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In this paper we present a teaching proposal wéicphasizes on visualization and physical applinatio

in the study of eigenvectors and eigenvalues. Moreretely, we introduce these concepts using the
notion of the moment of inertia of a rigid body @hé GeoGebra software. The proposal was designed
after observing, during a linear algebra courséh@n Architecture degree, that students had problems
when treating eigenvectors and eigenvalues meafiagsa geometrical perspective. The aim of this
research is to determine if the designed teachioggsal allows students to give a geometrical nmegani

to the concepts of eigenvectors and eigenvaluethiS@nd, we analyze the responses given to dyest
the students attending the teaching proposal ametohattending a traditional course with no emghasi
in visualization. We classify their reasoning imler to check differences between both groups. As ou
findings show, the students who attended the caungee the teaching proposal was developed, olataine
better results in questions formulated from a Migaant of view than those attending the traditibna
course. Moreover, we observe that, whereas inrdluiitional group we did not find responses reasoned
in the embodied world of mathematics, in the grattpnding the teaching proposal we found students
giving responses in each of the three worlds ofheragtics given by Tall: embodied, symbolic and
formal.
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1. Introduction and Theoretical framework

Many science and engineering students are intrathache formal presentation of mathematics through
a first course in linear algebra. Unlike calculthst often emphasizes manipulation of symbols depr

to solve problems, linear algebra is based onéseription of concepts, often through word defonis,

and deductive derivation of further concepts frémase (Stewart & Thomas, 2006a). The abstract and
formal nature of linear algebra generates two smuaf difficulty in its understanding identified by
Dorier & Sierpinska (2001): “the nature of linedgebra itself (conceptual difficulties) and the diaf
thinking required for the understanding of linelgedra (cognitive difficulties)”.

Various authors have investigated the learningteadhing of linear algebra from an educational
perspective (see e.g. Uhlig (2002); Sierpinekal. (1999)). Thomas & Stewart (2011) showed that
students tend to think about the concepts of emerg and eigenvectors as the application of tech-
niques. They do not usually understand the mearfigfinitions and they are unable to apply them,
even in simple problems. In fact, their finding®shthat most students manipulate algebraically the
symbols without understanding the concepts thesrref. Usually, university students are introduced
to the topic of eigenvectors and eigenvalues thiaifprmal definition, without such prior motivatio
and they are soon manipulating algebraic and magjixesentations. However, eigenvectors have a
strong visual or embodied image in the vector sfitevhich is sometimes hidden from students by
this formal and symbolic emphasis, as shown by &tefvThomas (2006a,b).

We noticed this lack of geometrical understanditgmwanalyzing the responses given by students
in a traditional linear algebra course in the Atrebtiure degree to a test with a first question $ecu
on manipulation of symbolic expressions, and a sg¢amne stated from a visual point of view. As
Thomas & Stewart (2011) showed in their findingadents seemed confident with the algebraic and
matrix procedures, but most of them had no geometew of eigenvectors or eigenvalues, and could
not establish a relationship between a diagranegahvectors. These results suggested that thigyabil
to visualize linear algebra concepts does not coaterally to many students and it needs to beddhin
even for architecture students, who are expectbd good visualizers.

Some authors explored the benefits of visualizatidmear algebra. Tall (2004) stated that it wbul
be helpful to present university students the erdebdspects of concepts, before focusing on the for
mal ideas. Thomas & Stewart (2011) also found sewigence to suggest that students who receive
encouragement to think in a geometric way findsiful for understanding the procedural calculations
they carried out. Also Harel (2000) reinforces thassertions, arguing that “understanding an adgebr
system which does not have an easily accessibler&enor visual representation may derive in cog-
nitive obstacles for students”. The influence @&udlization in the teaching of other conceptsriedir
algebra such as the independence and span of veasrstudied by Hannahal.(2013).

These facts encouraged us to design a teachingpgabp order to emphasize visualization of
eigenvectors and eigenvalues with the help of Gbo&ssoftware, which has been proved to be effec-
tive promoting different modes of thinking when dying algebraic concepts (Caglayan, 2015). One
recommendation from the Linear Algebra Curriculutndy Group (LACSG) suggested in (Carlson
et al, 1997) was the use of technology in the firstdinalgebra course. Other authors such as Schone-
feld (1995) and Tabaghi & Sinclair (2013) also shbe benefits of using computer applets during the
learning process of these mathematical conceptsurteaching proposal, the concepts of eigenvector
and eigenvalues are not presented through an ebdtfinition with no meaning for the students, but
motivated by problems formulated in the world of/giks: the search of the maximum and minimum
moment of inertia of a rigid body, which is a udehatter in architecture. Other authors such as Sal
gado & Trigueros (2012) report the benefits of kg eigenvalues and eigenvectors using modeling
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and physical applications.

In order to check whether our teaching proposansfthened the geometrical understanding of
eigenvectors and eigenvalues, we used the testrshiofwigure 3. For the analysis and classification
of students’ responses, we used the three worldsadfiematical thinking: embodied, symbolic and
formal, given by Tall (2004, 2008) and that hasrbased in the analysis of students’ outputs when
working with linear algebra concepts (Hanmlal, 2016). Theembodied worlds where we make use
of visual and physical attributes of concepts, ciorath with enactive sensual experiences to buildtaten
conceptions. It is based on perception, initiallgrs and sensed in the real world but then imagimed
the mind. Thesymbolic worlds where the symbolic representations of concegtsranipulated, and
where it is possible to “switch effortlessly fromopesses to do mathematics, to concepts to thioktab
(Tall, 2004, p. 30). Thiormal worldis where properties of objects are formalized @srag and logical
deduction is used to build and prove theorems. Jinjgests the existence of different ways of timigki
in mathematics which are not isolated, but interaffering advantages. The embodied world gives
visual understanding that can be translated irggnabolic language. The symbolic world offers tools
in order to compute and develop the embodied wévtd finally, the formal world provides the logical
reasoning in order to create abstract mathematiatts.

2. Purpose of the study

The aim of this research is to determine if thegiexd teaching proposal, focused in the notiorhef t
moment of inertia of a rigid body, allows studetdsgive a geometrical meaning to the concepts of
eigenvectors and eigenvalues. To this end, we e#ba test and we analyze the responses given by
the students attending the teaching proposal dmetoattending a traditional course with no emghasi
in visualization. In order to check mathematicahking differences between both groups when using
the concepts of eigenvectors and eigenvalues,agsi€y their reasoning using Tall's worlds.

3. Methodology

In this section we detail the methodology usedhis study: the features of the experiment, a brief
description of the teaching proposal and the testigsed to collect the data.

3.1 The experiment

This study is focused on the design of a teachipggsal to strengthen the geometrical understanding
of eigenvalues and eigenvectors by showing somsigdiyapplications of these concepts. To check if
our goal was fulfilled, the teaching proposal wasealoped in a group of 35 first-year students sagly
an algebra course in the Architecture degree aUtheersitat Politécnica de Valéncia. None ofrthe
had previously received specific teaching relatedigenvectors and visualization of vectors anedm
maps. The proposal was developed by the instrdatdng four 90 minute sessions through particigativ
lecture classes. The teacher guided the studenisgh questions they had to solve, and he madefuse
GeoGebra software to help the students to visutilieeoncepts. After the development of the teachin
proposal, all students were given a test to chieitkhiad had a positive influence in the geometrica
understanding of the concepts of eigenvectors ggahealues. This test was also given to a group of
38 first-year students attending a traditionaldinalgebra course with no emphasis in visualization
this group, the algebraic concepts treated in ¢heling proposal were studied from a symbolic and
formal point of view, with no reference to momenwfsinertia. Both groups had received the same
formation in mathematics and had obtained similark®in the first term of the mathematics courge. |
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order to clarify the identification of the differetypes of answers given by the students to the wes
interviewed some of them.

3.2 Development of the teaching proposal

In this section we explain the teaching proposaliich we base our experience, related to the use
of eigenvectors and eigenvalues in order to caleul®e maximum and minimum moments of inertia
of a rigid body. It makes emphasis in an explosafitase placed in a real situation which motivates
the introduction of the concepts and we use vigatbn and physical applications in order to héip t
students to think in the embodied world of mathécsatt has been designed to change the way of
teaching, starting with a physical understandinghefconcepts in the embodied world, which hardly
has any presence in most algebra course lessons.

The teaching proposal in which we base our resdalidws a particular sequence of activities with
the schema: exploration, introduction of concegtigjcturing of knowledge and application proposed
by Jorba & Sanmarti (1996). Exploration considtadtivities that familiarize and motivate the statl
to study the subject by analyzing simple and reatcete situations related to the interests othdent.
These activities are very important in the proagsiearning as stated by Edwards & Mercer (1987),
Driver (1988) and Osborne & Freyberg (1985). Thieoutuction of concepts leads the students to
identify new points of view related to the topidsstudy, characteristics to define the concepts and
relationships between the previous and the new. oftes structuring of knowledge happens when the
student assimilates the concepts previously inttedwand the relationships among them. This phase
offers a good opportunity to relate the symbolic dormal world with the embodied one. Finally,
during the application activities phase, studeststhe assimilated concepts in different situatemms
contexts. In what follows, we describe the fourgasaof our proposal.

3.2.1 Exploration phaseThe exploration phase began by showing the stugeciisres with differ-

ent daily physical situations that can be easiyoduced experimentally. These situations werdedla

to the resistance an object offers to be spinnedral with respect to an axis. The professor asked
the students to determine in which situations i wasier to make the object turn around. When these
questions were solved, the professor proceededow the students other situations slightly différen
involving metal sheets of different shapes (seafed).

Fic. 1. Metal sheets shown to the students.

The professor formulated questions related toffloet@eeded to make the metal sheets spin around
with respect to the different axes shown in Figuaed the physical property which measures thsteff
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Through these questions, the previous physical ledye of the students related to this phenomenon
was revealed.

3.2.2 Introduction of concepts.The aim of this phase is to introduce the notiomofment of inertia.
A measure of the resistance a thin flat plate sfferbeing spinned around respect to an axis engiv
by a scalaM calledarea moment of inertiaThis scalar depends on the distribution of tleaaf the
objectA with respect to the axis and it is given by thetiplg integralM = [ r2dA, wheredAis the
differential element of area amds the distance afA from the axis. If we fix the object in a coordinate
system, its moment of inertia with respect to as that passes through the origin in the directibtie
unitary vectow, can be calculated from its moments of ineMiaandM,, with respect to the coordinate
axesx andy, respectively. The expression that providess given by:

M -M
M =T ( * "'y) v, 3.1)
_Mx.y My

whereMyy is the so-callegbroduct of inertiarespect to the coordinate axes. See (Meriam & keraig
2002, Appendix A) and (Meriam & Kraige, 2012, AppenB) for more background and detalils.

In this phase, the professor explained the infoionaabove focusing on the fact that all the data
about the resistance a thin flat plate offers tespi@ned around with respect to an axis is given by
Mx _Mx,y
—M,y M,
showed the students that expression (3.1) yields

the real and symmetric matrik = ( ) which is calledinertia matrix. Moreover, he

M = vT(4v) = ||[v||||Av|lcosa = ||Av]||cosa, (3.2)

whereq is the angle between vectarandAv. ConsequentlyM corresponds to the projection of vector
Av onto vectow. This explanation was completed with a drawing antibard.

At this point, the teacher provided particular epéen of inertia matrices of different flat surfaces
to make the students find the vectors which maxahiand minimized the moment of inerda The
numerical calculations were replaced by a geonsdtinterpretation of the problem, with the hel o
GeoGebra software. Making use of the dragging nodd&eoGebra, the students observed that unitary
vectors were mapped drawing an ellipse and thatideeémum and the minimui were attained when
the unitary vectors coincided with the directiomattors of the axes of the ellipse. Moreover, ttmyld
see that these vectovsmaintained the same direction 4s, with ¢ = 0, and that the moments of
inertia associated to them were equd|4w||. See examples of the use of GeoGebra in Figure &evh
the flat surfaces under study are represented.
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Fic. 2. GeoGebra applet for calculating moments aftime

Later, the instructor gave the formal definitionasf eigenvector and an eigenvalue, which can be
associated to any square matrix, and he askedutiergs to find a relationship between these cdscep
and the moments of inertia. Next, the professotaéxed the procedure of calculating the eigenvalues
and eigenvectors of a matrix justifying each steg following the suggestions given by Stewart &
Thomas (2006a).

In order to visualize eigenvectors and eigenvatfi@sore general matrices, the professor considered
the case of a non-symmetric one, which can notespond to an inertia matrix. Making use of the
GeoGebra applet, the professor showed that thecindii¢ is also mapped into an ellipse, although th
directional vectors of the axes do not coincidélile eigenvectors of the matrix.

Throughout this phase, mathematical concepts ehwigctors and eigenvalues are not mere abstract
definitions and they are enriched through visuélireand justified by physical applications.

3.2.3 Structuring phaseln the structuring phase, in order to help the shtsl to assimilate the con-
cepts previously introduced and the relationshiperey them, the professor proposed the following
activities to the students. The exercises are dedigo encourage students to establish connections
between the embodied, symbolic and formal worldsathematics.

108 0

(1) Given the matri¥d =( 0 108

), which corresponds to the inertia matrix of thkofeing surface:

Coulc youtell us with respec to which axis it is more difficult to spir arouncthe figure Whaiwould happel! if we
chose the axis given by=y? Do these results coincide with your initial itiwmn?
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(2) Although you do not know the inertia matrixtbé following surface, could you find its eigenv@stand eigenval-
ues only by observing the following image? How mdifferent eigenvalues does it have? Which formsdibe)
inertia matrix have?

3.2.4 Application activities.In this last phase, the professor showed the stadgher applications
of eigenvectors and eigenvalues. One of them islidmgponalization of a matrix which is very useful i
computation. He explained them how it makes edbiicalculus of thath-power of a matrix. They
also studied other interesting applications in #éecture such as the calculus of the tensionsrafid
solid.

3.3 The test

At the end of the teaching proposal, the test shiomfrigure 3 was given to the students. It had also
been used with the group of students attendingrdditional course. Notice that no question refers
to moments of inertia, since the purpose of thewes to determine if the designed teaching prdposa
contextualized in the world of physics, alloweddgnts to give a geometrical meaning to the conagpts
eigenvectors and eigenvalues, and to examine peskfferences in the reasoning of students attendi
both groups.

In question 1.a. we wanted to check if the studemie able to work in the symbolic world and if
they had learnt the procedure for calculating tigerevectors of a matrix. In 1.b. we wanted to gee i
some students reason in the formal world of mathiesia

Question 2 was proposed to check if the studetabkshed connections among the three worlds of
mathematical thinking. In particular, we wantedée if the students were able to visualize eiggovec
and solve questions formulated from an embodiedtpafi view. We also tried to examine if some
students gave a non-symbolic justification of tlagiswers.
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1. Conside the following matrix anc answe the following questions

(3 -1
A= (0 2 )
a. Findall the eigenvalue anc eigenvector associate to A.

b. Consider the vectorg = (2,0), v2 = (1,1) andvs = (2,2). Are the vectors; +Vv2 andv, + v3 eigenvectors
of A? Justify your answer.

2. Look at the following picture:

a. Isit possibl¢to find a matrix C giving the previou: configuration' In castit is possible find its expressior
b. Find the eigenvalues and eigenvectors of C. Jugbifly answer.
c. Isit possible to find a matrix B giving the follavg configuration? Justify your answer.

21 Bw

Bu

Fic. 3.Eigenvectors’ geometric understanding test

4. The analysis of students’ answers

In this section we detail how we have analyzed@asisified the type of answers given by the stuglent
to the test, following Tall's classification of three worlds of mathematics: symbolic, formal and
embodied. For each type, we interviewed some staderclarify and confirm the kind of reasoning
they used.

All students answered question 1.a. reasoningdrsymbolic world of mathematics. Responses to
guestion 1.b. were identified agmbolic when students:

« Type sl: checked that the sum of the vecteis+ v. and vz + vz verifies the eigenvectors
expressions,

+ Type s2:looked forh such that\(vi +v2) =A(v1 +Vv2) andA(v2 +v3) =A(v2 +V3).
In Type s2, students used the formal definitioaro&igenvector, but they proceeded in a symbolic
way to give the answer.
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The responses to this question were categoriztitbiiormal world for those students who:

- Type f1: reasoned that the sum of eigenvectors is an edggmif and only if all vectors
belongto the same subspace.

We interviewed student S1, who gave a Type s1 answgiestion 1.b.

P: How did you check if the sum ef + v» andvz + vz was an eigenvector?

S1: First, | summed the vectors and later | chedkegk vectors had the expressipnx)
or(x,0).

P: Why did you check it witkx, 0) and(x, x) and not with another expression?

S1: Because in question 1.a. | calculated all itpeneectors and they had this form.

We observed that this student reasoned in a symbaly by using the general expressions of the
eigenvectors that he had previously obtained irstime 1.a. We also interviewed student S2, who
answered the question in a formal way.

P: How did you solve question 1.b.?

S2: | observed that was an eigenvector associated te 3 andv. andvs were eigenvec-
tors associated tb= 2. Thenvz + v3 must be an eigenvector.

P: Why?

S2: Because the sum of eigenvectors is an eigenvect

P: But in your response, you only said that v3 is an eigenvector, you didn’t say anything
aboutvy + vo.

S2: Hmmm. ... This sum is not an eigenvector.

P: Why not?

S2: Because they are associated to different eddiees and then they don'’t belong to the
same subspace.

Now, we proceed to classify the answers given tstion 2.a., where we observe embodied type
answers among the students who attended the tggotiposal. The answers given by the students to
this question were categorized in thenbolic world when:

+ Type sl:students calculated the expression of the masiixguequations
in theformal one for those students who:
-+ Type f1: identified the column vectors as the images efdanonical basis
and in theembodiedworld for those students who:
+ Type el: established a connection between the vectorsrenchoments of inertia.

- Type e2:identified the canonical vectors in the picture@envectors associated to the
eigenvalue2 and said that every vector is doubled.

We have considered Type €2 in the embodied worlthathematics because students are able to
identify that the canonical vectors are eigenvegtsince they maintain their directiorlowever,
students also use the formal thinking in this tgpanswer since they see that every vectatdabled,
by linearity.

It must be stressed that one student gave the ssipneof the matrix after visualizing the image
configuration, without any justification. After ietviewing him, we could find out he had reasoned in
an embodied way (Type el):
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P: How did you find A? You didn’t write anything!

S3: Well, | saw the picture and | remembered treg@ses about the moment of inertia we
did at class. Sincgl, 0) and(0, 1) are mapped into its double, this correspondedédo th
moment of inertia of a circle, and its inertia matwas a diagonal matrix with 2 in the
diagonal.

The answers given to question 2.b were classifieathesymbolic world when:

- Type sl: students calculated the characteristic polynomitdout realizing thaC is a
diagonalmatrix or that the canonical vectors are eigenvscto

we classified them @®rmal when:

+ Type f1: they realized that is a diagonal matrix and thus, the canonical vecioe eigenvectors
and the elements in the diagonal are eigenvalues,

and they were classified into teenbodiedworld when:

- Type el students related the configuration with the motmenfiinertia,

- Type e2:identified the canonical vectors in the picturegenvectors associated to the eigenvalue
2, since are vectors maintaining their direction.

The last question was classified following the saniteria.

5. Results

In this section we show the results of our resedrcthiable 1, for each question, we collect theepst-
ages of students that answered correctly, incdyrand did not answer, and the world of mathematica
thinking they used to solve them: embodied (E), lsyie (S) or formal (F).

We observe that students attending the teachingpped (group B) obtained better results in ques-
tion 2 than students attending a traditional coggseup A), especially in questions 2.a and 2.cesEh
guestions were asked to the students in orderedokcifithey could establish a connection between th
geometric transformation shown in the diagram &mdniatrix form. We also observe that group B has
a higher percentage of answered questions. Wepnatethat students have elaborated their own con-
ception of the content in the course, althoughithg&smetimes not enough to provide a correct answe
These combined facts provide some evidence tohsdiyour teaching proposal, focused in the notion
of moment of inertia of a surface, has had a pasiifect in the geometrical understanding of the-c
cepts of eigenvectors and eigenvalues. On the btret, in both groups the percentage of students wh
succeeded in question 2 is inferior than the orastion 1, reinforcing the assertion given bymhe
& Stewart (2011) that students are more confidetit the algebraic and matrix procedures than using
other kind of reasoning.
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Table 1. Classification of students’ answers irugrd and group B (% of students)

Question Group Correct answer Incorrect answer reNponse
E S F E S F
le A 0 94.7 0 0 5.8 0 0
B 0 85.7 0 0 14.: 0 0
1.t A 0 31.€ 47 .4 0 0 5.2 15.¢
B 0 22.¢ 62.€ 0 2.€ 5.7 5.7
2. A 0 26.& 18.4 0 21.1 0 34.2
B 22.¢ 14.: 20 0 0 0 42.¢
2.k A 0 10.5 5.G 0 31.€ 0 52.¢
B 8.€ 5.7 5.7 28.€ 2.€ 5.7 42.¢
2.C A 0 18.4 13.2 0 13.2 0 55.c
B 5.7 34.c 17.1 0 0 0 42.¢

Attending to the kind of reasoning promoted, weents that, whereas in the traditional group we
did not find responses reasoned in the embodieltiwbmathematics, in the group attending the teach
ing proposal we found responses in each of the thalds. In particular, we observe that the syrtbol
world’s reasoning prevails among students in giygmd that question 2 promotes the embodied think-
ing in students in group B, something which haslre®n observed in group A. In Table 2 it is shown
that most students in both groups tend to use tihare one world of mathematics to answer the test.
The difference is that, whereas in group A studentg combined the symbolic and formal world, in
group B, 40% of students combined the three warfdsathematics.

Table 2. Number of worlds of mathematical thinkirsgd (% of students)

Group 1 world 2 worlds 3 worlds
A 31.6 68.4 0
B 17.1 42.¢ 40

We remark that, when only using one world, studeistd the symbolic one, and when using two
of them, they combined the symbolic and formal. slldents who used the embodied world to answer
a question also used the formal and symbolic orahar parts of the test. When answering question
2.a., most students who reasoned in the embodield wbmathematics used the embodied Type e2
combined with the formal thinking, which was neeggso understand the behavior of linear maps.

It must be stressed that most students who reasorted embodied world in question 2.b. failed
saying that the eigenvectors were just those repted in the picture. The students who gave a cbrre
answer for the question 2.b. combined Type e2 anwitie formal thinking, which allowed them to see
the implicit information contained in the diagraHowever, the higher percentage of students answerin
this question in group B seems to indicate thaetihbodied world of mathematics provides a new tool
to address the problem, although sometimes it issnough and it must be combined with others in
order to solve it correctly.

In view of the results, there is some evidenceatpthat, in the experiment, our teaching proposal
enhances the interaction between the three wofldgthematical thinking given by Tall.
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6. Discussion and conclusions

After developing our teaching proposal we have aeatithat adding a geometric perspective in the
teaching of linear algebra helps the students lwegmroblems from a new perspective. In this sense,
traditional teaching limits the students’ posstleh since it does not offer so many ways of stnticg

the knowledge. We have observed that students tiaced the teaching proposal show more ability to
integrate a geometric view of the concepts of eigetors and eigenvalues, which are usually intreduc
algebraically. In most traditional linear algebraurses, the students are expected to give different
perspectives of the study by their own. This tergitroposal shows the benefits of providing diffiere
ways of representing algebraic concepts at class.h#We noticed that this style of teaching helps
students to establish connections between theeliffevorlds of mathematical thinking given by Tall.

In contrast, our study does not allow us to analyhg some students of the group attending the
teaching proposal did not make use of the geometmeponent for solving the questions. A possible
future work could include some improvements in élxperiment that allow us to analyze if their per-
ception of the concepts is different. Also, it mhbststressed that most students who solved question
2.b. geometrically gave an incorrect answer. Tais femarks the need of integrating different typles
thinking to understand the implicit information ¢aimed in the diagrams.

The teaching proposal has strengthened the geaaletmderstanding of the concepts and it has
also promoted students’ thinking in the three wedfimathematics. In this sense, we consider tinat o
results complement Hanna al. (2016)’s study, which reports the benefits of wogklinear algebra
concepts in Tall's three worlds of mathematics.temmore, it contributed to relate mathematics and
some concepts of physics which are important irahitecture degree. Most students, even those
who did not understood completely the explanati@mosisidered that it had helped them to improve
the visualization of the concepts, and it motivatesl mathematical content. Comments such as “The
task design has been useful for making more vighalt we study and to relate the concepts we learn
with physics”, reinforce this fact. For future raseh we consider it would be interesting to anatyee
students’ self-perception of the learning aftertgreching proposal is developed, in order to sdeely
are aware of the different mathematical worlds usettheir reasoning and if they have changed their
way of thinking in linear algebra.

After the teaching experiment, we realized that samprovements related to our proposal could
be done. We consider that it would be interestmgavelop the introduction of concepts phase in a
computer laboratory, where students could manipub#oGebra by themselves in order to familiarize
with the behavior of linear maps acting on vectés.Tabaghi & Sinclair (2013) concluded, the use of
software contributes to a deeper understandingsifact concepts. Another aspect to be considered i

the visualization of eigenvectors and eigenvaliié&s>03 matrices using GeoGebra3D.
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