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ABSTRACT

Spatial abilities are required in the study of
structural geology. However, relatively few learn-
ing aids for teaching spatial topics in structural
geology have been developed. Gen3D is a software
that was designed to assist high-school earth-
science students in perceiving geological struec-
tures and in envisioning cross sections through
these structures. Geo3D provides the student with
manipulative animated visuval illustrations of |
three-dimensicnal fold and fault structures. The
illustrations are used for “spatial investigation™ of
structures in the first module of Geo3D and as
“hints” for solving “structural tasks” in the second
module, The interaction period required for work-
ing with the software varies from one to three
hours.

The design process for Geo3D included investi-
gating perceptions of geological structures; devel-
oping the first versien of GeodD; evaluating the
early version; and developing an expanded im-
proved version of the software.

Eeywords: Education — computer assisted; edu-

cation — preeollege; structural geclogy.

Introduction

The study and understanding of structural geol-
ogy involves the cognitive ability of multidimensional
thinking — investigation of three-dimensional struc-
tures that change with respect to time. As Chadwick
(1978), a geologist and psychologist, has claimed,

.. For efficient and geologically adaptable think-
ing, one prerequisite is probably of universal
value, whatever the nature of the geological con-
tent. This is the skill for thinking in three di-
mensions, for visualizing shapes in the mind’s
eye, rotating, translating and shearing them, and
for imagining camplex changes over time in the
form of a cinematographic visual image (p. 144).

The skil! mentioned by Chadwick, that of thinking in
three dimensions, is related to a specific type of ability
known in cognitive science as “spatial abflity.” Linn
and Petersen (1985, p. 1489) deseribed spatial ability
as “skill in representing, transforming, generating
and recalling symbelic, nonlinguistic information.”

- Spatiel abilities or skills are required in fields
ineluding natural sciences, gecmetry, engineering
and architecture. However, large parts of the popula-
tion have considerable difficulty dealing with spatial
tasks and problems (McGee, 1979). This difficulty is
often. manifested in the study of structural geology,

in which high-school and university students often
have difficulties in solving problems that require
spatial abilities.

A considerable contribution to curriculum develop-
ment has been made by studies that investigated the
role of experience and the effect of instruction on spa-
tial skills, Many of these studies indicated that spatial
skills could be improved through learning experi-
ences (Lord, 1985, 1987, Smith and Schroeder, 1981;
Ben.Chaim, Lappan and Houang, 1888; Baenninger
and Newcombe, 1989; Kiser, 1990). Evidence exists
that instructional programs induce similar improve-
ment rates for males and females (Ben-Chaim, Lappan
and Hovang, 1988).

Curriculum materials that have heen shown to
improve spatial skills can be divided into two main
categories: a) learning programs invelving two- or
three-dimensional manipulative objects (Mitchell
and Burten, 1984; Lord, 1985; Smith and Schroeder,
1981; Seddon and Moore, 1986; Ben-Chaim, Lappan,
and Houang, 1988) and b) learning programs that are
based on computer graphies and include graphic repre-
sentations of three-dimensional ohjects (De Paor, 19586;
McEachran and Marshak, 1986; Seddon and Moore,
1986; Kiser, 199(; Rodriguez, 1990; Wiley, 1990;
Bezzi, 1991). The question as to which of these methods
is more efficient gave rise to many studies. Although
there is a general opinion that concrete models are
more easily comprehended than computer-graphic
presentations, some authors have shown that this is
not always true (Dyche, Mclurg, Stepans, and Veath,
1993). In some cases, concrete models can even lead
to confusion, whereas the computer graphies are ad-
vantageous (Seddon and Moor, 1986). One of the dif-
ficulties encountered in spatial problems is the need
to correctly interpret two-dimensional representa-
tions of three-dimensional objects (Ben-Chaim, Lappan
and Houang, 1989). The computer provides a powerful
tool for assisting in such interpretation, since its two-
dimensional representations can be presented as ani-
mated manipulations like rotation and translation.

The advantage of animation in the perception of
three-dimensional objects was known before personal
computers became popular. Dorethy (1972) indicated
that the depth perception of graphically presented
spatial objects was significantly higher when they
were shown as an animation rather than as the
statie pictures that composed the animation. Wiley
(1990} added that animation is an even more effec-
tive tool in illustrating three-dimensional objects
when it is controlled by the student. Lowery and
Knirk (1982) postulated that even microcomputer
video games which use such animation might im-
prove children's spatial skills. .
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.- Learning mwaterials that include spatiel training
have been developed for various disciplines includ-
- 1986), i {Small and Morton, 1983; Seddon
and Moor, 1986; Dyche, Mclurg, Stepans, Veath,
1983; Tutkey and Selvaratnam, 1998}, biology
(Russell-Gebbet, 1084, 1985), astronomy (Broadfoot ,
1993), engineering graphics (Wiley, 1990; Rodrigeuez,
1980), and certain aspects of mathematics (Kisar,
1990). In the study of geclogy, and especielly in
structural geology, relatively few learning materials
which deal with spatial topics have heen developed.
Some of these instructional materials are in the form
of software which deal with advanced topics of struc-
tiiral gealogy, such a5 stress and strain analysis (De Paor,
1986: McEachran and Marshak, 1986). The authors
of this software emphasize the advantage of a
graphic rather than an analytic approach for solving
quantitative problems. Thus, such programs deal
with the difficeities in teaching abstract concepts by
using graphical methods where the understanding of
the methods themselves require spetinl abilities.

The more basic difficulty, that is, the perception of

gpatial configurations of geological structures, is usu-
ally overlooked. Bezzi (1991) addressed this problem
by developing & computerized program that tests stu-
dents’ spatinl abilities, using problems in structural
geology. He postulated that students might improve
the spatial skills required for structural geology by
working on abstract spatial-ability problems as well
as structural-geology problems with a right/wrong
feedback. To this end, Bezzi's program takes advan-
tage of the computer mainly as an analytical tool for
tracking student performance and for providing on-
line feedback.

The next step is to use the graphic capabilities of
the computer to provide assistance in the visualization
of structures through realistic three-dimensional ani-
mation. This application of the computer is intro-
duced in the present paper through the software
Geo3l>. The software was developed to assist high-
school earth-seience students perceive the spatial
configuration of geological structures and to envision
cross sections in these structures. To reach this goal,
a pre-development research of studeat perception of
geologicel structures was conducted. Based on this
study, the first version of Geo3D was developed. For-
mative evalpation was then conducted, and an ex-
panded version of the software is being developed.

" Pre-Development Research .
Ta develop a meaningful learning tool, it was nec-
essary to answer the following questions:

« What is the distribution pattern of student per-
formance in solving basic structural geology prob-
lems that require spatial abilities?

« What are the typical incorrect answers students

give in solving such problems? :

« How do students reason different types of answers?.

'« Can students overcome their diﬂicultigs using as-

. sistance?

« How can appropriate assistanca be provided?
+» What iz the hierarchical order of varigus types of
problems? : :

A pilot study using 64 students from three high-
schools was conducted to provide data on the ability
of high-school students in solving spatial problems
related to geological structures. To obtain further in-
sight into student perceptions and difficultiss, the
main study was conducted with 115 tenth-grade stu-
dents from three classes randomly selected from
eight classes in a comprehengive Israeli high-school.
The study included the following research tools:

1) Geologic Spatial Ability Test (GeoSAT). This .
test was designed especially for the pre-development
research. A pilot version of the test, which was
used in the pilot study, was designed as a multiple-
choice test. To obtain further insight into student
perceptions, an open-ended test was designed for
the main study. The test consists of 13 problems
that require spatial perception of geological strue-
tures. Three types of problems are included,
grouped in the following sub-tests (Figure 1%

8) Cross-section sub-test, including four problems
which require drawing cross sections of strue-
tures presented as block diagrams (Figure 1a).

b} Completion sub-test, including four problems
which require completing block dingrams that
reven] only a single face (Figure 1b).

¢} Construction sub-test, including five problems
in which two eross sections and their location
on a very simplified geologic map are given.
The students are required to draw a third
cross-section at & specified location on the
map (Figure 1¢).

2) Interviews. Interviews were conducted after tast-
ing in both the pilot study and the msin study. The
students were chosen from the samples as repre-
sentatives of different levels of performance in the
tests. Interviews in the pilot study (four students)
concentrated on student difficulties, and on the ef-
fect of assisting these students. Interviews of the -
main study (six students) concentrated on students
reasoning for different types of answers given in the
test. The interviews were conducted as conversa-
tions which lasted from 20 to 60 minutes with each
student, depending on his'her level of cooperation.

Table 1 is a summary of the results and conclusions
of the pre-development research and their implemen-
tation in Geo3D's design. _
A full deseription of the findings and their analy-
sis are given in the article “Spatial abilities of high-
school students in the perception of geological
structures” (Kali and QOrion, 1996). -

Description of Geo3D ' C

Hardware requirements and development toois
Geo3D runs on any Apple Macintosh computer with -

a color monitor: It requires fiva MB of disk space and -
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L.a Cross-section problem

1.b. Completion problem

Cross-sections:

Figure 1. Examples of the three types of problems included in GeoSat.

three MB of RAM. A new version compatible with
IBM Windows is under development. The software was
written on a Macintosh computer using SuperCard 2.0
{Allegiant) and Swivel 3D*Professional 2.0 (Para-
comp}. SuperCard was used for all the programming
and the interface design. SuperTalk, the powerful
language of SuperCard, enabled sophisticated pro-
grammipg as well as creation of a colorful and
friendly interface. Swivel 3D was used for creating
three-dimensional figures and animation which were
imported into the SuperCard document. Swive! 3D
enabled construction of representations of three-
dimensional objects and their presentation with the
effects of perspective in space ard illumination,
through the use of color shading. Tlese effects, to-
gether with the capability of Swivel 3D to create rota-
tional and translational animation of these ohjects,
enabled creation of visual illustrations of geological

structures which can be perceived easily by the human
eye.

General structura

Geo3D includes two modules:

1} Spatial investigation of basic structures — desls
with various types of fold and fault structures
which are taught in intreductory earth-science
courses at the high-schoal level (Figure 2).

2) Structural tasks - deals with solving spatial
problems related to the type of structures illus-
trated in the first part (Figure 2).

Each of these parts can be accessed from the main
menu of the software in an order which is deter-
mined by the student. Switching between the two
parts can be done either through the main menu or
directly through buttons which are available at the
salution of each structural task.

The “spatial investigatian of baslc structures”
module

This module includes two categories of structures
(folds and faults) and twelve different structures
which the user can investigate (Table 2). For each

category of structures, the user is provided with the
following options: :

+ Ceneration process - An animated ilustration of
the generation processes of structures included in
the catagory, .

» Examples — Scenned photos and maps of struc.
tures of the category.

» Investigation of the structures through two op-
tions; definition and visual illustration, o
The visual illustration option includes three types of
animated manipulations for each structure (Figure 3),
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Resulis and Concluslons

Implementations In Geo3D

Interviews with students in the pilot study indicated that
swdants wha had difficulies managed to complete peob-
lams after being provided manipulatabla visual llustrations.
This finding indicates that with the appropriate maans, solv-
ing of such problems Is a skill thal can ba acquired.

With this finding in mind, an approach which is basad on
impraving students' skills by providing tham with an assis- |
tance system for solving such problems was used.

Significant diffarences were found in tha performances of
students withln ditferant problem typas. Thase differgncas
indicate Ihat the ditficulty tevels of the prablems form the
following hlsrarchy {starting from the least difficutty:

a. Cross section problams based on simple structures.

b. Cross saction problams based on complicated
struciures,

¢. Canstruction problems based on simgple structures.

d. Construction problems based on complicated struclures.

This hierarchy was used for designing problems which pro-
vide students with aporopriate levels of ditficulty.

It was found that two obligatory independent factors are
required for solving GeoSAT's problems:

a. The abillly 1o percaive the spatial canfiguration of
the layars comprising a siructura.

b. Visual penetration ability, definad as the ability fo
envisign interral cross sections of structures.

In order to assist students in the perception of geological
structuras and in acquiring “penetration” skills, all the block-
diagram represantations are appended with the foflowing
types of manipulative animated visual [fustrations:

a. Ratation of block diagrams and exposing Individually
each layar comprising the structura.

b. *Cuning” operation of block diagrams,

Snudent perfarmance in solving the thrae types of problems
inciuded in the tast showed bimodal distributions rather than
novmal curves. Therefore, the following points ware con-
cluded:
a. Grea! heterogeneity in stiwdents’ abilities should be
sncountered in the devetopment of the leaming wal,
b. Large paris of the population which showed paor

parfommances should be provided with assistance
in solving such problams.

In order io provide assistance and pravent overloading on
the less able students and, on the nthar hard, to provide
challenges to the more able students, an indiviiual learning
approach was davaloped. This appeoach is implemeanted in
the foliowing manner:

a. Constructing individual learning paths that are deter-
mined by student performanca,

b. Providing an opicnal assistance system for sobing
‘problams, This system can be used whie sciving
problems as many times as nacessary lor sach stu-
dant.

¢. Deciding upon leaming settings which are not time
restricted as regular classioom lessons. nstead, parts
of the soltware can ba given as homework assign-
ments which ean be complated wharaver a computer
is aveilatle.

Two general types ol incoect answers were found in tha
attarnpts ko deaw cross sections of geological structures:

a. “Notvpenetrative™ incommect answers. These answers
wars based on sxternal patierns sxposaed on the vis-
bie faces of the block dlagram.

b. "Ponetrative® incorrect answers. Thess answers ind-
cated attengts or representing interior slemants of
the biock diagram but withot having a clear percep-
tion of the spatial configuration of the sruchure,

This finding was usad in arder to design conflicl-baaring
distracters In multiple-choice probiems within the software.

7“1.wdmwm|ﬂmmolmmmh
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Muhiple -
— .o wiswky paylape
L = Aaning on phs
*Atcess %0 the mlin meng kd Guiting can be done from esch screen

Flgure 2, Branching options In Geo3D.

K Croe- La
) saclions dim:w
Fold structures Fault structures
catagory category
slmple complex
{olds Ioids dip-sifn sirike-sllp | abliqus-alip
syniormal-  pnormal L] naemnal right
synciing rig rig
anticline antformal-  |reverse left normal lett
i synciine
faversa right
1
irevarse tefi

- Table 2. Geological structures included In the software.

1) Rotation — a manipulation which provides four
options of rotating the structure: right, left, up
_ and down (Figura 3a).

2) Cross sections — a manipulation of “cutting” the

styucture across variously oriented planes, expos-
. ing characteristic eross sections. Three aptions

are provided for ereating cross sections: two per-
pendicular vertical cross sections and one hori-
gontal cross section (Figure 8Sb).

8) Layer disassembly - a manipulation showing the
sputial configuration of each layer. The number of
options provided depends on the number of layers
comprising the structure (Figure 3¢).

The “structural tasks” module

This part consists of fifteen tasks which are divided
into five categories of increasing difficulty. Each cate-
gory covera three tasks of a similar difficalty level,
ineluding different structures. The level is defined by
the type of assignment and the complexity of the
?tructure. ‘The categorization of the tasks iz as fol-
owa!

1) Simple structure “cross section” assignment with
topography.

2) Simple structure “cross section” assignment, with
truncated topography.

3) Complicated structure “cross section” assignment
with truncated topography.

4) Simple structure “construction” assignment.

5) Complicated structure “construction” assignment.

An example of a task from the fifth category is given
in Figure 4.

Each task contains three hints that can be repeat-
edly accessed by the user in any order and with no
time limitations. The hints eorrespond to the specifie
structure of the task and the type of assignment in-
volved in it. The hints for the “cross-section” tasks
are viaual illustrations of & similar sort to those pro-
vided in the “spatis] investigation of basic structures”
module, that is, rotation and layer disassembly, A
third kind of hint illustrates the location of the cross
section within the topography of the structure. The
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3.a. Rotation

3.b. Cross-section

Before animation After animation

3.c. Layer disassembly

Anticline

(Layer-1) (Layer-2) (Layer-3) (Layerd) (Whole structure )

Figure 3. The three types ol animated manipulatians lor geological structures.
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| Given data [
1. A peological map of a flat area, whers four layers outerop.

2 The vertical cross section between A and B
3, The vertical cross section between C and D.

15,4

South

—

The task ‘|

What will the eross section between C and F lock like? (click on the
fipure which represents the correct cross section or on the “hints” hutton).

EG. _

Figure 4. A task of the fifth category.

Belere ammation Alter arumation
Lok on the “Place map™ buiton to place the

map on (ko blank block dipgram

Nerrth

\ Chserve the Map placed on !N plock dagram ang
I tne cross secuans AB ano CO.
Lo

E c“ D

G

ry naw 1o imagine the cress secuon CF

Flgure 5. The 1irst hini of a “construction problem.”

hints for the “construction” tasks illustrate the men-
tal process of constructing & block diagram from the
map and the cross section. The first hint shows an

animated process of placing the map on a blank bleck
diagram (Figure 5). In the second and thurd hints,
the cross sections are added ooe by ene to the map on
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You,were right! -
13 Js the correct:
= cross=section;

Structure
before "cutting”

A
.o

The correct
cross-section

Figure 6, The “culling” animation.

the block diagram, gradually ereating a full block
diagram representing the siructure in the task,

The feedback for the vser is as follows: Clicking on
any af the wrang cross seetions opens a dinlog box with
the words *Wrong answer. Try using a hint before the
next attempt.” Clicking on the torrect cross section
npens a screen that flashes the words “correct answer!”
and provides an option to watch & “cutting” animation,
which illustrates how the cruss section is revealed from
“rutting” the biock diagram (Figure G).

Formailve Evaluation

Evaluation of the first version of Geo3D) was based
on four case studies of 11th-grade earth-seience-major
students lowards the end of the first year of their studies.
The students were chasen by their earth-science
teacher as representatives of diverse ability levels
present in their class. The case studies were mainly
based on observations of the students while working
with GeolD). Additienally, the following information
was rollected about each student {Table 3):

» The epinion of the earth-sctence teacher about the
students’ performances in the classroom and in the
field.

» Final grades on the introductory earih-science

°T " course.

« Performance in a spatial visualization lest { Ben-Chaim
and olhers, 1985) which was given to all the stu-
dents a1 the beginning of the year.

« Performance in a shorL version of GeoSAT (The
first few problems ol the opan-ended spatial ability
test in geology! which was given only to the four
students who participated in the evaluation study.
This test was given twice: the first time before
working with the software, and the second time
afterwards, with an oppertunity to reexnmine the
former answers. (A control group of a similar size
from the same population showed no improvement
of perfurmance in encounptering this lest twice,
without working with the softwarel.

The ubservations were conducted in the school's
laboratory where our computer was set. The students
worked by themselves with the software. Participa-
tion of the shserver was made only when students
asked questions or when the gbserver stopped the
students and asked questions about their actions.

As ran be seen in the description of the case studies
(Table 1}, three of the four students improved their
performances in the short version of GeoSAT after
the interaction with Geo3D. Especinily outstanding
wis Yosi's improvement, who not only corrected hig
wrong answer bul also managed te answer correctly
all the “canstruction™ problems of the long version
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test. It should be mentioned that only five percent of
the students tested in the pre-development research
managed to do that. Another outstanding improve-
ment was that of Avi, who was not able to anawer
any of the questions before working with Geo3D but
solved three out of the four problems after this inter-
action. ’

The dramatic improvements of the students are
evidently a consequence of their interaction with
GeodD. A question which might be raised is, “What
are the precise sources of improvement of sach stu-
dent in his interaction with the seftware or lack of
improvement in the case of John?" To answer this
question, let's examine each of the students’ interac-
tions with the two elements that provide assistance
in visualizing structures: the hint and the “cutting”
animation of the positive feedback.

Avi's path through the soltware is characterized
by using only a few hints and by manipulating the
“eutting” animation after solving e¢ach of the tasks.
This type of path might he explained by Avi's poor
spatial perception, which was mentioned by his
teacher and indicated by his low performance on the
spatial visualization test and by his low confidence in
anewering the tasks, His difficulty to fully under-
stand the hints, as indicated from his remarks, was
probably caused by his poor spatial ability and was
the reason for his secondary usage of the hint sys-
tem. However, the secondary function of the hints in
Avi's case was accomplished by his consistent ma-
nipulation of the “cutting” animation. This is appar-
ent in his eagerness to watch the “cutting” animation
at the end of sach task. Avi's remarks indicate that
his depire to see the animation was based on a desire
to understand “what I did,” and that this interaction
asgistad him in the perception of the internal proper
ties of the structure in such a manner that he felt
that the task is “actually obvious.” Evidently, Avi’s
improvement resulted mostly from his consistent
menipulation of the “cutting” animation.

Yosi’'s path through the software is also charae-
terized by a minor usage of the hint system and by
censistent manipulation of the “cutting® animation.
However, thie type of path in Yosis case was induced
by his motivation to solve the tasks using a minimum
number of hints, As an above-average student with
high spatial abilities, he was able to carry on with such
an approach, as indicated by his high self confidence in
the gelection of the correct answers to the tasks. None-
theless, at one occasion, when Yosi arrived to a point
whare he solved the task correctly but was unable to
visualize the geological structure, he went back to
watch a hint that helped him to understand the spatial
o) tion of that structure. Yosi's determination to

i the structure even after solving the task dem.
onstrates another function of the hints not only as as-
sisting tools but as convineing affirmation tools us well.
However, it seems that Yosi'a improvement lies more
on the “cutting” animation that he chose to watch after
each task than on the hint system which he used only
once for affirmation of his answer,

David's path ia characterized by vsing both the
hint system and tha “eutiing” animation of each task.

His serious “investigative” approach, which was re-
vealed through the observations, agrees with his per-
sistence in understanding what is taught in the
classroom, as was indicated by his teacher. His re.
marks after manipulating some of the hints’ illustra.
tions indicate that these hints comprised meaningful
assistance for him. David’s type of path, which included
many manipulations of both assisting elements of the
software, indicates that his improvement probably liez
in both the hint system, and the “cutting” animation.

From the observation of John's interaction with
the software, it seems that he put more effort into
trying to impress the observer than in working seri-
ously with the software. Although he began unmoti-
vated and became more and more enthusiastic while
working with GeodD, his efforts to impress made him
work hastily and he made foolish mistakes. 'This be-
havior eaused him to go through a path that did oot
include many manipulations of either the hints or
the “cutting” animation. It is therefore not surprising
that John hardly improved his performance in
GeoSAT after using the software. His path, which
included only minimal manipulation, did not offer
him an opportunity for such an improvement. How-
ever, it should be remerabered that John is a high-
performing student, as indicated by his teacher and
by his performance on the spatial visualization test.
Perhaps the software is not as helpful for him as for
the other students. Nonetheless, his benefit from the
software was substantial — a change in attitude and
an inerease in motivation.

The above analysis shows four types of studenta
who interacted through different paths within the
software, The type of path taken by each student was
a consequence of his character and abilities. How-
ever, each of the path types induced positive impacts
on the students at either the cognitive or the affec-
tive levels or both. In the pre-development research,
it was concluded that the software should act as an
individual learning tool, The case studies demon-
strate that the implementation of this conclusion,
which enabled the students to determine their indi-
vidual characteristic path, was effective in inducing
the positive impacts discussed above.

According to the analysis of the case studies, the
first version of GeoSD wan positively evaluated.
Thus, the changes suggested for the next version are
mostly extensions of the first one, Additionally, some
interface improvements which were indicated from
the observations were made. For example, an option
ta go back to tasks that wure already solved waa
added.-This option was included to provide studenta
like Yosi an opportunity to study the hints after solv-
ing each task. Another example is an additionn! text
explaining what each of the visual illustrations does.
The textunl axplanation was added i5 order to assiat
studenta with low spatial perception, like Avi, iin pars
ceiving these illustrations. _

Evaluation of the leaming settinga is more specu-
lative than the eognitiva end affective issiied. Sinte
the settingn include individual interaction with the
software, the presence of the chierver can not he
ignored. Still, it meems that the lavge differentes fa

Journal of Geoscience Education, v, 45, 1997, p. 18



Software for Assisting High-School Students in the Spatial Perception of Geo_log__lcal Slgu_clurg”s._ o

the duration of interaction that are induced by the
different path types indicate that the individual-
learning settings are advantageous. On the other
hand, the interaction of the students with the “gpa-
tial investigation of basic structures” module re-
vealed that not all students are able to utilize this
part beneficially through individun] interaction. An
example is Yosi's confusion ahout the open-branching
possibilities and his wish to be guided, Considering
this finding, and to provide students like Yosi with
appropriate teols for maximum benefit from of the
software, it may be helpful ta develop a guiding book-
let for the “spatial investigation of basic structures”
module. Nonetheless, the observations indicate that
illustraticna of the type used in this part are effective
visualization tools. Therelore, in addition to the indi-
vidual mode, this module can be used without any
additional development as a powerful demonstration
tool for teaching structural geology in the classroom.

Overall Conclusions

1) The findings of the evaluation suppert thoae re-
searches which argue that the computer is an ap-
propriate tool for illustrating three-dimensional
concepts even though its sereen is two dimensional,

2) Geo3D enablad students to chooss a path type that
was suitable to their own ahilides and characters.
This capability of the softwars enharnced learning
bath at the cognitive level and the affective level,
At the cognitive level, Geo3D assisted students of
various ability levels in their spatial perception of
geological structures and in solving related prob-
lems. At the affective level, students were chal-
lenged and motivated by the software, and evidence
for positive attitude change was indicated.

3) The positive evaluation of the software supports
the methed of & three-stage development process,
including 4 pre-development research stage, a de-
signing stags, and an evaluation stage.

4) Further research with larger populations is still
needed for summativa evaluation of an expanded
varsion of the software and for a deeper under-
standing of types of learners, like the ones revealed

- in the above discussion. In order to analyze the
interaction of large populations and to remave the
intarference of the observer, a follow-up system that
records every step made by the user, including tima
intervals between steps, was developed. With the
aid of this system, quantitative methods could be
combined with the qualitative methods described
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the duration of interaction that are induced by the
different path types indicate that the individual-
learning settings are advantageous. On the othar
hand, the interaction of the students with the “spa-
‘tial investigation of basic structurss” module re-
vealed that not all students are able to utilize this
part beneficielly through individual interaction. An
example is Yosi's confusion about the open-branching
possibilities and his wish to be guided. Considering
this finding, end te provide students like Yosi with
appropriate tools for maximum benefit from of the
software, it mey be helpful to develop a guiding book-
let for the “spatial investigation of basic structures®
module, Nonetheless, the observations indicate that
illustrations of the type used in this part are effective
visualization tools. Therefore, in addition to the indi-
vidual mode, this module can be used without any
additional development as a powarful demonstration
tool for teaching structural geology in the elassroom.

Overall Concluslons

1) The findings of the evaluation support those re-
searches which argue that the computer is an ap-
propriate tool for illustrating three-dimensicnal
esncepts even though its screen is two dimensional.

2} Geo3D enabled students to choose a path type that
was suitable to their own abilities and characters.
This capability of the software enhanced learning
both at the cognitive level and the affective level.
At the cognitive level, GeodD assisted students of
various ability levels in their spatial perception of
geological structures and in solving related prob-
lems. At the affective level, students were chal-
lenged and mativated by the software, and evidence
for positive attitude change was indicated.

3) The positive evaluation of the software supports
the method of a three-stage development process,
including a pre-development research stage, a de-
signing stage, and an evaluation stage.

4) Further research with larger populations is stil]
needed for summative evaluation of an expanded
version of the software and for a deeper under-
standing of types of learners, like the ones revealed
in the above discussion. In order to analyze the
interaction of large populations and to remove the
interference of the observer, a follow-up system that
records every step made by the user, including time
intervals between steps, was developed. With the
aid of this system, quantitative methods could be
combined with the qualitative methods described
abova.
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