework isits perceived contribu-
tion in a setting for which it was not developed. This suggest awide applicability.

The methodology of the study

In this study we used the design research methodology. We now reflect on the main
characteristics of this methodol ogy that were described in Chapter 2.

Overall, we felt that the design research methodology was appropriate for investi-
gating the research questions of this study, given the state of knowledge. In particu-
lar, the study aimed at understanding how and why computer algebra affected learn-
ing, and not only whether it would. The fact that a dedicated theoretical framework
and condensed hypotheseswere not yet available linked up well with the cyclic char-
acter of design research, which allows for changing the learning trajectory in the
next cycle according to new insights from the previous cycle. Furthermore, no in-
structional activitieswere available, and their design was an important means of cap-
turing the development of hypotheses and insights.

L ooking back at our methodology, we notice that at the micro-level the cyclic char-
acter of ‘on the run’ adaptations for ‘tomorrow’ s lesson” was only used to alimited
extent; the macro-cycle design, however, was very important. We now reflect on
each of the phases of amacro-cycle: the preliminary phase (consisting of the devel-
opment of the hypothetical learning tragjectory and the design of instructional activ-
ities), the phase of the teaching experiment, and the phase of the retrospective anal -
ySiS.

The preliminary phase of the design research cycle includes the development of the
hypothetical learning trajectory. The HLT proved to be an adeguate research instru-
ment for monitoring the development of our hypotheses and expectations within de-
sign research within and throughout the research cycles. The advance identification
of key itemsin theinstructional activities and their expected outcomes made explicit
the goal's of the teaching experiment and guaranteed links between theory and prac-
tice, between thought experiment, teaching experiment and reflection. The HLT ap-
proach was a concrete means to deal with the design research phasing.

The other main component of the preliminary phase of the design research cycles
was the design phase. In Chapter 2 we described some design principles that might
be helpful, namely guided reinvention, didactical phenomenology and mediating
models. If we look back at the design process, these design principles acted only in
the background. The guided reinvention approach best reflects the design process.
Theintrinsic tension between ‘guided’ and ‘reinvention’ was reinforced by the ten-
sion between bottom-up ideas on |earning and the top-down means offered by com-
puter algebra. For didactical phenomenology, the conceptual analysis of the param-
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eter concept that was presented in Chapter 4 guided the design, so that probably it
would be better to speak of mathematical phenomenology instead. Didactical phe-
nomenology mainly was a means to find appropriate problem situations. The medi-
ating modelswere only considered while designing activitiesthat would |ead to gen-
eralization. Altogether, the way the design was carried out remained intuitive. Peer
review of instructional activities by fellow researchers and teachers was helpful in
making more explicit our goals and expectations.

The second phase of the design research cycleisthe teaching experiment phase. The
HLT that resulted from the preliminary phase included the identification of key in-
structional activities. This set of key items and their expected effects guided class-
room observations: For each lesson, the key items were studied and questionsto ask
pairs of students in short mini-interviews were formulated. These mini-interviews
assessed the results on the key items for a subset of the students, which guaranteed
alink between HLT, expectations and observational data. This method also contrib-
uted to structuring the observations. Aswe noticed that whole-class discussion were
not always held with the targeted effect, we concentrated our observations on these
mini-interviews. The data from one selected pair of students and from the classasa
whole provided information additional to that obtained during the mini-interviews.
Overdl, this method worked out in a satisfying way, as it allowed for a structured
means of gathering data that corresponded to the HLT and the aims of the teaching
experiment. In practice, though, we had to deal with two kinds of difficulties. First,
students sometimes considered the observers as ‘extra teachers' and wanted to ask
them questions. Although these questions led to interesting observations, they also
led to the observers having less time for mini-interviews on the key items. Second,
in some cases data on key items could not be assessed as the items had been part of
the homework or had already been discussed in the classroom. Despite these limita-
tions, the method of identifying key items and observing by means of mini-inter-
views was a valuable one.

The final phase of the design research phase is the retrospective analysis. For the
data analysis, we used a bi-directional method: we made a coding system related to
the HLT and the key instructional activities before the teaching experiment, and we
started the analysis with an ‘open’ way of coding. Confrontation of the preliminary
coding system with the ‘ bottom-up’ impressionsled to adaptations of the coding sys-
tem. We were satisfied with this method, because it ensured the link with our pre-
liminary ideas and was a so open to changes according to new insights. The coding
by asecond researcher wasworthwhile becauseit led to ahigher quality of dataanal-
ysis and forced the first researcher to be explicit about the coding system. After the
analysis, the design research idea that each cycle leads to feed-forward to the next
cycle was helpful in drawing up the balances at the end of aresearch cycle.
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The generalizability of the conclusions

The study focused on the concept of parameter and on the instrumentation of com-
puter algebra. Choices had to be made concerning the computer algebratool, aswell
as the grades and the school where the teaching experiments were to be held. How
about the generalizability of the conclusions of this study? Can they be extrapolated
to other situations, or are they specific to the particul ar settings and choices? We now
address generalizability to algebrain general, to other computer algebratoolsand IT
tools in general, to other grades and levels and to Dutch school settings other than
the school that was involved.

Many of the conclusions of this study go beyond the concept of parameter, and con-
cern learning algebra in general. For example, computer algebra use contributed to
the reification of formulas and expressions as well as to the development of symbol
sense and insight into the structure of formulas and expressions. The conclusion that
while using computer algebra realistic problem situations at a referential level are
still necessary starting points, is not specific to understanding the concept of param-
eter either. These conclusions do not seem to be related to the particular topic of the
concept of parameter. Therefore, we generalize them and expect them to be valid for
learning algebrain general.

How about the generalization of the conclusions to computer algebra environments
other than the TI-89? Of course, differences between computer algebra environ-
ments affect instrumentation at a detailed level. For example, in some other compu-
ter algebra systems it is not necessary to specify the unknown of an equation if it
contains only one variable, asthisis self-evident. However, thisinstrumentation is-
sue will then be encountered later, when equations with more variables are solved,
which will make no essential differencein the instrumentation process. Other exam-
ples are the reification of formulas and expressions, and the acceptance of expres-
sionsas solutions: even if the syntax of solveisdifferent in another computer algebra
environment, this conceptual development will be required. In general, we feel that
similar instrumentation issueswill be encountered while using another cas, and sim-
ilar affordances are offered, though perhapsin a slightly different form. The experi-
ences with the Studyworks and Tl-Interactive software packages (see Section 2.6
and Chapter 8) arein linewith this claim of generalizability. Thisalso appliesto the
findings of related projects that use other computer algebra environments (e.g. van
de Giessen, 2002; Pierce & Stacey, 2002). Something that might have affected the
findings is the decision to use a handheld cas. However, as the students mostly
worked in pairsin the classroom, we do not feel that the collective instrumentation
suffered from the individual character of the handheld machine use. Therefore, the
findings can be extrapol ated to computer algebraenvironmentsin general. Lessclear
isthe extrapolation to other IT tools. We conjecture that the instrumentati on perspec-
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tiveis avauable one that could be useful in understanding student - machine inter-
actions for other IT tools; as yet, not many examples of this approach are available
(Mariotti, 2002).

Concerning the generalizability of the findingsto other grades and levels, the study
suggests that overcoming the obstacles that students encounter while working with
the cAs requires a conceptual development that was hard for ninth- and tenth-grade
students to achieve in the short periods of the teaching experiments. Therefore, we
would expect even larger instrumentation difficultiesin grades lower than the ninth.
For higher grades, we expect similar difficulties asreported in this study, but assume
that studentswill have more mathematical experience with which to overcome them.
Data from previous studies confirm this (Drijvers, 1999a, 1999b, 2000).

We do not think that the special pedagogic philosophy of the school wheretheteach-
ing experiments were carried out (see Section 2.8) influenced the conclusions. In
fact, classroom practice was quite close to that in regular Dutch school settings. Be-
cause the student cohorts involved in this study were considered as weak cohorts,
and the teachers were not experienced in integrating technology into their teaching,
we expect that the results in another Dutch school setting would not be worse than
they were in our study. On the other hand, the setting in the study was artificial in
that the researcher and observers supported the students and the teachersto acertain
extent. All together, we think that the conclusions can be generalized to Dutch
school settings other than the school that was involved in this study.

Two additional remarks about the general character of the conclusions can be made.
First, the fact that some of the algebraic difficulties we observed were aready de-
scribed in the research literature on algebrain general (e.g. the lack of closure obsta-
cle, thereification of expressions, the equivalence of expressions) suggests that the
research context is not so particular and thus enables the finding of general results.
Second, the findings result from the complete educational setting and not from the
cAs use alone. Therefore, the conclusions can be extrapolated only if the specific di-
dactical embedding is taken into account.

Recommendations

This final section contains recommendations concerning teaching mathematics us-
ing computer algebra and the design of computer agebra software for educational
purposes, as well as recommendations for further research on the use of technology
in mathematics education. These recommendations are induced from the conclu-
sions of this study and serve two purposes: they condense the findings into concrete
suggestions (this is the case for the recommendations for teaching and for software
design), and they highlight theissuesthat have not been addressed of fully addressed
in this study and therefore require further research.
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Recommendations for teaching

In Section 9.8.3 the answer to the research subquestion on the learning of the concept
of parameter using computer algebra led to identifying consequences for teaching.
Similarly, the answer to the research subquestion on instrumentation suggested con-
sequences for the orchestration of the instrumentation of computer algebra use
(10.8.4). We now synthesize these recommendations into more general suggestions
concerning teaching mathematics using computer algebrathat go beyond the learn-
ing of the concept of parameter.

- Anticipating on computer algebra use

Teaching can anticipate on the use of computer algebrafor learning algebra. The

prerequisite symbol sense can be addressed in severa ways, such as:

— Having students realize which variable plays the role of unknown with re-
spect to which an equation is solved, and having them solve equations with
more than one variable, so that solving also comes to signify expressing one
variable in terms of others;

— Having students reflect on the different roles of variables and stressing the
flexibility of changing theseroles;

— Having students develop an insight into the structure of expressions and for-
mulas by highlighting sub-expressions with tiles, boxes or ovals;

— Making students experience the object character of expressions and formulas
by submitting these algebraic forms to procedures such as substitution;

— Reflecting with students on the global solution strategy after a problem has
been solved;

— Discussing with students the difference between numerical, approximated
answers and exact, algebraic results;

— Having studentsreflect on the transition from natural action language to stat-
ic algebraic language.

« Thedidactical contract

When starting with CAS use in the classroom, we recommend establishing a di-

dactical contract concerning by-hand skills and computer algebra use and to dis-

cuss it with the students, so that they are aware of the new situation and of what

is expected of them. Furthermore, new socio-math norms will need to be devel-

oped. For example, one of the norms might be that numerical or graphical an-

swers should be explained by algebraic means. In that case, the teacher should

introduce problems that can be solved and explained algebraically.
 Individual instrumentation

While integrating computer algebra into mathematics education, the instrumen-

tal genesisby individual students can be addressed by using simple mathematical

problem situations to develop instrumentation schemes. If difficulties are en-
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countered, the teacher should be aware of the relation between the technica and
the conceptual aspects of instrumentation schemes.

- Collective instrumentation
Collective instrumentation can be orchestrated by means of classroom discus-
sions and demonstrations of computer algebra techniques by the teacher or by
students using data projection facilities. The discussions can focus on the obsta-
cles that were encountered or on the concepts behind a computer algebra tech-
nique, or on the relation with paper-and-pencil techniques. The demonstrations
can show the different approaches the students have developed and may lead to
the convergence of the instrumentation schemes.

« Computer algebra technique and paper-and-pencil technique
The new computer algebratechniques, which the students develop, can be com-
pared with the paper-and-pencil techniques they are familiar with. We recom-
mend solving relatively easy problems by hand as well as in the computer alge-
braenvironment, so that difficultiesand similarities of atechniquein thetwo me-
dia can be discussed. This will raise the issues of the transparency of the
computer algebratechnique and of its congruence with the corresponding paper-
and-pencil technique. Once the computer algebratechnique and itsrelation to the
paper-and-pencil technique are clear, the by-hand method is no longer needed in
more complicated cases.

» ThecAsasobject of study
It is recommended to occasionally make students consider the computer algebra
environment as an object of study. For example, thelogic — or lack of such — be-
hind representations and reactions of the cas may be a subject of whole-class
discussion. Peculiarities of the cAs may be addressed, as may the way the CAs
worksinternally. Often, interesting mathematical elementswill soon comeupin
such discussions.

- Reflection on casuse
Asisthe case with many IT tools — and with work with traditional media— stu-
dents often do not reflect on their results, which in this case is the output of the
CAS. Therefore, we recommend the teacher to ask for the meaning of thefindings
and encourage reflection on the CAs use. For example, questions concerning the
graphical interpretation of algebraic results may lead to making them concrete
and visual and to integrating multiple representations. Questions about other
ways of writing the algebraic results and about comparing them to by-hand out-
comes may work aswell.

Recommendations for software design

What do the results of this study imply for the design of computer algebra software?
Although software design is not one of the focuses of this study, the findings do sug-
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gest some criteriaand recommendations for the future development of computer al-
gebra environments.

Thefirst criterion concernsthe black box character of the cas. A lack of transparen-
cy leads to the perception of CcAs as a black box oracle that students feel unable to
‘look through’ and cannot relate to their own experience with paper-and-pencil tech-
niques. In order to avoid this, we recommend that computer algebra tools provide
means of carrying out procedures step-wise, so that the student determinesthe prob-
lem-solving process at a more detailed level and is able to compare cAs technique
with by-hand technique. Pseudo-transparency — which occurs when the process
seems to be transparent but is carried out in a different manner within the cas —
should be avoided by enforcing a correspondence between cAs methods and paper-
and-pencil methods. There will be arisk of pseudo-transparency as long as the cas
makes use of very sophisticated methods that the students do not understand.
Second, the lack of congruence between cas technique and paper-and-pencil tech-
nique caused difficulties. Therefore, we recommend a closer relation between caAs
notation, symbols and syntax on the one hand and the paper-and-pencil techniques
on the other. The confusion between the T1-89 wherein bar and the mathematical
meaning of the same symbol |in set theory is an example of a subtle notational mis-
fit.

Third, the cAas proved to be not very flexible concerning syntax and notations, and
it did not offer the students many opportunities for developing symbolizations.
Therefore, we would appreciate acomputer algebra environment that providesroom
for constructing proceduresin amoreintuitive manner. However, werealize that this
will be difficult to achieve. In fact, freedom is often limited in an IT environment.
The difficulty with computer algebrais that the freedom that it offers, for example
for defining procedures and programming problem-solving strategies, is useful at a
level higher than that of the nine- and tenth-grade studentsin our study. Perhaps such
dedicated 1T tools as Java applets would exhibit these limitations to a lesser extent.
Animproved user-friendliness of the interface of the computer algebratool we used
in this study, the T1-89, might have reduced the instrumentation difficulties. For ex-
ampl e, the machine might scan an equation before solving it and, when only one var-
iable was detected, accept the lacking specification of the unknown. Similarly, for
substitution the machine might draw up alist of variables that appear in the expres-
sion before the substitution bar, and provide a choice by means of a small menu. In
thisway, some of theinstrumentation problems could be avoided. However, in com-
plex cases, such as equations with more than one variable, some of them would still
occur. Also, the learning effect of the instrumental genesis would be reduced if all
procedures were menu-driven and the user’s choice was further limited. Therefore,
although improvements of the user interface would be wel comed, we do not pleafor
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acomputer algebra environment that offers alimited set of ‘ cooked up’ options and
choices. We do appreciate that other technological tools such as dedicated Java ap-
plets offer room for reinventing symbolizations and models. Such environments
might serve to foster the development of symbol sense that using a CAS requires.

Recommendations for further research

The recommendations for the teaching of mathematics using computer algebra and
for the devel opment of computer a gebra software originated in the findings of this
study. The recommendations for further research concern ideas that emerged in this
study, but that were not worked out yet.

First, our study considered computer algebra use in arather isolated way. Although
we noticed that it is embedded in a didactic and educational setting, the relation be-
tween this setting and the effects of computer algebra use was not considered in de-
tail. A recommendation for further research, therefore, isto investigate the influence
of computer algebra use in amore holistic way with acloser relation to the didacti-
cal setting. In particular, theroles of theteacher, thedidactical contract and the class-
room norms deserve further investigation.

Second, we noticed that the theories of symbolizing, which stressthe joint develop-
ment of symbolsand meaning, were not used extensively in this study because of the
limited room for developing symbolsin the computer algebra environment. Instead,
we focused on the instrumental genesis of schemesthat integrate technical and con-
ceptual aspects. As symbolizing also involves reasoning with conventional mathe-
matical symbols (Gravemeijer et a., 2000), the question is whether the symboliza-
tion perspective and the instrumentation perspective can be integrated into a more
comprehensive framework if the use of IT tools is concerned. This issue could be
used as a starting point for further theoretical development. The perspective of cul-
tural-historical activity theory might be considered for inclusion in this framework
as well because of its stress on the social and cultural-historical context of tool use,
whichisrelated to the ‘community of practice’ (e.g. Engestrom et al., 1999; Wenger,
1998). Thiswould allow for a coordination of the social and the psychological per-
spective (Yackel & Cobb, 1996). A longitudinal study on symbolizing in acomputer
algebra environment that includes preparatory teaching is recommended.

Third, the instrumental approach to tool use was helpful in this study to interpret in-
teractions between student and computer algebra environment and to understand the
difficultiesthat were encountered. A guestion that requires further research concerns
the scope of theinstrumentation perspective. Doesthisview lead to insightsinto the
affordances of other 1T tools for the learning of mathematics, such as software for
dynamic geometry or interactive Java applets?

Fourth, our study focused on the concept of parameter. The issue of the reification
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of formulas and expressions played an important role. We noticed that thereification
of the concept of function was involved as well; in fact, in most cases the formulas
and expressions were related to functional relations. However, we decided that the
concept of function was too multi-faceted to address in this study (Section 3.4). A
question for further research therefore concernsthe contribution of computer algebra
to an understanding of the concept of function that includesits object character. One
might expect that the reification of expressions and formulas that we found in this
study influences the devel opment of the concept of function.

The fifth and final recommendation for further research concerns assessment. The
results of the final tests of the teaching experiments G9-1 and G9-11 were not very
convincing. The integration of technology into assessment seems to be even harder
than its integration into teaching. The use of technology in assessment requires re-
balancing the relevance of concepts and skills, and rethinking the methods and for-
mats for assessment. Taking into consideration the importance of assessment to ed-
ucational practice, this issue requires clear research conclusions to alow for areal
integration of technology into mathematics education.
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Summary

Research questions

The project ‘Learning algebra in a computer algebra environment’ ! reported upon
hereisa case of research on the integration of information technology (1T) into edu-
cation, and on itsinfluence on the learning of mathematicsin particular. In this study
wefocusontwo issuesthat arerel evant to mathemati cs education today: thelearning
of algebra and the integration of technology — and particularly of computer algebra
—intoit.

Algebrahas always been an important topic in school mathematics curricula, and of -
ten is a stumbling-block to students. The difficulties of learning algebra include its
formal and algorithmic character, the abstract level at which problems are addressed,
the object character of algebraic expressions and formulas, and the compact algebra-
ic language with its specific conventions and symbols. Because of these difficulties,
students often do not perceive algebra as anatural and meaningful meansfor solving
problems (Bednarz et al., 1996; Chick et al., 2001).

The integration of 1T is one of the ways in which solutions for these problems of
learning algebra are sought. IT use is expected to contribute to the visualization of
concepts, and can free students from carrying out operations by hand, thus directing
their attention towards concept development and problem-solving strategies. In this
way, IT use might lighten the traditional algebra curriculum for them. In the mean-
time, the integration of technology raises questions concerning the goals of algebra
education and the relevance of paper-and-pencil techniques, how that they can be
left to atechnological device. For algebraic skills, the use of acomputer algebrasys-
tem (cAs) is of particular interest, as it provides a complete repertoire of algebraic
procedures and operations (Heid, 1988; O’ Callaghan, 1998).

The issue of integrating computer algebra use into the learning of algebrabrings us
to the main research question of this study:

How can the use of computer agebra promote the under standing of
algebraic concepts and operations?

This question needs further specification. Asalgebra as awholeistoo big atopic to
address in this study, we confine ourselves to the concept of parameter. Parameters
may emerge quite naturally from concrete contexts, and may also be means of gen-
eralization and abstraction. Therefore, addressing the concept of parameter may
stimulate students to enter the algebraic world of formulas, expressions and general
solutions. Also, the concept of parameter allows for revisiting the different roles of
‘ordinary’ variables that the students have met before. The use of parameters may

1. Granted by the Netherlands Organization for Scientific Research, project number
575-36-003E.
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improve the students’ insight into the meaning and structure of algebraic formulas
and expressions (Bills, 2001; Furinghetti & Paola, 1994). Therefore, the general re-
search question is specificated in the first research subquestion:

1. How can the use of computer algebra contributeto a higher level
understanding of the concept of parameter?

Previous research on the integration of computer algebrainto mathematics education
shows that the idea of technology carrying out the elementary operations, so that the
students can concentrate on conceptual understanding, is too simplistic (Artigue,
1997b; Drijvers, 2000; Guin & Trouche, 1999; L agrange, 2000; Trouche, 2000). The
technical skillsthat the students need to carry out proceduresin the CAs environment
both require some conceptual understanding and affect that understanding. Asa sec-
ond focus of this study, therefore, we consider the intertwined development of tech-
nigques in the computer algebra environment and of mathematical understanding in
terms of the students’ mental schemes. Thisinstrumental approach to 1T use— which
concerns the instrumentation process of establishing the dual relation between con-
ceptual understanding and techniquesin the IT environment — is the topic of the sec-
ond research subqguestion:

2. What isthe relation between instrumented techniques in the com-
puter algebra environment and mathematical concepts, asit is
established during the instrumentation process?

Theoretical framework

While phrasing the research question, we wondered what theoretical perspectives
could help us to investigate these issues. A ready-to-use theoretical framework for
the study of learning algebrain a computer algebra environment was not available.
Therefore, we selected those theoretical elements from research on learning algebra
and mathematicsin general that seemed promising for application in and adaptation
to the focus of this study. As a consequence, most of these elements were taken out
of their usual scope and localized for the aim of this study. This eclectic approach to
theory is called ‘theory-guided bricolage’ (Gravemeijer, 1994). The following ele-
ments were included in our theoretical framework.

» The domain-specific instruction theory of Realistic Mathematics Education
Key elementsin the domain-specific instruction theory of Realistic Mathematics
Education (RME) are guided reinvention and progressive mathematization, hori-
zontal and vertical mathematization, didactical phenomenology and emergent
modelling (Freudenthal, 1983; Gravemeijer, 1994; de Lange, 1987; Treffers,
19873, 1987b). Guided reinvention, progressive mathematization and didactical
phenomenol ogy were supposed to be useful for devel oping a hypothetical learn-
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ing trajectory for the concept of parameter, and for designing instructional activ-
ities. Theissue of horizontal and vertical mathematization might clarify therela-
tion between concrete problem situations and the abstract ‘microworld’ of the
computer algebra environment, which tends to have a top-down character (Dri-
jvers, 2000). The notion of emergent modelling was supposed to be useful for
distinguishing levels of activity. Asisshownin Fig. 1, Gravemeijer (1994, 1999)
distinguishes four levels of mathematical activity. The idea of emergent model-
ling is that models, which initially refer to a concrete context that is meaningful
to the students, gradually develop into general models for mathematical reason-
ing within a mathematical framework.

general

referential

situational

Figure 1 Four levels of mathematical activity (Gravemeijer, 1994, 1999)

Level theories

The first research subquestion speaks of ‘a higher level understanding of the
concept of parameter’. To make explicit what is meant by that, severd
perspectives were considered. First, Van Hiele's level theory distinguishes
between a ground level, a second level and athird level of insight (Van Hiele,
1973, 1986). This distinction might be useful for defining levels of
understanding of the concept of parameter. A second approach to the levels
involves the concepts of emergent models and levels of activity (see Fig. 1). In
fact, in this study we aim at the transition from referential to general level of
activity.

Theories on symbol sense and symbolizing

The notion of symbol sense concerns the sense for algebraic entities in general
and the insight into formulas in particular (Arcavi, 1994). In this study, we
defined symbol sense as the insight into the meaning and the structure of
algebraic expressions and formula. Working in a computer algebra environment
with parametric formulas was supposed both to require thiskind of symbol sense
and to foster it.

How does one acquire symbol sense? Theories of symbolizing stress the parallel
development of symbols and meaning by means of a signification process
(Gravemeijer et a., 2000). Because giving meaning to algebraic techniques,
formulas and expressions as they appear in the computer algebra environment
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seemed to be an important aspect of theinstrumentation process, asymbolization
perspective was supposed to be relevant in this study.

» The process-object duality
The process-object duality concerns the ideathat a mathematical concept can be
considered both as a process and as an object. Often, studentsfirst experiencethe
process aspect; on the basis of this they may devel op the object aspect, whichis
a prerequisite for conceptual progress. This development is called reification
(Sfard, 1991) or encapsulation (Dubinsky, 1991) and results in proceptual
understanding (Tall & Thomas, 1991). These theoretical notions concern
mathematics in general, but can also be applied specifically to the learning of
algebra.
In this study we considered the reification of expressions and formulas, because
perceiving formulas and expressions as objects is important for developing the
concept of parameter. Furthermore, computer algebra use might affect the rela-
tion process-object. Reifying formulas and expressions involves overcoming the
lack of closure obstacle, viz. the students' inability to see expressions and formu-
las as results if these contain operators; in a+b or x+3 for example, the students
would prefer to carry out the addition (Collis, 1975; Kiichemann, 1981; Tal &
Thomas, 1991). The reification of formulas and expressions does not imply the
reification of function, which involves more aspects.

Animportant theoretical element in our study isthe instrumental approach to IT use.

We address that issue separately in Section 4.

Analysis of the concept of parameter

This study included a conceptual analysis of the concept of parameter.

We started this conceptual analysis with an investigation into its historical develop-
ment. Essential in this devel opment was the transition from syncopated to symbolic
algebra that is characterized by the work of Diophantus and Viéte (Boyer, 1968;
Harper, 1987). Whereas Diophantus (ca. 250 A.D.) used literal symbols to denote
unknown variables but not parameters, Viéte (1540 - 1603) provided general, para-
metric solutions. He distinguished unknowns from parameters by using vowels and
consonants. Apparently, he accepted expressions as solutions to general, parametric
equations and thus considered them as objects. In our study, we aimed at this jump
‘from Diophantusto Viéte', or from the referential to the generd level (Fig. 1). The
time that this step took in history evinces its complexity.

The conceptual analysis of the notion of parameter led to the idea that a parametric
formula or expression represents a second-order function. For example, the short ar-
row inFig. 2 indicatesthat x — a- x + 5 for afixed value of the parameter a repre-
sents a— linear — function in x. As soon as the value of a changes, the long arrow in
Fig. 2 indicates a second-order function, with the parameter as argument and linear
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expressions as function values (Bloedy-Vinner, 2001). As the main difficulties of
the concept of parameter we identified this hierarchical relation with ordinary vari-
ables, represented in Fig. 2 and in the expression ‘ variable constant’, and the distinc-
tion of the different roles of the parameter, which may change during the problem-
solving process.

a —p (X>a-xt+5)

Figure 2 The parameter as argument of a second-order function

The conceptual analysis led to theidentification of four parameter roles, which were

similar to the roles of ordinary variables:

« The parameter as placeholder represents a position, an empty place, where a nu-
merical value can befilled in or retrieved from. The value in the ‘empty box’ is
afixed value, known or unknown, that does not change. Thisisthe ground level
of understanding the concept of parameter.

» The parameter as changing quantity concerns the systematic variation of the pa-
rameter value. The parameter acquires the dynamic character of a ‘sliding pa-
rameter’ that smoothly runs through a reference set (van de Giessen, 2002). This
variation affectsthe complete situation — that is, the formulaas an object, and the
global graph — whereas variation of an ordinary variable only acts locally.

» The parameter as generalizer generalizes over aclass of situations. By doing so,
this ‘family parameter’ (van de Giessen, 2002) unifies such a class, and repre-
sentsit. This generic representation allows for ‘ seeing the general in the particu-
lar’, for the generic algebraic solution of categories of problems, and for formu-
lations and solutions at ageneral level. Thisgeneral solution of all concrete cases
at once by means of a parametric general solution requires the reification of the
expressions and formulas that are involved in the generic problem-solving proc-
€ess.

» The parameter playstherole of unknown when thetask isto select particular cas-
es from the general parametric representation on the basis of an extra condition
or criterion. This often requires a shift of roles and of hierarchy (Bills, 2001).

The conceptual analysisand the theoretical framework provided meansto definethe
higher level understanding of the concept of parameter. Fig. 3 visualizes this level
structure. In terms of the Van Hiele levels, we considered the placeholder level as
the ground level of understanding the concept of parameter that is the basis for the
second level. The three roles of changing quantity, generalizer and unknown share
the property that formulas that contains them are considered as objects. Therefore,
they are part of the second level understanding. The most important of the threewas
supposed to be the generalizer, as generalising is a key activity in algebra. The tar-
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geted higher level understanding, therefore, involved the jump from placeholder to
the other parameter roles, ‘from Diophantus to Viéte', or in terms of the four-level
structure (Fig. 1), the transition from the referential level to the generd level.

generdizer

changing
guantity

unknown

second level

ground level

placehol der
Figure 3 Levels of understanding the concept of parameter

The understanding of the higher parameter roles was supposed to require the reifica-
tion of parametric expressions and formulas (Gravemeijer et a., 2000).

The instrumental approach to using computer algebra

The question now ishow computer algebra use can contribute to the higher level un-
derstanding of the concept of parameter.

Generally speaking, computer algebra environments were supposed to offer oppor-
tunities for algebra education. Unlike other 1T tools, the cas has afull repertoire of
algebraic procedures and representations. By freeing the students from the algebraic
calculations, computer algebra would offer opportunities to concentrate on concept
development and on problem-solving strategies. CAS use might help studentsto dis-
tinguish between concepts and skills (Monaghan, 1993) and to readjust the balance
between them (Heid, 1988; O’ Callaghan, 1998).

Theintegration of cAsinto algebraeducation also might introduce some pitfalls. Be-
cause the cAs aready ‘contains all the algebra’, the computer algebra tool might
have a somewhat abstract and formal top-down character, and might turn out to be
inflexible with respect to informal notation and syntax. Furthermore, the cas might
be ablack box for students, as it carries out complex procedures in away that is not
transparent to them. Finally, the cAs might seem to be a microworld to the students
that is not connected to the world of real-life problems or that of paper-and-pencil
and mental mathematics (Drijvers, 2000).

For the purpose of understanding the concept of parameter, weidentified the follow-
ing cAs affordances. First, getting algebraic expressions as solutions to parametric
equations and processing algebraic expressions further by means of substitution was
expected to support the reification of algebraic expressions and formulas. Second,
algebraic explorations that generated examples were supposed to foster generaliza-
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tion over these situations, thus opening the way for the parameter as generalizer.
Third, the flexibility concerning literal symbols and their roles that the cas offers
could be used to change the parameter role into that of unknown. Finally, athough
not exclusive to the computer algebra environment, the availability of a slider tool
was supposed to support the view of parameter as changing quantity.

For the teaching experiments, we had to choose a specific computer algebratool. For
practical reasons we decided to use the handheld T1-89 symbolic calculator: the stu-
dentswould be able to use it permanently at school aswell as at home, and it would
not require a reorganization of the lessons. The limitations of the screen resolution
were mitigated by having some lessonsin the computer |ab, using the Tl-Interactive
software package. We hoped that the individual character of the handheld cal culator
would not hinder collaboration between students, and decided to have them work in
pairsin order to obviate that problem.

Aswe announced in the description of the theoretical framework, we used theinstru-
mental approach to computer algebra use as a framework for understanding and in-
terpreting the student-machine interactions. The central idea of the instrumental ap-
proach to using IT toolsis that a‘bare’ tool or artifact is not automatically a useful
instrument. While using such atool, the user has to develop mental ‘ schemes of in-
strumented action’, or — to put it somewhat shorter — instrumentation schemes (Ar-
tigue, 1997b, 2002; Guin & Trouche, 1999, 2002; L agrange, 2000; Trouche, 2000).
An instrument, according to this view, consists of the artifact (or a part of it), the
mental scheme and the type of tasks for which it is appropriate (see Fig. 4).

artifact mental scheme

JX2+y2 = 392y = 25—x

type of tasks

Figure 4 Theinstrument: atriad of artifact - mental scheme - task

The instrumentation schemes integrate technical skills and conceptual insights; dif-
ficulties in the development of the schemes — the instrumental genesis — often in-
volve both aspects. As we cannot look insight the heads of the students to observe
the mental schemes, we focused on the techniques, which can be considered as the
observable parts of the instrumentation scheme, viz. the set of proceduresin the en-
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vironment that the students use for solving a specific type of problems.
Inthisstudy, theinstrumental approach offered aframework to investigate the inter-
action between student and the computer algebra environment. The combination of
technical and conceptual aspects within the instrumentation scheme made the theory
promising for this purpose, because it both goes beyond the somewhat naive idea of
reducing skills and reinforcing concepts, and takes serioudly the difficulties of the
instrumental genesis.

Methodology

We used a design research methodology in this study. Design research — which is
also known as developmental research or development research — aims at develop-
ing theories and an empirically grounded understanding of ‘how learning works
(Research Advisory Committee, 1996). Its main objective is to understand the stu-
dents' learning process. This connects with the character of our research questions,
which start with ‘How can ... and not with ‘Can ... ’. One characteristic of design
research is the importance attributed to the design of instructional activities, which
is seen as ameaningful part of the research methodology asiit forces the researcher
to be explicit about choices, hypotheses and expectations (Edelson, 2002). Another
important feature of design research is the adaptation of the learning trajectory
throughout the research: instructional sequencesand teaching experiment conditions
are adjusted according to previous experience. Therefore, design research was par-
ticularly suitable for this study, because a full theoretical framework was not yet
available and hypotheses were to be devel oped. Adapting the experimental situation
is possible by means of the cyclic design that is used in design research. A macro
research cycle consists of a preliminary phase (which in our caseincluded the devel-
opment of a hypothetical learning trgjectory and the design of instructional activi-
ties), a teaching experiment phase and a retrospective phase, which includes data
analysis and leads to feed-forward for the next research cycle (Gravemeijer,
1994).This study consisted of three main research cycles — G9-1, G9-11 and G10-11
— and oneintermediate cycle, G10-1. The 9 and 10 stand for the grades in which the
teaching experiments were conducted. The | and Il refer to the first and second co-
hort of studentsinvolved. Thetenth-grade popul ation was asubset of the ninth-grade
population, with the exception of a few students who entered the teaching experi-
ment in tenth grade (see Fig. 5).

Wewill now briefly explain each of the phaseswithin one research cycle. Inthe pre-
liminary phase, a hypothetical learning trajectory (HLT) was developed (Simon,
1995). This involved assessing the starting level of understanding, formulating the
end goal and developing achain of mental stepstowardsthat goal, aswell asinstruc-
tional activitiesthat were expected to bring about this mental development. Thiswas
accompanied by the designer’s description of why the activities were supposed to
work and what kind of mental devel opments were expected to be elicited. Because
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of its stress on the mental activities of the students and on the designer’s motivation
of the expected results, the HLT concept was a useful research instrument for moni-
toring the development of the hypotheses and for capturing the researcher’ s think-

ing.

Figure 5 Arrangement of research cycles and teaching experiments

The development of the HLT was closely related to the design of instructional activ-
ities, which was done by using design heuristics such as guided reinvention, didac-
tical phenomenology and mediating models. Key items in these instructional activ-
itiesthat would serve to monitor students’ mental development inrelationto the HLT
were identified; also, questions for interviewing students on these key items were
formulated and a prior global coding system for observations was devel oped.

The second phase of the design research cycle is the teaching experiment phase
(Steffe, 1983; Steffe & Thompson, 2000). During the teaching experiments, we fo-
cused on data that reflected the learning process and provided insight into the stu-
dents' thinking. The main sources of data, therefore, were observations of student
behaviour and interviews with students. M ost |essons were observed by two observ-
ers, who made field notes. The key instructional activities were assessed by means
of mini-interviews with a selection of the students; video registrations were made of
classroom discussions and of a selected pair of students. Written materials (note-
books, pretests and posttests) were gathered from all students. Altogether, 110 stu-
dents were involved, and over 100 lessons were observed.

The final phase of the research cycle is the phase of retrospective analysis. A first
step in this phase was the selection and analysis of data. Theinitial method of anal-
ysis was inspired by the constant comparative method (Glaser & Strauss, 1967
Strauss, 1987; Strauss & Corbin, 1998). The first findings led to adaptation of the
prior coding system. Then the data were coded. The coding process was partialy
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done by two researchers, in order to achieve an intersubjective agreement. The con-
clusions of the data analysis were translated into feed-forward for the next research
cycle. Thefeed-forward comprised changesin the HLT and in the instructional activ-
ities, and even dight changes in the focus of the subsequent teaching experiment.

Through the research cycles
Fig. 5 shows the arrangement of the design research cycles in this study. We will
now briefly review each of these cycles, and the teaching experimentsin particular.
These teaching experiments were carried out at a school in Bilthoven, atown not far
from the city of Utrecht.
The first research cycle (G9-1) included a teaching experiment that was carried out
in two ninth-grade classes of the pre-university stream (in Dutch: vwo, 14- to 15-
year-old students). The experiments ran for five weeks with four mathematics les-
sons each week. The HLT for these experimentsfollowed the line parameter as place-
holder-generalizer-changing quantity-unknown. The instructional activities were
presented in two booklets: ‘ Introduction TI-89', which wasintended to introduce the
studentsto the use of the T1-89 symbolic calculator, and * Changing algebra’, which
was intended to help them to develop an insight into the concept of parameter.
The results showed that generalization was hindered by instrumentation problems,
in particular with a scheme for solving systems of equations. Fig. 6 shows this
scheme of i sol ate-substitute-solve (ISS) for thesystem x +y = 31, x2+y2 = 252,
rhrie 1S ehe ol ave|nEbear e awin u:1-zru5n'u;~ﬁ A L e e
g=731 -
mzolue(x +u=31,4) lx2+92=252|g=31—><
y=31-x 2-xZ - 62 %+ 961 = 525

I - S
R '35 la=31-x meoluelz 2 - 620+ 961 = 6 b
2-xT—-B2-x+ 961 =625 =24 or x=7

LA +IG1=62T, )
RN FAD ERACT ___FUNC FRED] MAIN

- 7
Figure 6 The isolate-substitute-solve scheme on the T1-89

T FUNC

In some cases studentsfelt no need for generalization, or the generalization had a su-
perficial character of pattern recognition without intrinsic understanding. The pa-
rameter as changing quantity was understood better, although we missed featuresfor
visualizing the dynamics on the T1-89. The parameter as unknown did not receive
much attention. The shift of roles of the parameter that was involved presented the
students with difficulties. The substitution of expressions and the appearance of ex-
pressions as solutions of parametric equations supported reifying expressions and
overcoming the lack of closure obstacle. The results of the posttest confirmed that
both the generalization and the application of the ISS scheme were bottle-necks for
many students. Asfeed-forward from the G9-1 research cycle, we decided to reorder
the global HLT lineinto placeholder-changing quantity-generalizer-unknown, in or-
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der to delay generalization until a more dynamic and hierarchic view of parameter
was established. For this purpose, we aimed at finding a better means to represent
the sliding parameter on the TI-89. To overcome instrumentation problems, we in-
cluded practising simple instrumentation schemes for solving and substituting more
extensively before integrating them into the composed |SS scheme.

The teaching experiment of the second research cycle (G9-11) was carried out in a
second cohort of two ninth-grade classes of the pre-university stream (14- to 15-
year-old students). The experiment was similar to the G9-1 teaching experiment and
ran for five weeks with four mathematics |essons each week. The HLT followed the
line that emerged from the feed-forward from G9-1. The concept of parameter as
changing quantity was supported by two T1-89 programmes called SHOOT and SLIDE.
The student text included a part that introduced the students to the use of the T1-89
and a part that focused on devel oping an insight into the concept of parameter.

The results showed that the concept of parameter as changing quantity was support-
ed by the sHOOT and sLIDE applications, although some students tended to see the
parameter as running only through integer values. Starting the HLT with this param-
eter role was an improvement compared to the G9-1 HLT. For generalization, we en-
countered similar difficulties asin G9-1, though to alesser extent. Despite the atten-
tion to simple instrumentation schemes for solving and substituting, the composed
I SS scheme still caused difficulties. Also, the students often did not feel the need for
generalization, perhaps because of the abstract and complex problem situations. The
parameter as unknown received more attention than it did in G9-1, but the compl ex-
ity of the problem situations prevented the students from keeping track of the prob-
lem-solving strategy and the changing roles of the parameter therein.

Theresults of the posttest confirmed these findings, although the performance of the
ISS instrumentation scheme and the generalizations with parameters dlightly im-
proved compared to the G9-I results. After the posttest, final interviews were held
with 19 students. During these interviews the students did not have a symbolic cal-
culator at their disposal. The results of these interviews suggested a transfer of sub-
stitution as a computer algebra technique to substitution as a paper-and-pencil tech-
nique, and an improved reification of expressions. For example, the students were
able to substitute y = a—x into x2+y2 = 10 by hand, and one of them used the
TI1-89 notation for substitution while doing so (Fig. 7).

y=a-x
w24y = lO\t/:g_.-x_

Figure 7 Transfer of notation
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As feed-forward from the G9-11 research cycle, we first noted that the global HLT
along the line placeholder-changing quantity-generalizer-unknown was adequate
and needed no further change. For the parameter as changing quantity, the use of a
continuous slider tool might be used to avoid the notion of a discrete reference set.
The findings suggested that the parameter as generalizer might be better addressed
without the complication of the instrumentation of the ISS scheme. This required
looking for problem situations that could be solved with one equation rather than
with a system of two equations. Furthermore, the problem situations were targeting
the general level too directly. The use of realistic contexts in which the parameter
would have ameaning to the students might lead to easier and more meaningful gen-
eralizations, and would address the referential rather than the general level. Graphs
might be used as contexts as well, and could be useful for the transition from the pa-
rameter as changing quantity to the parameter as generalizer. The use of redlistic
problem situations might also address the parameter as unknown in a more natural
way.

The G10-I intermediate cycle included a five-lesson teaching experiment in tenth
grade. These students had opted for the exact stream and all but one had participated
in G9-1 as well. Because of alack of time and the full regular curriculum in tenth
grade, this intermediate cycle rather was more of a short ‘finger exercise’ for G10-
Il than afull research cycle. The results showed that the students easily recalled the
TI-89 skills they had learned a year earlier. Once more, using a slider tool for the
parameter as changing quantity was preferred to replacing parameter values by sub-
stitution.

The third and last complete research cycle (G10-11) included a 15-lesson teaching
experiment in one tenth-grade class of the exact stream of pre-university stream. All
but two students had participated in the G9-11 teaching experiment. In accordance
with the feed-forward from G9-11, we stuck to the global trajectory of placeholder-
changing quantity-generalizer-unknown. For the parameter as changing quantity,
the continuous slider tool of the TI-Interactive software package was used. To ad-
dress meaningful parameters and formulas and natural generalizations, realistic
problem situations were more prominent than in the instructional activities of the
previous teaching experiments. We expected this would also improve the under-
standing of the parameter as unknown.

The results showed that the use of the continuous slider tool improved the perception
of the changing parameter running through a continuum. Contexts in which the pa-
rameter had an evident meaning in the graph allowed for meaningful generaliza-
tions. Realistic contexts also improved insight into the meaning and structure of for-
mulas and expressions. M eanwhile, entering complex expressionswith fractionsand
powers and recognizing equivalent expressions provided difficulties. The fact that
the problem situations led to one rather than to two equations averted the difficulties
of the ISS instrumentation scheme. The parameter as unknown was addressed with
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more success than in previous experiments, probably a so due to the more meaning-
ful problem contexts. However, the complexity of the formulas involved seemed to
be acrucia factor.

Theresults of thefinal task that ended the G10-11 teaching experiment were positive.
Many appropriate generalizations were found and the students dealt adequately with
complex formulas. The redlistic problem situation on the speed of a traffic flow
helped them to give meaning to the results.

Results on computer algebra use and the concept of parameter

The first research subquestion of this study concerns the contribution of computer
algebra use to a higher level understanding of the concept of parameter. This higher
level understanding was defined asinsight into the higher parameter roles of chang-
ing quantity, generalizer and unknown. We will now summarize the results on this
issue.

As expected from our conceptual analysis, the placeholder view of the parameter
was the starting level for aimost all students. To extend this concept to the role of
changing quantity, the computer a gebra environment allowed for changing the pa-
rameter values one by one. Investigating the dynamic effects of the ‘ diding param-
eter’ by means of a slider tool — which is not an exclusive cas feature — proved to
be more efficient. Thisled to the perception that parameter change affected the com-
plete situation and the graph as a whole, and was a second-order change. If the pa-
rameter had a meaning to the student in the context or as a graphical property, ex-
amining the sliding graph invited algebraic verification and generalization. Howev-
er, therewasarisk of only superficial examination without reflection or verification.
Furthermore, the parameter as changing quantity tended to dominate the students
view of parameter, so that they sometimes seemed to forget the other parameter
roles. Altogether, ahigher level understanding of the parameter as changing quantity
was achieved.

The work in the computer algebra environment supported the transition to the pa-
rameter as generalizer by allowing the repetition of similar procedures for different
parameter values. This generated examplesthat were the basisfor generalization and
for solving parametric equations. The fact that parametric equations led to expres-
sions rather than numerical solutions fostered the reification of expressions and for-
mulas, and the overcoming of the lack of closure obstacle. The dynamic graphs that
appeared from the work with the diding parameter in some cases elicited generali-
zation, for example in the case of the graph of y = (x—a)2+ a. One pair of stu-
dents noticed that the vertex of the graph had coordinates (a, a) for al values of a.
One of them commented that ‘the vertex isat 8 and that ‘the y- and x-coordinates
are the same as a’. Later, during the whole-class discussion, the other student ex-
plained this generalization by referring to an exemplary parameter value.
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Maria: Yes, | think that vertex, that were the x and y coordinates,
they were, so to say, equal to the a. The vertexwas (1, 1),
then awas 1 too.

Many students achieved ahigher level understanding of the parameter as generalizer
only to alimited extent. In some cases, the students did not feel the need for gener-
aization. In other cases, generalization came down to phenomenol ogical pattern rec-
ognition without intrinsic understanding. Theinstructional activities were aimed too
directly at the general level, and the formulas in some cases were too complex. Fi-
nally, instrumentation problems hindered generalization. The essential step of gen-
eralising relations — in which parameters are used to unify a class of situations —
seemed to be primarily a mental one, upon which computer algebra had hardly any
influence.

The possibility to solve equationsin the computer a gebra environment with respect
to any unknown improved the students’ flexibility concerning the roles of the literal
symbols. The results on parameter as unknown were mixed: although this parameter
rolewas understood in simple cases, in more complex onesthe studentsfailed to dis-
tinguish the changing roles and meanings of the variables and parameters. The
changein the hierarchy between variable and parameter in complex cases was more
difficult to keep track of.

Two issues seemed to influence the development of the higher level understanding
of the concept of parameter: the use of realistic problem situations and the insight
into the meaning and structure of expressions and formulas. We have already men-
tioned theimportance of realistic problem situations. Despite our initial ideas, using
the cas asamathematical environment that would make referencesto reality redun-
dant, did not work out for the students of this age and level. Addressing the general
level directly did not work out either, because the students had not yet developed an
appropriate mathematical framework. Instead, they needed meaning for parameters,
expressions and formulas from the realistic problem situation at a referential level.
Meanwhile, realistic problem situations did not hinder generalization and abstrac-
tion beyond these specific contexts.

The expressions and formulas that the students encountered were more complex
than usual because of the presence of parameters. The CAS output, whether algebraic
or graphical, invited a closer inspection of the formulas and expressions involved,
particularly when this was suggested by the task or by the teacher. Entering complex
formulas required insight into the algebraic structure of the formulas and expres-
sions. Therefore, athough insight into the meaning and structure of expressions and
formulas was an obstacle during the cas work, such work seemed to improve thein-
sight. The work in the computer algebra environment also supported the devel op-
ment of symbol sense, the reification of formulas and expressions, and the overcom-
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ing of the lack of closure obstacle. As an overal conclusion on the contribution of
computer algebra use to a higher level understanding of the concept of parameter,
we did indeed find that the CAS activities contributed to the development of insight
into the different parameter roles. This contribution was more evident for the param-
eter as changing quantity than for the generalizer and the unknown. Furthermore, the
reification of formulas and expressions was supported. In the meantime, we found
that realistic starting pointswere indispensable for meaningful work in the computer
algebra environment.

Several factors might optimise the targeted learning process. First, the datafrom the
final teaching experiment suggest that it might befruitful tointegrate rather than sep-
arate the different parameter roles, so that the students develop a more integrated
view of the parameter. Second, we noticed that starting with modelsthat refer to con-
crete problem situations leads to better results with students of this age and level.
Third, we conjecture that the contribution of computer algebrato the conceptual de-
velopment would improveif it were used for alonger period, so that instrumentation
difficultieswere less dominant. Finally, wethink that whole-class discussions, guid-
ed by the teacher, might have stimulated the collective conceptual development to a
greater extent. We notice that the teachers considered the student cohorts involved
in this study as weak cohorts. They might have needed more guidance.

The difficulties the students encountered while working with the CAs suggest that
the instrumentation process is important. We will discuss thisissue in the next sec-
tion.

Results concerning the instrumentation of computer algebra

The second research subguestion concerned the instrumentation of computer algebra
and the relation between computer a gebra techniques and conceptual development.
We will now summarize the results of this study on thisissue.

As simple instrumentation schemes, the solve scheme and the substitute scheme
were investigated. For both schemes, which are related to the concept of parameter,
theinstrumental genesisinvolved the extension of conceptual understanding. For the
solve scheme, the syntax and the application to parametric equationsled the students
to realize that an equation is always solved with respect to an unknown, that solving
a parametric equation leads to expressing one variable in term of others, and that the
solutioninthat caseisan expression. For substitution, the substitution of expressions
within the computer algebra environment led the students to extend their conceptual
understanding with the notion that only isolated forms can be substituted, and that
expressions can be considered as ‘things' that can be ‘pasted’ into avariable. Inline
with Sfard’s ideas, the operation on the expression enhances its object character
(Sfard, 1991).

Although the instrumental genesis of the solve and substitute schemes seemed to
progress smoothly, combining them into the composed i sol ate-substitute-sol ve (1SS)
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scheme caused persistent difficulties. This indicated that the integration of simple
schemes into a more comprehensive scheme requires a high level mastering of the
component schemes. The instrumental genesis apparently needed more time than
was given to the students.

We identified a number of obstacles that hindered the instrumental genesis, such as
the way in which the cAs deals with the difference between numerical approxima-
tions and exact algebraic results, the difficulties with entering expressions contain-
ing parentheses, square root signs and powers, and interpreting results. Recognizing
the equivalence of CcAs output and expected results was a difficult issue. Although
many of these obstacles were related to alack of symbol sense, they also fostered its
development. And although the students’ lack of insight into the structure of expres-
sionsand formulas led to errorsin the cas work, these problems stimulated a closer
look at these structures. In that sense, obstacles al so provided opportunitiesfor learn-
ing, when managed appropriately by the teacher.

Some of the observed difficulties with entering expressions and interpreting algebra-
ic results were related to the paper-and-pencil work that the students were used to.
Incongruence between computer algebra technique and paper-and-pencil technique
explained some of the instrumentation problems. When the techniques in the two
media were congruent, the transfer of notation, strategy and technigque between the
paper-and-pencil and computer algebra environments was observed. An explicit
comparison between computer algebra technique and paper-and-pencil method was
effective for making students record the degree of congruence. A second condition
for transfer was the transparency of the computer algebra technique: when the stu-
dents were able to understand the way in which the cas arrived at its results rather
than perceiving it as a black box, transfer to the paper-and-pencil work took place.
The data indicate that the students developed different preferences concerning pa-
per-and-pencil work versus work in the computer algebra environment.

The teacher played an important role in the instrumental genesis. Different teacher
behaviour led to different instrumented techniques. Whole-class demonstrations and
discussions proved to be important for collective instrumentation; this aspect of in-
strumentation should have received more attention in the teaching experiments. Fur-
thermore, anew didactical contract had to be established concerning the relation be-
tween by-hand work and machine work, and between numerical-graphical methods
and algebraic methods. The fact that for the teachers the integration of computer al-
gebratechnology into teaching was new and lasted for ashort period madeit hard to
establish anew didactical contract and to foster collective instrumental genesis.
Overall, the results of this study suggest a close and reciprocal relation between cas
techniques and conceptual understanding. Students had to build up instrumentation
schemes that combined technical and conceptual aspects. This instrumental genesis
required time and effort, and obstacl es had to be overcome. Seemingly technical dif-
ficulties were often related to alack of conceptual understanding. Paper-and-pencil
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routines were aso involved in this relationship. As consequences for teaching, we
recommend developing a new didactical contract, fostering collective instrumenta-
tion by means of whole-class discussions and demonstrations, and discussing the
congruence or incongruence between paper-and-pencil and CAs techniques.

CAs use and the learning of algebra in general

In this section we first discuss the conclusions concerning the main research ques-
tion. Then follows areflection on the study. We conclude with some recommenda-
tions.

Conclusions

The main research question concerns the contribution of computer algebra use to un-
derstanding al gebrai c concepts and operationsin general. By means of extrapolating
the answersto the two research subguestionsto this more general level, we conclude
the following.

First, some of the findings not only concern the understanding of the concept of pa-
rameter, but also show that computer algebra use can contribute to the understanding
of algebraic concepts and operations in general. Symbol sense could be devel oped,
as could insight into the meaning and structure of formulas and expressions. Alge-
braic notions were extended. Computer algebra offered affordances for combining
different representations, repeating procedures as a preparation for generalization,
and dealing with expressions as objects. Critical for capitalising on these affordances
were the didactic embedding and the use of meaningful formulas that referred to re-
aistic problem situations, rather than to the general level directly.

Second, the observed instrumental genesis of CAS instrumentation schemes, provid-
ed that it was orchestrated adequately, included conceptual development concerning
algebrain general. The development of the solve scheme and the substitute scheme
led to new insightsinto solving and substituting. Although incomplete instrumenta-
tion hindered learning, instrumentation obstacles provided learning opportunities.
Conditions that fostered the instrumentation of computer algebra were the congru-
ence between cAs technique, mental conception and paper-and-pencil technique,
and the transparency of cAs procedures. These turned out to be hard issues, as some
CAS procedures were not transparent to the students, and CAS notations and syntax
differed from what the students were used to from paper-and-pencil experience.
When we compare these finding with our initial expectations, we notice that thein-
strumentation difficulties were more persistent than we had expected, and that the
role of the teacher was more important than we had foreseen.

Furthermore, our ideas on focusing on the general rather than on the referential level
did not come true, and realistic problems could not be missed as starting points.
What is realistic to students depends on their age and level: we conjecture that stu-
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dentsin advanced mathematics can more easily experience the cas asarealistic en-
vironment on its own.

Reflection

When welook back at this study, what can we say about therole of theory init, about
the methodol ogy that we used and about the generalizability of the results? We will
first look back at the elements of the theoretical framework.

The domain-specific instruction theory of Realistic Mathematics Education helped
us to understand why the students needed realistic problem situations to start with:
the algebraic objects and procedures were not yet part of an appropriate network of
mathematical relations. The distinction of the referential level and the general level
(see Fig. 1) clarified our goals as well as the difficulties that the students encoun-
tered. The notions of horizontal and vertical mathematization made it clear why gen-
eralization and abstraction did not work out on many occasions. Finaly, the RME
view was helpful in understanding the problem of the black box character of using
the cas.

The level theories acted as background for defining the higher level understanding
of the concept of parameter and hel ped in developing the learning trajectory and for
designing instructional activities.

We defined symbol sense as insight into the structure and meaning of formulas and
expressions. Looked at in this way, it was a means of interpreting the students’ be-
haviour with formulas and expressions in the computer algebra environment: sym-
bol sense was a prerequisite to productive CAS use, but could also develop from it.
Asfeedback to the theoretical notion of symbol sense, wewould suggest that it needs
amore precise definition.

Theories on symbolizing made it clear that the character of the computer algebra en-
vironment and the initial choices of this study did not offer much opportunity for a
bottom-up signification process. However, the instrumentation of computer algebra
fostered the development of meaningful mathematica objects, and of a framework
of mathematical relations, which was connected with symbols and expressions that
the students encountered while working in the computer algebra environment.
Therefore, the relation between the instrumentation approach and theories on sym-
bolizing deserves further investigation.

The process-object duality was useful for identifying the influence that computer al-
gebra use had on the development of an object view of formulas and expressions by
the students. Together with the notion of symbol sense, reification was a frame of
reference for monitoring the progress of algebraic insight into formulas and expres-
sions.

The theory of instrumentation helped us to interpret student behaviour in the com-
puter al gebraenvironment and to observe the relation between technical and concep-
tual components within instrumentation schemes. Sometimes the instrumental gen-
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Summary

esis was hindered by conceptual barriers, but at other times it fostered further con-
ceptual development, as was suggested by the theory. This study worked out some
concrete schemes and stressed the rel evance of the congruence and transparency cri-
teria. We suggest paying more attention to the link between the computer algebra
technique and the corresponding paper-and-pencil technique.

Altogether, we see that most of the elements of the theoretical framework contribut-
ed to this study, despite the fact that the elements of the framework — except for the
instrumental approach — were not dedicated for use in the context of this study. One
of the main results of this study for the theoretical framework, therefore, is the the-
ories' perceived contribution in a setting for which they were not devel oped, which
suggests awide applicability.

How do welook back at the methodology? Reflecting on this, we feel that the design
research paradigm was appropriate for the purpose of thisstudy. Thecyclic character
alowed for adapting experimental settings, and the design of the learning trajectory
and instructional activities served for making explicit our intentions. In the prelimi-
nary phase, the hypothetical learning trajectory was a productive way of monitoring
the development of the hypotheses and expectations throughout the research. Prior
identification of key items and their expected outcomesin the design phases guided
classroom observations during the teaching experiments and data analysisin the ret-
rospective phases. The mini-interviews on these key items provided relevant data,
athough this data gathering technique regquired a good attunement with the teacher
and refrainment from playing the role of assistant teacher. The whole-class videos
did not contribute much to the data, as the whole-class discussionsin most cases did
not address the key items or concepts that we wanted to observe. In the retrospective
phase, the data analysis method — which combined a prior coding system with an ap-
proach similar to the constant comparative method — was effective. Working togeth-
er with a second researcher who coded the data independently improved both the
quality of the data analysis and the coding system. The method of formulating feed-
forward for the next research cycle was helpful for capturing research progress.
How about the generalizability of the findings? Do the findings of this study depend
on the specific choices that were made, or can they be generalized to other situa-
tions? Many issues that showed up in this study — such astherreification of formulas
and expressions, and the development of symbol sense — are not specific to the con-
cept of parameter. Therefore, we think that the scope of these findings exceeds the
understanding of the concept of parameter and can be generalized to learning algebra
in general. We also think that the conclusions can be generalized as regards instru-
mentation. Despite differences between computer algebraenvironments at adetailed
level, these systems are based on common principles and similar instrumentation is-
sues play arole. The question whether the instrumental approach can be applied to
other IT environments deserves further research.

Generalization to other Dutch schools can be made as well, as long as the specific
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educational setting is taken into account. Generalization to CAS use in other grades
should be considered with care. We expect more instrumentation problemsto appear
in lower grades, and we recommend longer periods of CAS use in ninth and tenth
grades. For higher grades, we expect similar instrumentation i ssues and affordances
to play arole, and we conjecture that in those grades the students will have more
mathematical means for overcoming obstacles and benefiting from opportunities.

Recommendations

The conclusions of this study led to recommendations for teaching, for software de-
sign and for further research. As regards teaching algebra using computer algebra,
the results suggest that it is important to anticipate on computer algebra use, to be
explicit about the changing didactical contract, to orchestrate individual and collec-
tive instrumentation, to have students compare CAS techniques with paper-and-pen-
cil techniques and to have students reflect on the way cas works.

Asfor designing algebra software for educational purposes, we recommend taking
care of the criteria of the transparency and congruence of the technological environ-
ment. The black box character and idiosyncratic features inhibit instrumentation.
Flexibility with regard to notations, syntax and strategy is a third criterion that
should be met.

As regards further research on learning mathematics in a technological environ-
ment, we recommend taking into account the complete pedagogic situation rather
than investigating the use of the technological environment as an isolated phenom-
enon, so that the socia and the psychological perspective can be coordinated (Y ack-
el & Cobb, 1996). Here, the cultural-historical activity theory — which considerstool
use as embedded in a social practice — could provide a fruitful additional perspec-
tive. Furthermore, the relation between the instrumental approach and theories on
symbolizing would be an interesting starting point for further theoretical develop-
ment. A longitudinal study on symbolizing in a computer algebra environment, in-
cluding adequate teaching that prepares for computer algebra use, isrecommended.
The extension of the scope of this study to other mathematical topics — such as the
concept of function — and to other 1T tools— such as software for dynamic geometry
or Java applets— isalso recommended. Finally, the role of technology in assessment
requires further study.
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Onderzoeksvragen

Het project ‘Algebra leren in een computeralgebra omgeving'* waarover we hier
rapporteren, maakt deel uit van onderzoek naar deintegratie van informatie- en com-
muni catietechnologie (1CT) in het onderwijsin het a gemeen en naar deinvloed daar-
van op het leren van wiskundein het bijzonder. In deze studie richten we ons op twee
kwesties die op dit moment actueel zijn voor het wiskundeonderwijs: het algebraon-
derwijsen deintegratie van technologie— in het bijzonder computeralgebra— daarin.
Algebraissindsjaar en dag een belangrijk onderwerp in de schoolwiskunde, dat een
struikelblok isvoor veel leerlingen. De moeilijkheden van het leren van algebrazijn
gelegen in het formele en a goritmische karakter, het abstracte niveau waarop pro-
blemen worden benaderd, het object karakter dat algebraische expressies en formu-
les hebben en de compacte algebraische taal met haar specifieke conventies en sym-
bolen. Door deze moeilijkheden ervaren leerlingen algebra vaak niet als een natuur-
lijk en betekenisvol middel om problemen mee op te lossen (Bednarz et al., 1996;
Chick et al., 2001).

Integratie van ICT iseen van de manieren waarop de moeilijkheden met het leren van
algebra zouden kunnen worden aangepakt. Het gebruik van ICT kan naar verwach-
ting bijdragen aan visualisatie van begrippen en kan deleerling het uitvoeren van be-
werkingen met de hand besparen. Daarmee kan hij/zij zich concentreren op begrips-
ontwikkeling en probleemaanpak. Op deze manier zou het gebruik van ICT het tra-
ditionele algebracurriculum kunnen verlichten. Tegelijkertijd leidt de integratie van
ICT tot vragen met betrekking tot de doelen van het algebraonderwijs en de relevan-
tie van pen-en-papier methoden, nu die immers kunnen worden overgelaten aan het
technologisch gereedschap. Wat betreft algebraische vaardigheden is het gebruik
van een computeral gebra systeem (CAS) bijzonder interessant, omdat het een com-
pleet repertoire aan algebraische procedures en operaties biedt (Heid, 1988; O’ Cal-
laghan, 1998).

De mogelijke integratie van computeralgebra in het algebraonderwijs leidt tot de
volgende centrale onderzoeksvraag van deze studie:

Hoe kan het gebruik van computeral gebra het inzicht bevorderenin
algebraische concepten en operaties?

Deze vraag moet nader worden gespecificeerd. Omdat al gebraals geheel eenteveel-
omvattend onderwerp is, beperken we ons hier tot het parameterbegrip. Parameters
komen op natuurlijke wijze naar voren in concrete probleemsituaties en zijn tevens
middelen voor generalisatie en abstractie. Daarom kan het onderwerp parameter de

1. Dit onderzoek is mogelijk gemaakt door de Nederlandse organisatie voor Wetenschap-
penlijk Onderzoek NWO, projecthummer 575-36-003E.
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leerling uitnodigen om de ‘ algebraische werel d van formules, expressies en algeme-
ne oplossingen’ binnen te gaan. Verder omvat het parameterbegrip ook de verschil-
lende rollen die hij ‘gewone’ variabelen een rol spelen en die de leerlingen eerder
hebben leren kennen. Het gebruik van parameters kan het inzicht van de leerlingen
in de betekenis en de structuur van algebraische formules en expressies verbeteren
(Bills, 2001; Furinghetti & Paola, 1994). Om deze redenen is de onderzoeksvraag
gespecificeerd in de volgende deelvraag:

1. Hoe kan het gebruik van computeralgebra bijdragen aan een
hoger niveau van inzicht in het parameterbegrip?

Eerder onderzoek naar de integratie van computeralgebrain het wiskundeonderwijs
toont aan dat het idee dat technol ogie de elementaire bewerkingen uitvoert zodat de
leerling zich kan concentreren op begripsontwikkeling te simplistisch is (Artigue,
1997b; Drijvers, 2000; Guin & Trouche, 1999; Lagrange, 2000; Trouche, 2000). De
technische vaardigheden die de leerling nodig heeft om proceduresin de cas omge-
ving uit te voeren vereisen conceptueel inzicht en tegelijkertijd beinvioeden ze dat
inzicht. Het tweede aandachtspunt in dit onderzoek is dan ook de verweven ontwik-
keling van technieken in de computeralgebra omgeving en wiskundig inzicht in ter-
men van mentale schema’s die de leerlingen ontwikkelen. Deze zogeheten instru-
mentel e benadering van ICT-gebruik, die betrekking heeft op het instrumentatiepro-
ces waarin de duale relatie tussen begripsontwikkeling en techniek in de ICT-
omgeving zich ontwikkelt, is het onderwerp van de tweede onderzoeksdeel vraag:

2. \Wat is derelatie tussen geinstrumenteerde technieken in de com-
puteralgebra omgeving en wiskundige begrippen, zoals die tot
stand komt in het instrumentatieproces?

Theoretisch kader

Bij het formuleren van de onderzoeksvragen vroegen we ons af welke theoretische
invalshoeken van pas zouden komen bij het onderzoeken van deze kwesties. Een
kant-en-klaar theoretisch kader voor een onderzoek naar het leren van algebrain een
computeralgebra omgeving was niet beschikbaar. Daarom hebben we die theoreti-
sche elementen uit onderzoek naar het leren van algebra en wiskunde in het alge-
meen gesel ecteerd die kansrijk Ieken voor toepassing op het onderwerp van deze stu-
die. Dat betekende dat deze elementen uit hun gebruikelijke context zijn gehaald en
zZijn aangepast aan het doel van dit onderzoek. Deze eclecti sche benadering van theo-
rieistheorie-gel eide bricolage genoemd (Gravemeijer, 1994). De volgende elemen-
ten zijn opgenomen in het theoretisch kader:

» De domein-specifieke instructietheorie van Realistisch Wiskundeonderwijs
Kernbegrippen in de domein-specifieke instructietheorie van Realistisch Wis-
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kundeonderwijs zijn geleide heruitvinding, progressief mathematiseren, hori-
zontaal en verticaal mathematiseren, didacti sche fenomenologie en zich ontwik-
kellende modellen (Freudenthal, 1983; Gravemeijer, 1994; de Lange, 1987,
Treffers, 1987a, 1987b). Geleide heruitvinding, progressief mathematiseren en
didactische fenomenologie zouden naar verwachting bruikbaar zijn bij het ont-
wikkelen van een hypothetisch leertrgject voor het parameterbegrip en van on-
derwijsactiviteiten. Het onderscheid horizontaal-verticaal mathematiseren zou
de verhouding duidelijk kunnen maken tussen contexten en de abstracte micro-
wereld van de computeralgebra omgeving, die een top-down karakter heeft
(Drijvers, 2000). Het idee van zich ontwikkelende modellen zou bruikbaar kun-
nen zijn voor het onderscheiden van niveaus van activiteiten. Zoals aangegeven
inFig. 1 onderscheidt Gravemeijer (1994, 1999) vier niveaus van wiskundige ac-
tiviteit. Het idee van zich ontwikkelende modellen is dat modellen die in eerste
instantie verwijzen naar een concrete context met betekenis voor de leerlingen,
zich geleidelijk aan ontwikkelen tot algemene modellen voor redeneren binnen
een wiskundig kader.

algemeen

referentied

situationed

Figuur 1 Vier niveaus van wiskundige activiteit (Gravemeijer, 1994, 1999)

Niveautheorieén

In de eerste onderzoeksdeel vraag is sprake van ‘ een hoger niveau vaninzicht in
het parameterbegrip’. V erschillende perspectieven kunnen duidelijk maken wat
hieronder wordt verstaan. Ten eerste onderscheidt de niveautheorie van Van
Hiele een nulde, eerste en tweede niveau van inzicht (Van Hiele, 1973, 1986).
Dit onderscheid zou bruikbaar kunnen zijn om niveaus van inzicht in het
parameterbegrip te definiéren. Een tweede benadering van niveaus is het
hierboven beschreven idee van zich ontwikkellende modellen en niveaus van
activiteit (zie Fig. 1). In wezen is het streven in dit onderzoek gericht op de
overgang van het referentiéle naar het generieke of algemene niveau.

Theorieén over ‘symbol sense’ en symboliseren

De notie van symbol sense behelst het ‘gevoel’ voor algebraische entiteiten in
het algemeen en het inzicht in formules in het bijzonder (Arcavi, 1994). In dit
onderzoek is symbol sense gedefinieerd as het inzicht in de betekenis en de
structuur van algebraische expressies en formules. Het werken met
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parametrische formules in een computeralgebra omgeving vereist naar
verwachting symbol sense, maar bevordert het ook.

Hoe wordt symbol sense verworven? Theorieén over symboliseren benadrukken
de pardlelle ontwikkeling van symbolen en betekenis door een
significatieproces (Gravemeijer et al., 2000). Omdat het geven van betekenis aan
algebrai'sche technieken, formules en expressies zoal s ze naar voren komenin de
computeralgebra omgeving naar verwachting een belangrijk aspect van de
instrumentatie is, leek het symboliseren een relevant perspectief voor dit
onderzoek.

» Deproces-object dualiteit
De proces-abject dualiteit betreft het idee dat een wiskundig begrip als procesen
als object beschouwd kan worden. Vaak ervaren leerlingen eerst de proceskant;
op basis daarvan kunnen ze de objectkant ontwikkelen, die verdere conceptuele
ontwikkeling vereist. Deze ontwikkeling heet reificatie (Sfard, 1991) of
inkapseling (Dubinsky, 1991) en resulteert in ‘proceptueel’ inzicht (Tal &
Thomas, 1991). Deze theoretische inzichten hebben betrekking op het leren van
wiskunde in het algemeen, maar kunnen worden toegepast op het leren van
algebra.
In dit onderzoek was de reificatie van expressies en formules van belang omdat
het bij het ontwikkelen van het parameterbegrip nodig is om formules en
expressies als objecten te beschouwen. Verder zou het werk in de
computeralgebra omgeving de verhouding tussen proces en object kunnen
beinvioeden. De reificatie van expressies en formules veronderstelt dat
leerlingen het zogenaamde ‘lack of closure’ obstakel overwinnen. Dit obstakel
houdt in dat leerlingen niet in staat zijn om expressies en formules al's resultaat
te beschouwen zolang deze nog operatoren bevatten; leerlingen willen dan
bijvoorbeeldina+b of x+3 de optelling uitvoeren die wordt gesymboliseerd door
de + (Callis, 1975; Kiichemann, 1981; Tall & Thomas, 1991). Reificatie van
formules en expressies betekent niet vanzelf reificatie van functies; dat laatsteis
veelomvattender.

Een belangrijk theoretisch element in dit onderzoek is de instrumentele benadering

van ICcT-gebruik. Dit punt komt aan de orde in sectie 4.

Conceptuele analyse van het parameterbegrip

De conceptuele analyse van het parameterbegrip omvatte allereerst een onderzoek
naar de historische ontwikkeling ervan. Essentieel in deze ontwikkeling was de
overgang van syncopische naar symbolische algebra, die gekarakteriseerd wordt
door het werk van Diophantus en Viéte (Boyer, 1968; Harper, 1987). Waar Diophan-
tus (rond het jaar 250) | etters gebruikte om onbekenden aan te duiden, maar niet voor
parameters, beschreef Viéte (1540 - 1603) algemene, geparametriseerde oplossin-

334



Samenvatting

gen. Viéte onderscheidde onbekenden en parameters door het gebruik van klinkers
en medeklinkers. Hij accepteerde expressies a's opl ossingen van algemene, parame-
trische vergelijkingen en beschouwde die al s objecten. In dit onderzoek streefden we
naar deze ‘sprong van Diophantus naar Viéte' ofwel van het verwijzende naar het
algemene niveau (zie Fig. 1). Dat deze ontwikkeling veel tijd kostte in de geschie-
denis kan as waarschuwing voor de complexiteit van deze stap worden opgevat.
De conceptuele analyse van het parameterbegrip leidde tot het beeld van de parame-
trische functie als een functie van de tweede orde. De korte pijl in Fig. 2 bijvoorbeeld
geeftaandat x — a- x + 5 voor een vaste waarde van de parameter a een (lineaire)
functiein x is. Wanneer echter de waarde van a verandert, dan geeft de lange pijl in
Fig. 2 een tweede orde functie aan, met de parameter als argument en de lineaire uit-
drukking als functiewaarde (Bloedy-Vinner, 2001).

a —p (X>a-xt+5)

Figuur 2 De parameter als argument van een functie van de tweede orde

Als moeilijke aspecten van het parameterbegrip identificeerden we ten eerste deze
hiérarchische relatie met ‘gewone’ variabelen, zoals weergegeven in Fig. 2 enin de
uitdrukking ‘ veranderlijke constante’ . Een tweede moeilijkheid is het onderscheiden
van de verschillende rollen die de parameter kan spelen, die bovendien kunnen ver-
anderen tijdens het oplossingsproces.

De conceptuele analyse leidde tot het onderscheiden van vier parameterrollen, die

vergelijkbaar zijn met overeenkomstige rollen van de gewone variabele:

» De parameter als plaatshouder staat voor een positie, een lege plaats, waar een
numerieke waarde kan worden ingevuld of uitgehaald. De waarde in de ‘lege
doos’ isvast — bekend of onbekend — en verandert niet. Dit beschouwen we al's
het nulde niveau van het parameterbegrip.

 Bij de parameter alsveranderlijke wordt de parameterwaarde systematisch geva-
rieerd. De parameter krijgt het dynamische karakter van een ‘ schuifparameter’
die vlioeiend een referentieverzameling doorloopt (Van de Giessen, 2002). Deze
variatie beinvloedt de hele situatie, de formule als object en de globale grafiek,
terwijl variatie van de gewone variabel e slechts |okaal doorwerkt.

» Deparameter alsgeneralisator generaliseert over een klasse van situaties. Daar-
door verenigt deze ‘ familieparameter’ (Van de Giessen, 2002) zo’n klasse en re-
presenteert die. Deze generieke representatie maakt het mogelijk om ‘het alge-
mene in het bijzondere' te zien en om categorieén van problemen op een gene-
riek niveau te formuleren en op te lossen. Deze algemene oplossing van dle
concrete gevallen ineens door middel van een parameter veronderstelt dereifica-
tie van de expressies en formules die in het generieke opl ossingsproces voorko-
men.
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» Deparameter speelt de rol van onbekende wanneer de vraag is om specifieke ge-
vallen uit de algemene parametrische representatie te selecteren op basis van een
extra conditie of criterium. Dit veronderstelt vaak een wisseling van rol en hié-
rarchie (Bills, 2001).

De conceptuel e analyse en het theoretisch kader leverden een manier om het hoger
niveau van inzicht in het parameterbegrip te definiéren. Fig. 3 visualiseert deze ni-
veaustructuur.

generalisator

P onbekende

nuldeniveau eerste niveau

plaatshouder

Figuur 3 Niveaus van inzicht in het parameterbegrip

In termen van de Van Hiele niveaus beschouwen we de plaatshouder a's het nulde
niveau van het parameter inzicht, dat de basis vormt voor het eerste niveau. De drie
rollen van veranderlijke, generalisator en onbekende hebben als gemeenschappelijk
kenmerk dat de formules die de parameter bevatten beschouwd moeten worden als
objecten. Daarom zijn die onderdeel van het inzicht het eerste niveau. De belangrijk-
stevan deze drie ‘hogere’ parameterrollen is de generalisator, aangezien generalise-
ren een kernactiviteit is in de algebra. Het beoogde hoger niveau van inzicht in het
parameterbegrip bestaat dus uit de sprong van de plaatshouder naar de andere para-
meterrollen, ‘van Diophantus naar Viéte' of, intermen van het vierlagen model (Fig.
1) de overgang van het referenti€éle naar het algemene niveau. Het inzicht in de ho-
gere parameterrollen vereist naar verwachting de reificatie van parametrische ex-
pressies en formules (Gravemeijer et al., 2000).

De instrumentele benadering van het gebruik van computeralgebra

De vraag is nu hoe het gebruik van computeralgebra kan bijdragen aan het verwer-
ven van dit hogere niveau van inzicht in het parameterbegrip.

Om verschillende redenen veronderstelden we dat een computeralgebra omgeving
kansen biedt voor het algebraonderwijs. In vergelijking met ander ICcT-gereedschap
voegt computeral gebra een compleet repertoire aan algebraische procedures en re-
presentaties toe. Doordat leerlingen bevrijd worden van algebraische berekeningen,
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zou computeralgebra concentratie op begripsontwikkeling en probleemoplossen
mogelijk maken. Het gebruik van een cAs zou leerlingen kunnen hel pen concepten
en vaardigheden te onderscheiden (Monaghan, 1993) en om de balans tussen die
twee opnieuw vast te stellen (Heid, 1988; O’ Callaghan, 1998).

Deintegratie van computeralgebrain het algebraonderwijs zou ook risico’smet zich
mee kunnen brengen. Omdat het cas ‘alle algebraal bevat’ zou het een wat abstract
en formed ‘top-down’ karakter kunnen hebben en mogelijk inflexibel zijn bij het
hanteren van informele notatie en syntax. Verder zou het CAS voor leerlingen een
‘black box’ kunnen lijken, omdat het complexe procedures uitvoert op een manier
dievoor hen ondoorzichtig is. Een laatsterisico isdat de computeral gebraomgeving
een microwereld voor de leerlingen schijnt, die niet is verbonden met de wereld van
realistische problemen of van wiskunde met pen-en-papier en het hoofd (Drijvers,
2000).

Met het oog op het inzicht in het parameterbegrip zijn de volgende mogelijkheden
van computeralgebra onderkend. Ten eerste verwachtten we dat het gebruik van
computeralgebra de reificatie van algebraische expressies en formules bevordert,
doordat expressies optreden als oplossingen van parametrische vergelijkingen die
vervolgens gesubstitueerd worden. Ten tweede veronderstelden we dat het genere-
ren van voorbeel den door algebrai'sche exploratie aanleiding zou zijn voor generali-
satie over de situatie om zo een opening te bieden voor de parameter als generalisa-
tor. Ten derde zou de flexibiliteit van computeralgebra ten aanzien van |ettersymbo-
len en hun rollen van pas kunnen komen bij de blikwisseling die optreedt bij de
parameter als onbekende. Alslaatste punt, hoewel niet exclusief voor computeralge-
bra omgevingen, werd verondersteld dat de beschikbaarheid van een schuifbalk het
inzicht in de parameter as veranderlijke zou ondersteunen.

Voor de uitvoering van de onderwijsexperimenten moest een specifieke computeral -
gebra omgeving worden gekozen. Om praktische redenen hebben we de  hand-hel d’
T1-89 symbolische rekenmachine gekozen. Dit apparaat zouden de leerlingen per-
manent — zowel op school als thuis — ter beschikking hebben en zou niet nopen tot
verandering van de organisatie van de lessen. De beperkte schermresol utie zou kun-
nen worden ondervangen door enkele lessen in het computerlokaal te houden, waar-
bij het softwarepakket TI-Interactive gebruikt zou kunnen worden. We hoopten dat
het individuele karakter van de rekenmachine de samenwerking tussen leerlingen
niet zou verhinderen en dachten dat te ondervangen door de leerlingen in tweetallen
te laten werken.

Zods al aangekondigd in de beschrijving van het theoretisch kader, functioneerde
deinstrumentele benadering van het gebruik van computeralgebra a s kader voor het
begrijpen en interpreteren van de interactie tussen leerling en machine. De kernge-
dachte van instrumentel e benadering van het gebruik van 1CcT-gereedschap is dat een
‘kaal’ stuk gereedschap, een artefact, niet vanzelf een bruikbaar instrument is. Bij
het hanteren van zulk gereedschap ontwikkelt de gebruiker mentale schema's, sche-
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ma’'s van geinstrumenteerde actie, of kortweg instrumentatieschema’s (Artigue,
1997b, 2002; Guin & Trouche, 1999, 2002; Lagrange, 2000; Trouche, 2000). Een
instrument, in deze optiek, bestaat uit (een dedl van) het artefact, het mentale schema
en het type taken waar de schema’s betrekking op hebben (Fig. 4).

mentaal schema

JX2+y2 = 392y = 25—x

type opdrachten

Figuur 4 Het instrument als driehoek artefact - mentaal schema - taak

In deze instrumentatieschema’ s zijn techni sche vaardigheden en conceptuel einzich-
ten geintegreerd; moeilijkheden met het ontwikkelen van zulke schema’s, de zoge-
naamde instrumentel e genese, hebben vaak betrekking op beide aspecten. Omdat we
niet ‘in de hoofden van leerlingen kunnen kijken’ om de mentale schema’ s te obser-
veren, hebben we ons gericht op de technieken die we beschouwen al's de observeer-
bare kant van de instrumentatieschema’s. de collectie proceduresin de computeral -
gebra omgeving die de leerling gebruikt om een bepaald type problemen op te los-
sen.

In dit onderzoek is de instrumentel e benadering gebruikt als kader om de interactie
tussen leerling en computeralgebra omgeving te onderzoeken. Door de combinatie
van technische en conceptuel e aspecten binnen het instrumentati eschema leek deze
theorie veelbelovend, omdat ze uitstijgt boven het wat naieve idee van ‘vaardighe-
den terugdringen, begripsvorming benadrukken’ en omdat ze de moeilijkheden van
de instrumentel e genese serieus neemt.

Methodologie

In dit onderzoek is de methode van ontwikkelingsonderzoek gebruikt. Ontwikke-
lingsonderzoek richt zich op het ontwikkelen van theorieén over en empirisch on-
derbouwd inzicht in ‘hoe leren werkt’ (Research Advisory Committee, 1996). Het
belangrijkste doel is het begrijpen van het leren van de leerling. Dit komt overeen
met het karakter van onze onderzoeksvragen, die immers beginnen met ‘Hoe
kan...’enniet met ‘Kan...". Een karakteristiek van ontwikkelingsonderzoek is het be-
lang dat wordt gehecht aan het ontwerpen van onderwijsactiviteiten, dat gezien
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wordt als betekenisvol onderdeel van de onderzoeksmethode omdat het de onder-
zoeker dwingt zijn keuzes, hypotheses en verwachtingen te expliciteren (Edelson,
2002). Een tweede belangrijk kenmerk van ontwikkelingsonderzoek is het bijstellen
van het leertrgject in de loop van het onderzoek. Op basis van eerdere ervaringen
worden de onderwijssegquentie en de experimentele condities aangepast. Dit maakt
ontwikkelingsonderzoek bijzonder geschikt voor dit project, aangezien een volledig
theoretisch kader nog niet beschikbaar was en hypotheses ontwikkeld dienden te
worden. Het aanpassen van de experimentel e situatie is mogelijk door het cyclische
karakter van ontwikkelingsonderzoek. Een macrocyclus bestaat uit een voorberei-
dende fase, die in dit onderzoek de ontwikkeling van een hypothetisch leertrgject
omvat en het ontwerp van onderwijsactiviteiten), een onderwijsexperiment en een
retrospectieve fase waarin de data-anal yse plaatsvindt en dieleidt tot ‘ feed-forward’
voor de volgende onderzoekscyclus (Gravemeijer, 1994).

Figuur 5 Arrangement van onderzoekscycli en onderwijsexperimenten

In dit onderzoek zijn drie onderzoekscycli uitgevoerd, aangegeven met V3-1, V3-II
en V4-l1, en een tussencyclus, V4-1. De onderwijsexperimenten van de V3-cycli
vonden plaatsin vwo-3 klassen en die van de V4-cycli invwo-4. Del en |1 daan op
de cohorten leerlingen die in de cyclus betrokken waren. De V4-I populatie was (op
een enkel e uitzondering na) een deelverzameling van de V 3-1 populatie en hetzelfde
gold voor het tweede cohort leerlingen (zie Fig. 5).

We lichten nu kort de verschillende fasen binnen een onderzoekscyclus toe. In de
voorbereidende fase werd een hypothetisch leertrgject (HLT) ontwikkeld (Simon,
1995). Dit houdt in dat het aanvangsniveau werd vastgesteld, dat het einddoel werd
geformuleerd en dat een sequentie van mental e stappen die tot dat doel leiden is on-
derscheiden, samen met onderwijsactiviteiten die naar verwachting die stappen te-
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weeg brengen. Hierbij isbeschreven waarom deze activiteiten geacht worden te wer-
ken en welk soort mentale ontwikkeling daarmee wordt becogd. V anwege de nadruk
op mental e ontwikkeling en op het motiveren van de verwachte effecten door de on-
derzoeker was het HLT een bruikbaar instrument om de ontwikkeling van hypothese
bij te houden en het denken van de onderzoeker in kaart te brengen.

De ontwikkeling van een HLT was nauw verweven met het ontwerp van onderwijs-
activiteiten, dat plaatsvond aan de hand van ontwerpheuristieken zoals geleide
heruitvinding, didactische fenomenologie en bemiddelende modellen. Daarbij zijn
kernopgaven gesel ecteerd, die zouden kunnen dienen alsijkpunten voor de mentale
ontwikkeling van de leerlingen in relatie tot het HLT; ook zijn vragen opgesteld om
leerlingen te stellen bij dezeijkpuntopgaven eniseen apriori coderingssysteem voor
observatie ontwikkeld.

De tweede fase van een cyclusin het ontwikkelingsonderzoek is die van het onder-
wijsexperiment (Steffe, 1983; Steffe & Thompson, 2000). Tijdens de onderwijsex-
perimenten lag de nadruk op data die het |eerproces weergeven en inzicht konden
gevenin het denken van deleerlingen. De belangrijkste bronnen daarvoor waren ob-
servaties van leerlingengedrag en korte interviews met leerlingen. De meeste lessen
zijn geobserveerd door twee observatoren die aantekeningen maakten op observatie-
formulieren. De ijkpuntopgaven werden onderzocht door middel van ‘mini-inter-
views met een deel van de leerlingen; videoregistraties zijn gemaakt van klassen-
gesprekken en van enkel e gesel ecteerde tweetal len | eerlingen terwijl ze aan het werk
waren. Schriftelijk materiaal (schriften, voortoets en natoets) is verzameld van alle
leerlingen. Intotaal zijn 110 leerlingen bij de onderwijsexperimenten betrokken ge-
weest en zijn meer dan 100 lessen geobserveerd.

Een onderzoekscyclus eindigt met de retrospectieve fase. Een eerste stap hierin was
de selectie en analyse van de gegevens. De aanvankelijke analysemethode was gein-
spireerd op de constante comparatieve methode (Glaser & Strauss, 1967; Strauss,
1987; Strauss & Corbin, 1998). De eerste bevindingen hieruit leidden tot aanpassing
van het a priori ontworpen coderingssysteem. Vervolgens werden de gegevens ge-
codeerd. Dit gebeurde voor een deel door twee onderzoekers, om zo een intersubjec-
tieve overeenstemming te bereiken. De conclusies van de data-analyse werden ver-
taald in feed-forward voor de volgende onderzoekscyclus. Deze feed-forward betrof
aanpassingen van het HLT, van de onderwijsactiviteiten of veranderende aandachts-
punten voor het volgende onderwijsexperiment.

De drie onderzoekscycli

Fig. 5 geeft het arrangement van de onderzoekscycli weer. Deze sectie beschrijft
kort elk van de cycli en de onderwijsexperimenten daarbinnen in het bijzonder. Deze
onderwijsexperimenten vonden plaats op een school in Bilthoven.

De eerste onderzoekscyclus, V 3-1, omvatte een onderwijsexperiment in twee vwo-3
klassen met leerlingen van 14-15 jaar oud. De experimenten duurden vijf weken met
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vier lessen wiskunde per week. In het HLT voor deze experimenten kwamen de pa-
rameterrollen voor in de volgorde plaatshouder-generalisator-veranderlijke-onbe-
kende. De onderwijsactiviteiten waren beschreven in twee pakketten, ‘Introductie
T1-89' dat beoogde de leerlingen vertrouwd te maken met de T1-89 symbolische re-
kenmachine en ‘Veranderlijke algebra’ dat gericht was op de ontwikkeling van in-
zicht in het parameterbegrip.

De resultaten toonden aan dat generalisatie werd gehinderd door instrumentatiepro-
blemen, in het bijzonder bij het schema voor het oplossen van stelsels vergelijkin-
gen. Fig. 6 toont dit schema van isoleren-substitueren-oplossen, afgekort tot 1SO,
voor het stelsel x+y = 31, x2+y2 = 252,

Fir] Fe= [F3~] Fi=] FE Far Fir] Fe= [F3~] Fi=] FE Far
Tools|A1dcbrajCalc|Other |FrAmIOjClzan Up Tools|A1dcbrafCalc|Other |FrAmiOjClzan Up

g=731 -
mzoluelx +y=31,u)
=31 -

#xZ+u2=252|y=31-x

#xZ+u2=252|y=31-x
2-x2 - 82-x + 951 = 625
meoluelz w2 - 62+ 951 = 6P

2 %2 - 62 %+ 951 = 625

E2du+I61 =625, K]
D EXACT FUHC /30

* =24 or m=7
i

FAIN FAD EXACT FUHC 230
Figuur 6 Het schema isol eren-substitueren-oplossen op de T1-89

In sommige gevallen hadden de leerlingen geen behoefte aan generalisatie, of had
de generalisatie het oppervlakkige karakter van patroonherkenning zonder intrinsie-
ke betekenis. De parameter als veranderlijke werd beter begrepen, hoewel een optie
voor het visualiseren van de dynamiek op de T1-89 werd gemist. Aan de parameter
asonbekendeisniet veel aandacht besteed. De rolwisseling die dit vroeg was moei-
lijk voor de leerlingen. Het substitueren van expressies en het voorkomen van ex-
pressies a's oplossingen van geparametriseerde vergelijkingen bevorderde de reifi-
catie van expressies en het overwinnen van het ‘lack of closure’ obstakel. De resul-
taten van de eindtoets bevestigden dat de generalisatie en het toepassen van het | SO-
schema de twee grootste hindernissen waren voor de leerlingen.

De feed-forward van de V 3-1 onderzoekscyclus hield onder meer een herordening in
van de globale leerlijn door de parameterrollen; die werd gewijzigd in de volgorde
plaatshouder-veranderlijke-generalisator-onbekende, om de generalisatie uit te stel-
len tot een dynamische en hiérarchische kijk op het parameterbegrip was ontwik-
keld. Daarom is 0ok gezocht naar een betere manier om de dynamiek van de schuif-
parameter op het scherm van de TI-89 in beeld te brengen. Om de instrumentatie-
problemen te beperken, zijn in het lesmateriaal meer oefeningen met elementaire
schema’s voor oplossen en substitueren opgenomen door deze te integreren in het
samengestelde 1 SO-schema.

Het onderwijsexperiment van de tweede onderzoekscyclus, V3-11, is uitgevoerd in
het tweede cohort van twee vwo-3 klassen. De opzet was vergelijkbaar met die van
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V3-I. Het experiment duurde vijf weken van vier lessen per week. Het HLT volgde
delijn die uit de feed-forward van V 3-I naar voren was gekomen. Het beeld van de
parameter as veranderlijke werd ondersteund door twee TI-89 programma’s die
voor dit doel ontwikkeld waren, SCHIET en sCHUIF. De leerlingentekst bestond weer
uit een deel gericht op de kennismaking met de T1-89 en een deel gericht op het in-
zicht in het parameterbegrip.

De resultaten toonden aan dat het begrip van de parameter als veranderlijke inder-
daad werd bevorderd door de programma’s SCHIET en SCHUIF, hoewel sommige
leerlingen de parameter beschouwden als lopend door gehele waarden. De nieuwe
volgordein het leertragject, waarin de parameter a's veranderlijke eerder aan de orde
komt, was een verbetering ten opzichte van delijn van V3-I. Voor wat betreft gene-
ralisatie kwamen vergelijkbare moeilijkheden aan het licht alsin V 3-1, zij het in min-
dere mate. Ondanks de aandacht besteed aan elementaire instrumentatieschema’s
voor oplossen en substitueren veroorzaakte het samengestelde 1SO-schema nog
steeds moeilijkheden. Ook hadden de |eerlingen regel matig geen behoefte aan gene-
ralisatie, misschien vanwege de abstracte en complexe probleemsituaties. De para-
meter as onbekendeis meer aan de orde geweest dan in VV3-1, maar de complexiteit
van de probleemsituaties maakte dat de leerlingen niet in staat waren de grote lijn
van de opl ossingsstrategi e te doorzien en de veranderende rol van de parameter daar-
in.

De resultaten van de eindtoets bevestigden deze bevindingen, hoewel de uitvoering
van het 1SO-schema en de generali saties met parametersiets verbeterd waren ten op-
zichte van de resultaten van V 3-1. Na de eindtoets zijn eindinterviews gehouden met
negentien leerlingen. De resultaten van deze interviews, waarbij de leerlingen geen
technologie gebruikten, suggereerden transfer van substitutie van expressies als
computeralgebra techniek naar substitutie als pen-en-papier techniek en een verbe-
terde reificatie van expressies. De leerlingen waren bijvoorbeeld in staat om
y = a—x met de hand in x2+y2 = 10 te substitueren. Een van hen gebruikte
daarbij de TI-89 notatie voor substitutie (Fig. 7).

=a—x

x2+)52= IO\"{'—Q-X

Figuur 7 Transfer van notatie

Alsfeed-forward van de V 3-11 onderzoekscyclus concludeerden we dat het globale
HLT langs de lijn plaatshouder-veranderlijke-generalisator-onbekende adequaat was
en geen verdere wijziging behoefde. V oor de parameter a's veranderlijke zou het ge-
bruik van een continue schuifbalk wellicht het idee van een discrete referentieverza-
meling kunnen vermijden. De bevindingen suggereerden dat de parameter als gene-
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ralisator beter aan de orde kan komen zonder de complicatie van het 1SO-schema.
Dat betekende dat probleemsituaties gezocht moesten worden die met één vergelij-
king in plaats van een stel sel van twee vergelijkingen konden worden opgelost. Ver-
der richtten de probleemsituatiesin V3-11 zich te direct op het generale niveau. Het
gebruik van realistische contexten, waarin de parameter op het referentiéle niveau
betekenis heeft voor de leerlingen, zou wellicht kunnen leiden tot eenvoudiger en
meer betekenisvolle generalisaties. Grafieken zouden ook al's context kunnen func-
tioneren en zouden bruikbaar kunnen zijn bij de overgang van de parameter als ver-
anderlijke naar de generalisator. Het gebruik van realistische contexten zou de para-
meter als onbekende ook op een meer natuurlijke manier kunnen benaderen.

In de V4-1 tussencyclus vond een kort onderwijsexperiment van vijf lesuren plaats
in vwo-4 wiskunde B. Alle leerlingen op één na hadden ook deelgenomenin V3-1.
Vanwege een gebrek aan lestijd en een te vol regulier programma was deze tussen-
cyclus eerder een vingeroefening voor V4-11 dan een volledige onderzoekscyclus.
De bevindingen waren dat de leerlingen de T1-89 vaardigheden die ze een jaar tevo-
ren hadden geleerd snel weer oppakten. Eens te meer werd duidelijk dat een schuif-
balk voor de parameter als veranderlijke te prefereren zou zijn boven het vervangen
van parameterwaarden door substitutie.

In de derde en laatste volledige onderzoekscyclus, V4-11, vond een onderwijsexpe-
riment plaats van vijftien lesuren in vwo-4 wiskunde B. Alle leerlingen met uitzon-
dering van twee doubleurs hadden ook aan het V3-11 onderwijsexperiment deelge-
nomen.

Overeenkomstig de feed-forward van V3-11 isin V4-11 de globaleleerlijn van plaats-
houder-veranderlijke-generalisator-onbekende aangehouden. V oor de parameter als
veranderlijke is de continue schuifbalk van het softwarepakket Tl-Interactive ge-
bruikt. Meer dan in voorgaande experimenten kwamen realistische contexten aan de
orde waarin parameters en formules betekenis hadden en die op een meer natuurlijke
manier tot generalisatie uitnodigden. De verwachting was dat dit ook het inzicht in
de parameter als onbekende ten goede zou komen.

De resultaten toonden aan dat het gebruik van de continue schuifbalk inderdaad het
beeld van de parameter als veranderlijke door een continuiim verbeterde. Contexten
waarin de parameter een evidente betekenis had in de grafiek maakten generalisaties
betekenisvol. Realistische contexten leidden ook tot een beter inzicht in de betekenis
en structuur van formules en expressies. Toch was het invoeren van gebroken ex-
pressies en uitdrukkingen met exponenten moeilijk, evenals het herkennen van equi-
valente expressies. Doordat de probleemsituaties leidden tot één in plaats van twee
vergelijkingen werden de moeilijkheden met het | SO-instrumentatieschema verme-
den. Wellicht ook als gevolg van de betekenisvolle probleemsituaties kwam de pa-
rameter als onbekende met meer succes aan de orde dan in de vooraf gaande experi-
menten, al leek de complexiteit van de formules hierbij een cruciale factor.

De resultaten van de eindopdracht van V4-11 waren positief. VVeel goede generalisa-
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tieswerden gemaakt en de leerlingen konden in het al gemeen goed overweg met (de-
len van) de complexe formules. Derealistische probleemsituatie van de snelheid van
een file hielp de leerlingen om betekenis aan de uitkomsten te geven.

Het gebruik van computeralgebra en het parameterbegrip

De eerste onderzoeksdeel vraag betreft de bijdrage van het gebruik van computeral -
gebraaan het hoger niveau van inzicht in het parameterbegrip. Dit hoger niveau van
inzicht was gedefinieerd alsinzicht in de hogere parameterrollen van veranderlijke,
generalisator en onbekende. We vatten de resultaten op dit punt samen.
Zoalsverwacht op basisvan de conceptuel e analyse, was het plaatshouder-beeld van
de parameter voor vrijwel ale leerlingen het startniveau. De computeralgebra om-
geving droeg hij aan het uitbreiden van het parameterbegrip met de rol van veran-
derlijke door de mogelijkheid om de parameter steeds een andere waarde te geven.
Het onderzoeken van het dynamische effect van verandering van de ‘ schuifparame-
ter’ met behulp van een schuifbalk — niet exclusief voor computeralgebra — bleek
echter meer effect te sorteren. Dit leidde tot het inzicht dat verandering van de para-
meterwaarde verandering van de grafiek als geheel tot gevolg had, een verandering
‘van detweede orde’ . Alsde parameter voor deleerling een betekenis had in de con-
text of als grafische eigenschap, dan nodigde het onderzoek van de dynamische gra-
fiek uit tot algebraische verificatie en generalisatie. Het gevaar van oppervlakkige
waarneming zonder reflectie of verificatie was echter aanwezig. Verder domineerde
de parameter als veranderlijke het parameter-beeld van deleerlingen, zodat ze de an-
dere parameterrollen somsleken te vergeten. Al met al was een hoger niveau van in-
zicht in de parameter als veranderlijke bereikt.

Het werk in de computeral gebra omgeving bevorderde de overgang naar de parame-
ter alsgeneralisator door herhaling van dezelfde procedure voor verschillende para-
meterwaarden mogelijk te maken. Dit genereerde voorbeelden die de basis vormden
voor generalisatie en voor het oplossen van parametrische vergelijkingen.

Het feit dat de parametrische vergelijkingen leidden tot expressiesin plaats van nu-
merieke oplossingen, bevorderde de reificatie van formules en expressies en het
overwinnen van het ‘lack of closure’ obstakel. De dynamische grafieken die voort-
kwamen uit het werk met de schuifparameter leidde in sommige gevallen tot gene-
ralisaties, bijvoorbeeld in het geval van de grafiek vany = (x—a)2 + a. Een twee-
tal leerlingen zag dat de top van de grafiek codrdinaten (a, &) had voor alle waarden
van a. Een van hen zei ‘detopisina’ en ‘y- en x-codrdinaat zijn hetzelfde als a’.
Later, in een klassengesprek, legde de andere leerling van het tweetal de generalisa-
tie uit door naar een voorbeel dmatige parameterwaarde te verwijzen.

Maria: Ja volgens mij die top dat waren de x- en y-codrdinaten,
diewaren zeg maar gelijk aan dea. Detopwas (1, 1) en
dan was a ook 1.
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Vel leerlingen bereikten het hoger niveau van inzicht in de parameter a's generali-
sator slechts in beperkte mate. In sommige gevallen hadden de leerlingen geen be-
hoefte aan generalisatie. In andere gevallen kwam generalisatie neer op fenomeno-
logische patroonherkenning zonder intrinsiek begrip. De onderwijsactiviteiten wa-
ren te direct gericht op het algemene niveau en de formules waren in sommige
opgaven te complex. Instrumentatieproblemen bemoeilijkten de generalisatie. De
essentiéle stap van het generaliseren van relaties, waarbij parameters gebruikt wor-
den om een klasse van situaties te verenigen, bleek primair een mentalete zijn waar-
aan computeralgebra niet zo veel bijdroeg.

De mogelijkheid om in de computeralgebra omgeving vergelijkingen op te lossen
naar elke onbekende, vergrootte de flexibiliteit van de leerlingen ten aanzien van de
rollen van de lettervariabelen. De resultaten betreffende de parameter al's onbekende
waren wisselend: in eenvoudige gevallen werd deze parameterrol begrepen, terwijl
de leerlingen in ingewikkelder gevallen de veranderende rollen en de betekenissen
van variabelen en parameters niet meer uit elkaar konden houden. De verandering in
hiérarchie tussen variabele en parameter was in complexe situaties moeilijker te
doorzien.

Twee kwesties leken de ontwikkeling van een hoger niveau van inzicht in het para-
meterbegrip te beinvlioeden: het gebruik van realistische probleemsituaties en het in-
zicht in de betekenis en structuur van expressies en formules. Het belang van realis-
tische probleemsituatiesis al eerder genoemd. In tegenstelling tot onze oorspronke-
lijke ideeén maakte het gebruik van een computeralgebra omgeving referenties naar
dewerkelijkheid buiten die omgeving voor leerlingen van deze leeftijd en dit niveau
niet overbodig. De directe gerichtheid op het generale niveau werkte niet, omdat de
leerlingen nog geen adequaat wiskundig relatienet hadden ontwikkeld. In plaats
daarvan hadden ze een realistische probleemsituatie nodig waaraan de parameters,
expressies en formul es betekenis ontleenden op een referentieel niveau. Dezerealis-
tische probleemsituaties stonden generalisatie en abstractie die uitsteeg boven de
context niet in de weg.

Door de aanwezigheid van parameters waren de expressies en formules die de | eer-
lingen in het lesmateriaal tegenkwamen complexer dan gewoonlijk. De CAS output,
algebraisch of grafisch, nodigde uit tot een nadere beschouwing van de formules en
expressies die daarin voorkwamen, vooral alsdit werd gesuggereerd door het lesma-
teriaal of door de docent. Het invoeren van complexe formules vereiste inzicht in de
algebraische structuur. Daarom wasinzicht in de betekenis en structuur van expres-
sies en formules aan de ene kant een obstakel tijdens het werk met het cAs, maar
werd het er aan de andere kant door bevorderd. Het werk in de computeral gebra om-
geving ondersteunde de ontwikkeling van symbol sense, de reificatie van formules
en expressies en het overwinnen van het lack of closure obstakel.

De globale conclusie is dan ook dat het gebruik van computeralgebrainderdaad kan
bijdragen aan het ontwikkelen van het hoger niveau van inzicht in het parameterbe-
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grip. Voor de parameter as veranderlijke was deze bijdrage evidenter dan voor de
parameter als generalisator en as onbekende. Verder werd de reificatie van expres-
sies en formules bevorderd en waren realistische startpunten onmisbaar voor bete-
kenisvol werk in de computeralgebra omgeving.

Verschillende factoren zouden het beoogde | eerproces verder kunnen optimaliseren.
Ten eerste suggereren de data dat het vruchtbaar zou kunnen zijn om de verschillen-
de parameterrollen te integreren in plaats van ze sterk te scheiden, zodat de leerlin-
gen een meer geintegreerd beeld van de parameter ontwikkelen. Tentweedeisal op-
gemerkt dat modellen die verwijzen naar concrete probleemsituaties bij leerlingen
van deze |eeftijd en niveau tot betere resultaten lei den dan abstractere en algemenere
modellen. Ten derde zou computeralgebra naar verwachting meer bijdragen aan de
conceptuel e ontwikkeling al's het voor een langere periode wordt gebruikt, zodat in-
strumentatieproblemen minder dominant zijn. Ten slotte zouden naar verwachting
klassengesprekken, geleid door de docent, de collectieve conceptuele ontwikkeling
meer hebben kunnen bevorderen. De docenten beschouwden de cohorten in de on-
derwijsexperimenten als zwakke cohorten. Mogelijk zouden deze groepen gebaat
Zijn geweest bij meer sturing.

De moeilijkheden waar leerlingen bij het werken met het CAS tegenaan liepen sug-
gereren dat het instrumentatieproces van belang is. Dat is het onderwerp van de vol-
gende sectie.

De instrumentatie van computeralgebra

De tweede onderzoeksdeel vraag heeft betrekking op de instrumentatie van compu-
teralgebra en op de relatie tussen computeral gebra technieken en conceptuele ont-
wikkeling. Deze sectie vat de resultaten op dit punt samen.

Als enkelvoudige instrumentatieschema's zijn het oplossingsschema en het substi-
tutieschema onderzocht. V oor beide schema' s, die samenhangen met het parameter-
begrip, hield deinstrumentele genese een uitbreiding in van het inzicht. V oor het op-
lossingsschema leidden de syntax en de toepassing op parametrische vergelijkingen
ertoe dat leerlingen zich realiseerden dat een vergelijking atijd wordt opgel ost naar
een onbekende, dat het oplossen van een parametrische vergelijking betekent dat een
variabele wordt uitgedrukt in de andere en dat de oplossing in dat geval een expres-
sieis. Bij het substitutieschema leidde het substitueren van expressies in de compu-
teralgebra omgeving ertoe dat leerlingen zich realiseerden dat alleen geisoleerde
vormen kunnen worden gesubstitueerd en dat expressies as ‘dingen’ kunnen wor-
den beschouwd die ‘in een variabele kunnen worden geplakt’. Overeenkomstig de
ideeén van Sfard bevorderde de operatie op de expressies het objectkarakter (Sfard,
1991).

Hoewel deinstrumentele genese van het oplossingsschema en het substitutieschema
vlot leek te verlopen, veroorzaakte het combineren van deze elementaire schema’'s
in het samengestel de schema i sol eren-substituer en-opl ossen hardnekkige moeilijk-
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heden. Dit geeft aan dat de integratie van enkel voudige schema’ sin meeromvattende
schema’s een beheersing op hoog niveau van die elementaire schema's vraagt. De
instrumentel e genese had kennelijk meer tijd nodig dan de leerlingen gegeven werd.
Een aantal obstakels stond de instrumentel e genese in de weg, zoal s de omgang van
het cAs met numerieke benaderingen en exacte algebrai'sche resultaten, de moeilijk-
heden met het invoeren van expressies die parameters, wortels en machten bevatten,
en het interpreteren van de resultaten. Het herkennen van de equivalentie van cas
output en verwachte resultaten was een bijzonder lastige kwestie. VVeel van deze ob-
stakels hielden verband met een gebrek aan symbol sense, maar konden ook leiden
tot de ontwikkeling daarvan. Door een gebrek aan inzicht in de structuur van expres-
sies en formules maakten de leerlingen fouten bij het werk in de computeralgebra
omgeving, maar deze problemen leidden ook tot een nadere blik op deze structuren.
In die zin brachten de obstakels ook kansen voor het leren met zich mee, als de do-
cent daar adequaat mee omging.

Sommige van de geobserveerde moeilijkheden met het invoeren van expressies en
het interpreteren van a gebraische uitkomsten hingen samen met het werken met
pen-en-papier zoa s leerlingen dat gewend waren. Incongruentie tussen computeral -
gebratechniek en pen-en-papier techniek verklaarde een deel van de instrumentatie-
problemen. Wanneer de technieken in beide mediawel congruent waren, vond trans-
fer van notatie, strategie en techniek plaats. Een expliciete vergelijking van compu-
teralgebra techniek en pen-en-papier techniek was effectief om leerlingen de mate
van congruentie vast te laten stellen. Een tweede voorwaarde voor transfer was de
transparantie van de computeralgebra technieken; als leerlingen konden begrijpen
hoe het cAs aan de uitkomsten was gekomen en het niet as een ‘black box’ be-
schouwden, kon transfer naar het werk met pen-en-papier plaatsvinden. Uit de gege-
vens bleek verder dat leerlingen verschillende voorkeuren ontwikkelden ten aanzien
van werk met pen-en-papier versus werk in de computeral gebra omgeving.

De docent speelde een belangrijke rol in de instrumentele genese. Verschillend ge-
drag van de docent leidde tot verschillende instrumentatietechnieken. Demonstraties
in de klas en klassengesprekken bepaal den de collectieve instrumentatie; dit aspect
van instrumentatie had meer aandacht verdiend in de onderwijsexperimenten. Ver-
der moest een nieuw didactisch contract worden vastgesteld ten aanzien van de ver-
houding tussen werken met-de-hand en werken met de machine en ten aanzien van
grafisch-numerieke methoden en algebraische methoden. Het feit dat de integratie
van computeralgebra nieuw was voor de docenten — en ook van tijdelijke aard —
maakte het moeilijk om zo’ n nieuw didactisch contract vast te stellen en om een col-
lectieve instrumentel e genese te bewerkstelligen.

Al met al suggereren de resultaten van dit onderzoek een nauwe wederzijdse relatie
tussen cAs techniek en conceptueel inzicht. Leerlingen moesten instrumentatiesche-
ma’ s opbouwen die technische en conceptuel e aspecten combineerden. Dezeinstru-
mentele genese kostte tijd en moeite, waarbij obstakels overwonnen moesten wor-

347



den. Op het oog technische moeilijkheden bleken vaak samen te hangen met hiaten
in het inzicht. Pen-en-papier methodes speelden hierin ook een rol. Voor het onder-
wijsis het dan ook aan te bevelen om een nieuw didactisch contract te ontwikkelen,
om collectieve instrumentatie teweeg te brengen door middel van klassengesprek-
ken en demonstraties en om congruentie en incongruentie tussen pen-en-papier en
CAS techniek tot onderwerp van gesprek te maken.

Algebra leren en het gebruik van computeralgebra in het algemeen

In deze sectie bespreken we eerst de conclusies ten aanzien van de onderzoekshoofd-
vraag. Dan volgt een reflectie op het onderzoek en we besluiten met enkele aanbe-
velingen.

Conclusies

De centrale onderzoeksvraag van dit onderzoek betreft de bijdrage van het gebruik
van computeralgebraaan het inzicht in algebrai'sche concepten en operatiesin het al-
gemeen. Door de antwoorden op de onderzoeksdeelvragen te extrapoleren naar dit
algemenere niveau zijn de volgende conclusies getrokken.

Ten eerste betreffen sommige bevindingen niet het inzicht in het parameterbegrip
maar blijkt dat het gebruik van computeralgebra kan bijdragen aan het inzicht in al-
gebraische begrippen en operaties in het algemeen. De leerlingen ontwikkelden
symbol sense en inzicht in de structuur en betekenis van formules en expressies. Al-
gebraische notaties werden uitgebreid. Computeralgebra bood mogelijkheden om
verschillende representati es te combineren, procedureste herhalen als voorbereiding
op generalisatie, en expressies al's objecten te behandelen. Bepalend voor het effect
van deze kansen waren de didactische inbedding en het gebruik van betekenisvolle
formules die voortkwamen uit realistische probleemsituaties, in plaats van direct te
verwijzen naar het algemene niveau.

Ten tweede is geconstateerd dat de instrumentele genese van CAS instrumentatie-
schema’s, mits adequaat georkestreerd, ook conceptuele ontwikkeling met betrek-
king tot algebrain het algemeen met zich meebracht. De ontwikkeling van het oplos-
en substitutieschema leidde tot nieuwe inzichten in het oplossen en substitueren. In-
completeinstrumentatie stond het leren in de weg, maar instrumentati eobstakel s bo-
den ook kansen voor het leren. Condities die de instrumentatie bevorderden waren
de congruentie tussen CAS techniek, mentaal beeld en pen-en-papier techniek en de
transparantie van de CAs procedures. Dit bleken lastige voorwaarden te zijn, aange-
Zien een aantal CAS procedures niet transparent was voor de leerlingen en omdat CAS
notaties en syntax afweken van wat de leerlingen gewend waren vanuit hun pen-en-
papier ervaring.

Alswe deze bevindingen vergelijken met de aanvankelijke verwachtingen, blijkt dat
de instrumentatiemoeilijkheden hardnekkiger waren dan verwacht en dat de rol van
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de docent belangrijker was dan voorzien. Verder bleken onze ideeén om direct naar
het algemenein plaats van het referentiéle niveau te streven niet haalbaar en konden
realistische probleemsituaties al's beginpunt niet worden gemist. Wat leerlingen as
realistisch ervaren is afhankelijk van hun leeftijd en niveau: we nemen dan ook aan
dat de computeralgebra omgeving voor oudere leerlingen, die op een hoger niveau
wiskunde leren, eerder al's realistische omgeving op zichzelf wordt ervaren.

Reflectie

Wat kunnen we terugkijkend op dit onderzoek zeggen over de rol van theorie, over
de gebruikte methodologie en over de generaliseerbaarheid van de resultaten? We
lopen eerst de elementen van het theoretisch kader langs.

De domein-specifieke onderwijstheorie van Realistisch Wiskundeonderwijs hielp
ons om te begrijpen waarom de leerlingen realistische probleemsituaties nodig had-
den as startpunt: de leerlingen hadden nog geen geschikt wiskundig netwerk van al-
gebrai'sche objecten en procedures ontwikkeld. Het onderscheid tussen het referen-
tiéleen het algemene niveau (zie Fig. 1) verhelderde onze doelen en tevens de moei-
lijkheden die leerlingen hadden. De noties van horizontaal en verticaal
mathemati seren maakten duidelijk waarom generalisatie en abstractie in veel geval-
len niet uit de verf kwamen. Ten slotte kwam de RME van pas bij het begrijpen van
het probleem van het ‘black box’ karakter van het gebruik van een cas.

De niveautheorieén fungeerden op de achtergrond bij het definiéren van het hoger
niveau van inzicht in het parameterbegrip en hielpen bij het ontwerp van het leertra-
ject en de onderwijsactiviteiten.

We hebben symbol sense gedefinieerd als inzicht in de structuur en betekenis van
formules en expressies. In die interpretatie vormde symbol sense een manier om de
omgang van leerlingen met formules en expressiesin de computeral gebra omgeving
teinterpreteren: symbol sense was een voorwaarde voor productief gebruik van een
CAS, maar kon zich ook van daaruit ontwikkelen. Wel zouden we willen suggereren
dat het begrip symbol sense nauwkeuriger wordt gedefinieerd.

Theorieén over symboliseren maakten duidelijk dat het karakter van de computeral -
gebra omgeving en de aanvankelijke keuzes van dit onderzoek niet veel ruimte bo-
den voor een ‘bottom-up’ significatieproces. Anderzijds leidde de instrumentatie
van computeral gebratot het ontwikkelen van betekenisvolle wiskundige objecten en
een netwerk van wiskundige relaties dat verbonden was met de symbolen en expres-
siesdie deleerlingen in de computeralgebra omgeving tegenkwamen. Derelatie tus-
sen de instrumentele benadering en theorieén over symboliseren verdient nader on-
derzoek.

De proces-object dualiteit was nuttig voor het onderkennen van de invloed die het
gebruik van computeralgebra had op de kijk van leerlingen op formules en expres-
sies a's objecten. Samen met symbol sense was reificatie een referentiekader om de
vooruitgang van het algebraisch inzicht van de leerlingen te volgen.
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De theorie van instrumentatie hielp bij het interpreteren van leerlingengedrag in de
computeralgebra omgeving en bij het in kaart brengen van de relatie tussen techni-
sche en conceptuele aspecten binnen een instrumentatieschema. De instrumentele
genese werd soms gehinderd door conceptuel e obstakels, maar kon ook de concep-
tuele ontwikkeling bevorderen, zoals de theorie suggereert. In dit onderzoek is een
aantal concrete instrumentatieschema’ s uitgewerkt en zijn de criteria van congruen-
tie en transparantie benadrukt. Het verband tussen computeralgebra techniek en
overeenkomstige pen-en-papier techniek verdient meer aandacht.

Samengevat zien we dat de elementen van het theoretisch kader aan het onderzoek
hebben bijgedragen, ondanks het feit dat ze — met uitzondering van de instrumentele
benadering — niet voor gebruik in deze context ontwikkeld zijn. Een belangrijke op-
brengst van dit onderzoek voor het theoretisch kader is dan ook de waargenomen bij-
drage van de theorieén, wat een bredere toepasbaarheid suggereert.

Hoe kijken we terug op de gevolgde methodol ogie? Het onderzoeksparadigma van
ontwikkelingsonderzoek was geschikt voor het doel van dit onderzoek. Het cycli-
sche karakter maakte het mogelijk om de experimentel e omstandigheden aan te pas-
sen en het ontwerp van leertrgject en onderwijsactiviteiten dwong ons tot explicite-
ring van de intenties. In de voorbereidende fase was het hypothetisch leertraject een
productief middel om de ontwikkeling van de hypotheses en verwachtingen vast te
leggen. De vooraf geidentificeerde ijkpuntopgaven en hun verwachte resultaten
stuurden de observaties tijdens de onderwijsexperimenten en de data-analyse in de
retrospectieve fase. De mini-interviews over deze ijkpuntopgaven leverden relevan-
te gegevens op, hoewel deze methode van dataverzameling een goede afstemming
met de docent vraagt en de mogelijkheden voor de observator om als ‘ assistent do-
cent’ op te treden verkleint. De video-opnames van klassikale delen van de lessen
waren niet zo waardevol, aangezien de klassengesprekken niet altijd de ijkpuntop-
gaven of centrale concepten van het onderzoek betroffen. In de retrospectieve fase
was de methode van data-analyse effectief, die codering volgens een vooraf opgezet
coderingssysteem combineerde met een aanpak geinspireerd op de constante com-
paratieve methode. De samenwerking met een tweede onderzoeker die de data onaf-
hankelijk van de eerste codeerde, verbeterde de kwaliteit van de data-analyse en het
coderingssysteem. Het formuleren van feed-forward voor de volgende onderzoeks-
cyclus was bevorderlijk voor het vastleggen van de voortgang van het onderzoek.
Hoe generaliseerbaar zijn de bevindingen van dit onderzoek? Zijn de resultaten af-
hankelijk van de specifieke keuzes die zijn gemaakt, of kunnen ze worden gegene-
raliseerd naar andere situaties? VVeel zaken diein dit onderzoek naar voren kwamen,
zoals dereificatie van formules en expressies en de ontwikkeling van symbol sense,
zZijn niet beperkt tot het parameterbegrip. We nemen dan ook aan dat deze bevindin-
gen verder strekken en gegeneraliseerd kunnen worden naar algebralerenin het al-
gemeen. Voor wat betreft instrumentatie zijn we van mening dat de conclusies even-
eens gegeneraliseerd kunnen worden. Ondanks de verschillen tussen computeral ge-
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bra omgevingen op detailniveau, zijn deze systemen gebaseerd op vergelijkbare
principes en zullen vergelijkbare instrumentatiekwesties een rol spelen. De vraagin
hoeverre de instrumentel e benadering ook van toepassing is op andere ICT omgevin-
gen verdient nader onderzoek. De bevindingen kunnen ook worden gegeneraliseerd
naar andere Nederlandse scholen, zolang rekening gehouden wordt met de specifie-
ke educatieve omstandigheden. Bij generalisatie naar het gebruik van computeralge-
bra in andere klassen en op andere niveaus moet voorzichtigheid worden betracht.
Inlagere klassen zullen de instrumentatieproblemen naar verwachting groter zijn. In
dederde en vierde klasis gebruik van computeralgebravoor een langere periode aan
te raden. In hogere klassen verwachten we vergelijkbare instrumentatieproblemen
en mogelijkheden, maar we nemen aan dat leerlingen dan meer wiskundige midde-
len hebben om de moeilijkheden te overwinnen en te profiteren van de mogelijkhe-
den.

Aanbevelingen

De conclusies van dit onderzoek leiden tot aanbevelingen voor het onderwijs, voor
software ontwerp en voor verder onderzoek. Voor het onderwijsin algebra met com-
puteralgebra suggereren de resultaten dat het belangrijk is om te anticiperen op het
gebruik van computeralgebra, om expliciet te zijn over het veranderende didactisch
contract, om de individuele en collectieve instrumentatie goed te orkestreren en om
leerlingen cAs technieken en pen-en-papier technieken te laten vergelijken, zodat ze
nadenken over de manier waarop computeralgebra werkt.

Voor het ontwer pen van software voor educatieve doel einden bevelen we aan om de
criteria van transparantie en congruentie van de technol ogische omgeving serieuste
nemen. Het ‘ black-box’ karakter van het ICT gereedschap en idiosyncratische trekjes
bemoeilijken de instrumentatie. Flexibiliteit ten aanzien van notatie, syntax en op-
lossingsstrategie vormt een derde criterium waaraan bij voorkeur voldaan dient te
worden.

Voor vervolgonderzoek naar het leren van wiskunde in een technol ogische omge-
ving raden we aan om de gehele pedagogische situatie in ogenschouw te nemen en
niet het gebruik van ICT als geisoleerd verschijnsel te onderzoeken, zodat het sociale
en het technologische aspect met ekaar in verband worden gebracht (Yackel &
Cobb, 1996). De cultureel-historische handelingstheorie, die gereedschap ziet as
onderdeel van een sociale praktijk, zou hierbij een vruchtbaar perspectief kunnen
zijn. Verder zou de relatie tussen de instrumentele benadering en theorieén over
symboliseren een interessant startpunt kunnen zijn voor verdere theorievorming.
Een longitudinaal onderzoek naar symboliseren in een computeralgebra omgeving,
inclusief adequaat onderwijs dat daarop voorbereidt, verdient aanbeveling. Daar-
naast is uitbreiding van dit onderzoek wenselijk naar andere wiskundige onderwer-
pen — denk aan het functiebegrip — en ander ICT gereedschap zoal s software voor dy-
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namische meetkunde en Java applets. Ten slotte vraagt de rol van technologie bij
toetsing nader onderzoek.
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Appendices

Pretest G9-I
1 Betweenxandytherelationy = 5-2-x holds.
What happensto y when x gets larger?

2 If | add my father’s age to my own age, | get 120.
If | subtract my age from that of my father, the result is 38.
How old am 1? How did you find it?

3 Thetworight-angled edgesof aright-angled triangle, -
a and b, together have alength of 31 units. y -
The hypotenuse is 25 units long. / b 25
So:a+b = 31 and a2+ b2 = 252, v

How long are the right-angled edges?

How did you approach this problem? 31

A
v

I

What do you think of when you look at theformulay = 15+p-a?
5 Haveanother look at theformulay = 15+ p-a.
What could be the meaning of the lettersy, p and a?

6 The entrance tickets to an amusement park cost 17.50 guilders.
Furthermore, one can buy tokens that give access to the different attractions.
These tokens cost 1 guilder, each.

a Trandate this situation into mathematics.

What changes if the entrance price gets higher?

¢ Andif the price of the attractions gets higher?

(op
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Posttest G9-I
Please write down for each assignment what you do and why you do it, and which
T1-89 commands you use. Good luck!

1 Lineshaveequationsof theformy = a-x+Db.

a What happens with such aline when the value of a changes?
Y ou may sketch what you mean.

b Andwhat happens with such aline when b changes?

2 A rectangle with a perimeter of 20 has adiagonal of length 8.

For the length and the width of the rectangle, x and y, holdsthat x +y = 10
andthat vx2+y2 = 8.

a Cadculate the length and the width of the rectangle.

Solve this problem also in general, when the diagonal has length d:

for which x and y holdsthat x+y = 10 and J/x2+y2 = d?

¢ How can you seein the answer to question b that d can never be equal to 6?

(op

3 Below, thegraphsof y = s—x andy = x—v aredrawn for several valuesof s
and v. With ‘flags you can indicate which value of sor v correspondsto agiven
line. Four of these flags are sketched.
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Appendices

What isin flag A? And in B, C and D?

What happensto the lines with equation y = x—v when v grows?

In the picture, choose an intersection point of an ‘s-graph’ and a‘v-graph’.
What happens to this intersection point when s and v both become larger by 1?

Thefigure below shows the parabolawith equationy = —x2+4 - x—7 andthe
linewith equationy = —x—5.

MAIM KAl AUT FLUMC

The line intersects the parabolain two points.
Calculate the x-coordinates of these two points.

Now a parameter is included in the equation of the parabola
y=-—x2+c-x-7

Havethe parabolasdrawnforc=1,c=2, ....,, c=5and copy the graphsonto your
sheet of paper.

Calculatethe valuesof ¢ for which theline and the parabola share only one point.

Only if you have time left:

Writedown briefly your opinion of thisexperiment with the cal culator, and what
you learned from it. Of course, this will not determine your test mark!
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Pretest G9-lI

1la What isavariable? Can you give an example?

b

o 0 T o9 o

What is a parameter? Can you give an example?

If | add my father’s age to my own age, | get 120.

If | subtract my age from that of my father, the result is 38.

How old am 1? How did you find it?

Suppose you know the sum of the ages of two people, and the difference between
their ages. Could you explain how to calculate their ages?

Consider theequationa-x+ b= c.
Expressxin a, b and c; in other words, write the equation in the form x = ...
Expressbinx, aandc.

Consider the equations

y = a—X

x2+y2 = 10
From these two equations, make one equation that does not contain y.
Y ou do not have to solve this new equation!

The entrance tickets to an amusement park cost 17.50 guilders.

Onceyou areinside, you can buy tokens that give access to the different
attractions. These tokens cost 1 guilder each.

Draw agraph with on the horizontal axisthe number of attractionsyou enter and
on the vertical axis the total amount of money this will cost.

What happensto the graph if the entrance price gets higher, for example 20 guil-
ders?

Suppose the entrance fee is still 17.50 guilders, but the price of the tokens has
increased. You visit 8 attractions and the total cost is 29.50 guilders.

How much did the tokens cost?

Solve the following equations:

X2 = 4
x2 = 81
x2 = 10
x2 = a
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Posttest G9-lI

Please write down for each assignment:
—what you do and why you do it;
—which TI-89 commands you use.
Good luck!

What is a parameter? Can you give an example?

Once more the age problem.

If | add my father’s age to my own age, | get 120.

If | subtract my age from that of my father, the result is 38.

How old am I? How did you find it?

Suppose you know the sum of the ages of two people, and the difference between
their ages: the sum is s and the differenceisv.

Make two formulas that you could use to calculate the two ages (so express the
agesinsandv).

A rectangle with a perimeter of 20 has a diagonal of length 8.

X

For the length and the width of the rectangle, x and y, it holdsthat x +y = 10
andthat x2+y2 = 8.

Calculate the length and the width of the rectangle.

Suppose you do not know the length of the diagonal.

Call thislength d and solve this problem in this general case aswell.

Assignment 4 for Class A:

4

(op

The solutions of the equation x2+b-x+c = 0 are
x = —b+31Jb2—4c
—b-1./b2-4c

and X

What solutions for x do you find when b = 4 and ¢ = 3?
What conditions do b and ¢ have to fulfil, if you want to be able to calculate so-
lutions using this formula?
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Assignment 4 for Class B:

4

The volume of the cone is equal to the area of the

bottom multiplied by the height divided by 3,

so volume = - area- height.

The area of the bottom equals  times the square of
theradius, so area = n - radius?.

Calculate the volume of the cone if the radiusis 5

and the height is 9. %
Suppose you do not know the height and the radius,

but you do know that the height is double the radius.

What formulafor the volume can you infer in that case?

height

For eachvalueof ay = a-x—5a+ 2 isthe equation of astraight line.

Have the line drawn for at |least 4 values of a and sketch a copy of the screen on
your paper. Please indicate your WINDOW settings.

What happens to the line as a gets larger?

Which point lies on all of the lines? How can you verify in the equation that eve
ry line does indeed hit this point?
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Final task for G10-II
The optimal velocity of the traffic flow

Working arrangements

Work in pairs and pay attention to the following issues.
— Cooperate and hand in a neat report, one per pair;

— Includein your report more than just answers. explain how you found them and

what they mean for the problem situation;

— Also describe your reasoning and motivate your problem-solving method.

The traffic flow problem

The traffic flow problem was addressed in section 6 of the
booklet. The central question is. what velocity of a dlowly
driving traffic flow will lead to an optimal circulation of
cars?

The following formula represents the circul ation flow:
f = 100 - v
6-(l+a)
The letters have the following meanings:
. theflow in number of cars passing in aminute
v: thevelocity of the traffic flow in km/hour
I: the average length of the cars in the traffic flow in
metres
a: the average distance between two carsin the traffic
flow in metres.
We conjecture that | is about 4 metre and that the drivers
stick to the prescribed safe inter-car distance, that is:
a = 0,0075 - v2

This task concerns a new approach to find the optimal circulation flow and the cor-

responding velocity using these formulas.

1 Below you see the graph of f as function of v. The figure also shows horizontal

lines at heights 10, 20, 30, 40, 50, 60 and 70.

HMAIN KAD ERACT FIJ-'NIZ

371



a Make this figure on the screen of your T1-89. In the viewing window, the hori-
zontal axis goes from 0 to 100 and the vertical one from O to 80.

b How bigistheoptimal flow approximately, according to this graph? How do you
see that using the horizontal lines?

2 Veify agebraicaly that the line at height 40 has two intersection points with the
graph of f, and the line at height 50 none.

To find the optimal flow we use the following idea. We intersect the graph of f with
horizontal lines. If we find such alinethat has one rather than two intersection points
with the graph, then we have atangent line and therefore the maximum value of the
graph. Sowelook for the height of the horizontal linethat istangent to the graph of f.

3a Calculatein genera the coordinates of the intersection points of theline at height
h and the graph of f.
b How many solutions should you find if the line touches the graph?

4a What is the height of the horizontal line through the top?
b How big isthe optimal velocity of the traffic flow then?

In reality drivers often keep less distance to the car in front than is recommended.
They take a certain risk with that. Suppose for example that most drivers keep adis-
tance that is only 70% of the safe one.

5a If necessary look back to section 6 and build in the risk factor of 0.70 into the
formulafor f.

b Usethe method of the previous assignmentsto find the optimal flow and the cor-
responding velocity of the traffic flow.

6 Supposetherisk factor in genera iscalledr.

What formulafor f do you get then?

b Whatistherelation between therisk factor and the optimal movement of thetraf-
fic flow?

¢ What happens to the optimal flow if morerisk is taken by the drivers? How can
you infer this from the relation of question b?

Q
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