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Chapter 1 

INTRODUCTION 

1.1 Evaluation of Spatial Ability 

In many fie lds of engineering, it is very important and necessary to communicate through 

drawings. Engineers are required to connect two-d imensional drawings and t hree-d imen­

sional real objects and to "th ink in three d imensions" t hro ugh drawings. One of t he 

important objectives in early unde rgraduate graphics curricula is not only acquisi t ion of 

technical skill of drawings but also enhancement of students ' abili ty to t hink in three 

dimensions. In graph ics ed ucation, "spatial abi lity" is used as a term t hat means the 

ability to think in th ree dimensions. 

Recently, some researchers have made attempts to evaluate students' spatial abilities 

not only by perform ance on term-end tests but by some other indices. In their quasi­

experimental research, psychomet rical "spatial tests" are used as such indices. 

In psychometric studies, many investigators have been interested in t he ability of 

"spatial domain" as a component of huma n intelligence. A la rge number of "spatial" 

tests were independent ly constructed by different researchers in order to est imate the 

ability of spatial domain. T hey are called "spatial tests" mainly because t hey consist of 

two- or t hree-d imensional fi gures a nd because don't contain verbal problems. T he relation 



between t he ability evaluated by such psychometric "spatial tests" and "spatial abi lity" 

required in early undergradu ate grap hics curricula is not exactly clear at present. 

1.2 Objectives of Research 

A Mental Rotat ions Test (hereafter "MRT") developed by Vandenberg and Kuse[l] has 

been used as a measure of spatial ability in psychometric stud ies. Because of its high 

reliability, the MRT is widely used in recent quasi-experimental research whose object ive 

is to evaluate st udents' spatial ability from the viewpoin t of how it is related to graphics 

curricula. 

Although Vandenberg et al.[l] reported high correlation between the MRT a nd ot her 

spatial tests, it is not clear which aspects of spatial ability are evaluated by the MRT. 

The objectives of this paper are to get some insight into the following points: 

• which aspects of the spatial abi li ty are evaluated by the MRT, 

• and how the MRT is related to undergraduate graphic curricula. 

1.3 Construction 

This dissertation is const ructed from 5 chapters. 

In Chapter 2, the author will review studies on spat ial ab ili ty from the following points 

of view: 

• spat ial ability evalu ated by so-called spatial tests , 

• the individual differences in the spat ial ability, and 

• the relationship between t he spatial abili ty and undergraduate graph ics ed ucation. 
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In Chapter 3, the solving process of the MRT will be analyzed by using the following 

methods: 

• error analysis of the MRT in the paper-and-pencil version, 

• direct monitor of eye fixation during solving each question and strategy reports, and 

• analysis of response time as a function of an angular disparity. 

By combination of these methods, the ab ility reflected by the score in the MRT will be 

discussed. 

In Chapter 4, the relation between the MRT and performance in descriptive geometry 

will be discussed from the following viewpoints: 

• whether the ability reflected by the MRT has correlation with the ability acquired 

through ed ucat ion of descriptive geomet ry, and 

• whether the ability evaluated by the MRT can be enhanced through undergraduate 

graphics curricula. 

In Chapter 5, the results of this dissertation will be summarized. 
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Chapter 2 

REVIEW OF STUDIES ON 
SPATIAL ABILITY 

Many investigators have shown interest in the human abili ty of "spatial domain". A 

large number of "spatial" tests were independently constructed by different researchers 

in order to estimate the abili ties of spat ial domain. Recently, some researchers have been 

paying attention to the relation between students' spatial abilities and graphics curricula 

in universities. In this chapter, the author will review t he spatial abi lity from the foll owing 

points of view: 

1. the spatial ability evaluated by the so-called spatial tests, 

2. the individual differences in the spatial abili ty, and 

3. the relationship between the spatial ability and graphics ed ucat ion. 

2.1 What is "Spatial Ability"? 

2.1.1 Spatial ability in intelligence and in graphics education 

In psychometrical studies, "spatial ab ility" means t he total ability in the spat ial domain 

as a component of human in telligence. "S patial ability" is considered to be refl ected by 
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scores in "spatial tests". Tests , which consist of two- or three-dimensional figures and 

which do not contain verbal problems, are called spat ial tests. Accordin g to Zimovski and 

Wothke[2], numerous "spatial" tests share one characteristic: "all required the processing 

visuospatial stimuli (p.5)", although the difficu lty or complexity of spatial tests varies 

one to another. Some researchers[3][4][5] classified spatial ability into two or three sub­

components based on factor analysis, however, their interpretations were seen to differ. 

In graphics education, "spatial abi li ty" is used as a term that refers vaguely to the 

ability to think in t hree dimensions. Miller, Wiley and Bertoline[6] used "visualization" 

which corresponds to spatial ability and defined it as "the ability to mentally create and 

edit visual information". Spatial ability in graphics education is more restrictive than that 

in psychometrical studies and emphasizes the abili ty to connect two-dimensional drawings 

and three-dimensional real objects. 

2.1.2 Components of spatial domain 

Factor analytic research distinguished "spatial domain" from human intelligence. Snow[7] 

showed a structural model based on the intercorrelation between 34 mental tests and af­

fixed labels to the clusters of tests. As factor labels, he used Gc, G f> Gv, terms which stand 

for "crystallized ability", "fluid abili ty", "visualization" . In his analysis , the distinction 

between verbal ( Gc) and spat ial factors ( G f , Gv) was clear, although it was difficult to 

distinguish between G f and Gv. As for figural and spatial relations tests, some were 

attributed to G 1 and ot hers to Gv . 

Several investigators conducted factor analytic research to gain insight to the structure 

of spatial ability. Two reviews of spatial abi lity[3][4] claimed the existence of two or three 
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factors. 

Based on his rev iew of t he spat ial ab ilit ies, McGee[3] proposed two dist inct spatial 

abilities as follows: 

1. Spatial orientation. This factor involves "the comprehension of the ar ra ngement of 

elements within a visual st imulus pattern and t he aptitude to remain unconfused 

by the changing ori entat ions in which a spatial configuration may be presented 

(p.893)" . 

2. Spatial visualization. T his factor involves "the abili ty to mentally rot a te, man ipu­

late, and twist two- and t hree-d imensional st imulus objects (p.896)". 

According to McGee's formulation, spatial orientation emphas izes the "invariable ar­

rangement" of elements in spite of changing orientations. On t he other hand , spatial 

visualization is characteri zed by various "mental manipulations". 

Lohman and Kyllonen [4] proposed t he following three factors: Spat ial Orientations, 

Spatial Relat ions , and Visualization. Lohman et al. [4] and McGee[3] agreed on the names, 

but not the definition, of two of the t hree factors . 

1. Spatial Orientation. The factor involves "the ability to imagine how a st imulus 

array will appear from a nother perspective (p.lll)". 

2. Spatial Relations. "Although mental rotations is the common element , t he factor 

probably does not represent speed of mental rotation ; rather, it represents the ab ility 

to solve such problems quickly, by whatever means (p. lll )" . 
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3. Visualization. The tests t hat load on this factor are "all administered under rela­

tively unspeeded conditions, and most are mu ch more complex (p.lll )" than tests 

that load on other factors. 

T he definition of spat ial orienta tion by Lohman et al. [4] agreed wi t h McGee's[3] t hat 

both involved a stimulus seen from a different posit ion, t hough McGee[3] fur t her required 

"comprehension" of the invariable a rra ngement of elements. 

As for spat ial visualization, the definitions disagree with each other. Lohm an et al. [4] 

added "spatial rela tions" . ln Lohm an et al. 's criteria, speeded ness and complexity play 

an important role in dist inguishing th e fac tors. Complexity and unspeeded condition 

characterize visualization and sim plicity and speededness characteri ze spatial rela tions. 

T he spat ial rela tions facto r is cal led "speeded rot ation" afterwards by Lohman[8] (cited in 

Juhel[5]). Lohm an et al .[4] distinguished speeded mental rota tion from more complex ma­

nipulat ion and classified them as spatial relat ions, although McGee[3] described all tests 

involving mental rotation of two- and three-dimensional objects as spatial visualization. 

Juhe1[5] shares his distinction in spatial ability with Lohman et al. [4]. Juhel classified 

spatial ability into three groups: spatial orientation, spatial visualization and speeded 

rotation. He described "speeded ro tation!' as follows : "It is primarily defin ed by simple 

tests setting mental rotations of forms or objects in action. Because of th eir simplicity, 

the speed of rotation is of great importance in these tests (p.118)." According to Juhel's 

definition, simple task with high accuracy belongs to speeded rotation factor. Conversely, 

a more complex task , which requires more time to get the correct a nswer, belongs to 

the spatial visualization factor. Juhel's distinction between speeded rot ation a nd spatial 

visualization is similar to that of Lohman et al .[4]. 
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As above, the inconsistencies among the formul ations[3] [4][5] are d ue to the limitations 

of t he factor analytic approach. Factor analysis attempts to describe t he process of 

solu tion through inferences concerning those feat ures common to tests t hat load on the 

same factor and doesn't directly clarify the internal solving process. 

Lohman et al.[4] made an attempt to classify the types of mental transformations 

required on the complex spat ial tests. 

1. Mental movement. "Refl ect ing, rotating, folding, or simply im agining that a stim­

ulus is moved from one position in an array to another position are all variet ies of 

mental movement (p.ll2) ." 

2. Mental construction. There are different levels of construction , as follows, in order 

of complexity: 

(a) Copying. "The subject must cor rectly copy a st imulus design (p.112)". 

(b) Reproducing. "The des ign must be reproduced from memory", "not just rec-

ognized (p.112)". 

(c) Constructing. The subject must "const ruct a new mental image, usually by 

reorganizing the stim ulus element in a new way (p.112)". 

(d) Deleting. "Mentally deleting parts of a stimulus (p.112)" . 

The classification suggests that Lohman et al. [4] were conscious of the importance of 

information processing during solving spatial tests. 
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2.1.3 From cognitive perspective 

Zimovski et a l. [2] and Linn and Petersen[9] emphasize the need for a classification scheme 

based on information processing, not based on the figural features of spatial tests. Their 

classification of spatial ability tests arose from paying attention to processes used to solve 

the tests. 

Linn et al.[9] postulated three spatial ability categories based on simi larities in the 

solving processes. T hree distinctions presented below were characterized by their solving 

processes: 

1. Spatial perception. Use of gravitational vertical or horizontal to locate the correct 

orientation in order to determine spatial relationships with respect to the or ientation 

of their own bodies. " A gravitat ional / kinesthetic process". 

2. Mental rotation. "A Gestalt-like mental rotation process analogous to physical 

rotation of the stimuli". 

3. Spatial visualization. "Possibi lity of multiple solution st rategies". "An analytic 

process". 

T he classification by Zimovski et al. [2] is very different from those of previous psycho­

metric studies[3][4][5] and also that of Linnet al.[9]. They classified the so-called "spatial 

tests" into two types: analog and nonanalog measures. They called tests which requ ire 

holist ic gest alt-like processing "analog measures" and indicated t he properties of analog 

measures as follows: 

1. Tasks involving judgments about rotated st imuli . 
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2. Stimuli differing orientat ions other t han 180 degrees. 

3. Cases where the distractors of rotation tasks are mirror images of the reference 

stimuli or st ructurally equivalent forms. 

4. Items requiring whole-whole rather than part-whole or part-part comparisons. 

5. Cases where t he items require t he rotation of an entire object as a ri gid whole rather 

than the rotation of only one or several pieces of the object relative to t he whole. 

Zimovski et al. [2] claimed t hat only analog measures should be termed tests of spatial 

ability in pure form and that nonanalog measures reflect both verbal and spat ial abilities 

even if they have a visuospatial content. 

In order to discuss "spatial abili ty" , it is necessary to focus not on ly on the apparent 

features of tasks but also on information processing. Although there is little consensus 

of classificat ion at present, further investigations will provide more approp riate classifica-

tions. 

2.1.4 Solv ing process approach 

As an attempt to clarify internal processes, Shepard and Metzler[10] provided an epoch­

making index, i.e. , reaction time. Shepard et a l. [lO] analyzed the relation between reaction 

time and task attributes and combin ed it with the internal processing of subjects . Their 

experiment was designed to measure t he reaction time that subjects require to determine 

whether two figures were views of the same three-dimensional object or were mir ror-images 

of each ot her. A sample task is shown in Fig. 2.1. The reaction time for t he "Same" trials 

increased linearly with the angular difference in portrayed orientation. T his orientat ion 
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Figure 2.1: Example of Shepard-Metzler tasks (from [10]) 
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Figure 2.2: Mean reaction times for "Same" trials (from [10]) 
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effect on react ion time shown in Fig. 2.2 is interpreted to reflect the solving process, 

namely "mental rotation". The slope of the reaction time funct ion is postulated to refl ect 

the rate of mental rotat ion. 

T he study by Shepard et al. [10] brought a new paradigm "reaction time" as the ob­

jective indicator of information processing during solving spatial tasks. However it was 

difficult to identify the microstructure of the solving process because react ion times in­

clude any processes occurred in subjects as a whole. 

Just and Carpenter[ll] analyzed eye fixat ions of subjects during Shepard-Metzler tasks 

and presented component processes in the tasks. Under the rules for classifying the locus 

of t he eye fixation , they separated t he solving performance into the three processes: (1) 

search, (2) transformation and comparison , and (3) confirmation. 

Then, the next question is the source of individual differences. It is valuab le to ana­

lyze the variation of spatial abi lity in a broader population of subjects. There are some 

studies which report the correlations between a rotation speed measure computed based 

on laboratory tasks and scores in spatial tests [12]- [15]. 

Just and Carpenter [12] analyzed the correlation between rotation speed measures in 

the Cube Comparison tasks and scores in the same tasks in a paper-and-pencil version 

(Cube Comparison test) . The speed measure correlated with the psychometric score 

r(21) = -.46, P < .05. Negative high correlation suggested that the score in the paper­

test reflected the rotation speed, namely the amount of time the subject took on those 

problems t hat required mental manipulation. 

Studies on correlations between the slope of the react ion times in a Shepard-Metzler 

task and reference spatial tests other than paper-and-pencil versions of the same task 
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have been carried out[l 3]-[15] . In these studies, the slope was considered to reflect t he 

rate of rotation, namely th e speed of mental rotation. 

Lansman[l3] reported a negative high correlation between t he slope measure and 6 

kinds of spatial tests which loaded on Gv (visualization in Cat tel 's term) factor (r = -.50, 

P < .01). McGue, Bouchard, Lykken and Feuer reported a negative low correlat ion (r = 

-. 13, cited in [14]) . Egan found no correlation (cited in [12]) (r = -.06, according to 

Lohman [1 4]) and Poltrock and Brown[l5] a positive correlat ion r = .20 between t he slope 

measure and 8 kinds of spat ial tests. 

The inconsistency of these studies suggests that not all subjects used t he same st rate­

gies, namely, mental rotation. In ot her words, st rategies other than "rotation" might 

contribute to no or positive correlation. 

T he solving processes were compared between subjects with high and low scores in 

spatial tests. 

Snow[7] analyzed the individual differences in solving process of paper-folding tests 

from the eye tracks and in trospect ive reports. He showed that high-ability subjects were 

efficient in assembling a systematic st rategy for the task , their control of its application , 

and their fl exibility in changing st rategies as task difficulties demanded , whereas low­

ability subjects were stuck in a principal st rategy. 

Just et al.[l2] were also interested in t he differences in the st rategy of Cube Comparison 

tasks between experts and novices. The low-ability subjects rotat ed the cube around axes 

that were perpendicular to the faces of the cube, namely standard trajectories. The high­

ability subjects were able to find axes that made the trajectory shorter than the standard 

ones where an alternative trajectory existed. The choice of trajectory is consistent with 
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the flexibility of strategies shown by Snow[7]. 

As stated above, high- and low-ability subjects differed in their strategies in some 

spatial tasks. As for Shepard-Metzler tasks, some researchers[12][17] indicated individ­

ual differences within the same strategy. Differences in st rategy preference were also 

reported[12][16]. 

Just et al.[12] used Shepard-Metzler tasks as a task which is less open to alternative 

strategies, and showed that high- and low ability subjects in Cube Comparison tasks 

differed in the rotation rate of Shepard-Metzler tasks. The difference in rotation rates 

between experts and novices was also found by Lohman[17]. Lohman[17] indicated that 

the estimated slope was generally steeper for low-ability subjects than high-ability ones. 

Just et al.[l2] also presented a strategy that requires no mental rotation. They stated 

that it was possible to construct orientation-free representations by taking an im aginary 

walk through the interior corridors , although their subjects seldom reported such a strat-

egy. 

Sayeki [18] reported that t he instruct ion of a "body analogy" for the figures evoked 

a strategy other than mental rotation. The reaction time of the subject who took such 

a strategy was short and constant , or didn't increase with the angu lar difference. T his 

suggests that strategy preference is related to a reaction time fun ct ion, or performance in 

mental rotation. 

Based on post-experimental interview, Tapley and Bryden[16] classified their subjects' 

solving approach of Shepard-Metzler tasks into two strategies as follows: a visual-holistic 

strategy and a verbal-analytic strategy. The former contained a literal mental rotat ion; 

and/or a comparison of the two figures with an int uitive response. And t he latter con-
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tained counting blocks; and /or isolat ing a particular part (s) and looking for it in the 

comparison fi gure. They reported that there were no significant effects of strategy on the 

slope of the reaction time function. 

As discussed above, the differences both in strategies and within one strategy play a 

key role in the discussion of "spatial abi lity" in a wide range of subjects. As for Shepard­

Metzler tasks, both differences have been reported[l2][16]-[18]. However, it remains 

unclear that how strategy preference of Shepard-Met zler tasks is related to performance 

in mental rotation. 

2.2 Mental Rotations Test 

2.2.1 Vandenberg MRT 

Vandenberg and Kuse[1] developed the Mental Rotations Test (hereafter MRT) based 

on the figures used by Shepard and Metzler[10]. Among numerous spat ial tests, the MRT 

has been most widely used as a measure of spat ial abili ty. Sample questions are shown 

in Fig. 2.3. Each question is composed of a criterion figure , two correct alternatives and 

two incorrect ones or "dist racto rs". The subjects are required to find the two correct 

alternatives. The correct ones are always identical to the criterion in st ructure, but are 

shown in a depth-rotated position. The test contains 20 questions. For half t he questions, 

the distractors are rotated mirror-images of the criterion, while the distractors in the 

other 10 questions are rotated images of one or two of the other structures. Hereafter, 

the former questions shall be called "mirror-image qu estions" and the latter "structural 

questions". These two kinds are arranged two by two. The test is divided into two parts. 

Each part contains 10 questions, and the time limit for solv ing each part is 3 minutes. 



'0 @~~@ 
0 0 0 0 

(a)Mirror-image question 

0 0 0 0 
(b )Structural question 

Figure 2.3: Sample question from ·MRT (from [1]) 
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The procedure of scoring is to give 2 points for a question with both choices correct, and 

none if one choice is correct but the ot her one incorrect, or if both are incorrect. If only 

one figure was chosen and it is correct, 1 point is given. So, a perfect score for the MRT 

is 40. 

Vandenberg et al.[1] found substantial internal consistency (Kuder-Rechardson 20 = 

.88) and high test-retest reliability (.83). The MRT is considered as a measure of spatial 

ability because of high correlations with other spat ial ability tests and low correlations 

with verbal ability tests[l]. Age curves from the study by Wilson et al.[l9] showed a 

grad ual decline after the peak at the early 20's and consistent sex differences over the 

entire range of ages investigated (14-60 years old). Although Casey and Brabeck[20] 

reported the existence of female group whose mean MRT score was as well as male, a 

population of such females is small. 

2.2.2 Spatial ability evaluated by MRT 

Although the test was named "Mental Rotations", it has not yet been proved that the 

test reflects the ability to mentally rotate the objects in three dimensions. 

As for the Shepard-Metzler task, McGee[3] classified it as a test of spatial visualization 

for the reason t hat the task requires mental transformat ion. But his classification does 

not derive from a solving process. 

Lohman[17] determined the rotation speed measures of the Shepard-Metzler tasks for 

each subject , then correlated these parameters with the Spatial Relations (SR) composite 

and the Visualization (Vz) composite. Both the SR composite and the Vz composite 

significantly correlated with the speed parameters. This suggests that t he performance in 

17 



Shepard-Metzler tasks refl ects both "S patial Relations" and "Visuali zat ion" factors. 

Alt hough the MRT was developed based on the Shepard-Met zler task, it is doubtful if 

the MRT can be considered as a replica of the Shepard-Met zler task, because t he cha nge of 

response method in the MRT (choice of alte rn atives) may bring about a different solving 

process fro m the original Shepard-Metzler task. T he relation between t he Va ndenberg 

MRT and the original Shepard-Metzler task remains unclear. 

Juhel[5] conducted a factor a nalysis based on a mat rix of correlations between accuracy 

scores for 5 spatial tests and 4 labo ratory memory-tasks. Among four fir st-order factors, 

two we re associated with the spatial tests. T he MRT was highly loaded on both , which 

J uhellabeled as visual izat ion and speeded rotat ion. Accordin g to his in terpretation, the 

speeded rotat ion factor was mainly evoked by a simple two-dimensional test ra ther t han 

by the MRT. All t hree tests which had a high-loading on t he visualizat ion facto r shared 

a common property : they require t ransform ations and movements performed on internal 

parts of mental representations. So he sta ted t hat the MRT refl ects the visuali zation 

factor. 

Zimovski et al.[2] class ified t he MRT as a n analog measure because t he distractors 

which are mirror images of the criterion fi gure minimize "feature-extraction" stra tegies. 

However, Freedman and Rovegno[21] and Pezaris and Casey[22] reported strategy differ­

ences to solve the MRT between subject groups. 

In the investigat ion by Freedman et al. [21], the subjects fill ed out a qu estionnaire 

on strategy after finishing th e MRT . The males reported that they counted blocks less , 

pictured in their minds more tha n the females. 

Pezaris et al. [22] estim ated st ra tegy preference by comparing subjects' MRT scores 
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between t he control condition and the interference condit ion, in which the subjects must 

perform either a verbal or a visual-spatial interference task concu rrently with the MRT. 

T hey indicated that the males depended more on visual-spatial strategies and did less on 

verbal ones than the females. T hey also reported the existence of females who depended 

more on visual-spatial strategies than the other females. 

In these studies by Freedman et a l. [21] and Pezaris et al.[22], their main in terest was 

sex-based st rategy differences. As Wilson et al. [l9] indicated, males have the advantage 

of t he scores in the MRT. T he subjects in their studies differed not only in sexes but 

also in scores. It is necessary to be conscious of strategy differences between high- and 

low-score subjects. 

Above studies didn 't pay attention to the relation between strategies and performance 

in mental rotation. The relation remains unclear. 

In order to make clear the abili ty reflected in the scores in the MRT, it is necessary 

to clarify the following points; 

• st rategy differences between high- and low-score subjects, and 

• relation between st rategy preference a nd performance in mental rotation. 

2.3 MRT and graphics education 

2.3.1 Graphics education and spatial ability 

In early undergraduate graphics curricul a, descriptive geometry, i. e., the treatment of 

points, lines and objects through orthogonal projections, is taught to students in engi­

neering (or art ) courses. It is diffi cult for students to jump the gap between the three 
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dimensional object and its two dimensional representation, although they have mathe­

matical knowledge about solid geometry. 

The purpose of descriptive geometry educat ion is not only the acq uisition of the skill 

required in technical drawing but also t he enhancement of studen ts ' spat ial abi li ty which 

means "the a bility to think in t hree dimensions" in t his case. 

Recently, some quasi-experimental studies were made to evaluate students ' spat ial 

ability from the view poin t of how they are related to graph ic curricula[6] [23]-[25] . In 

these research, some psychometri c spat ial tests were used as a measure of spatial abili ty. 

But it is not clear if students with high or low scores in spatial tests show a high or a 

low performance in descriptive geomet ry. T he relation between spatial abilities reflected 

in spatial tests and those required to get through graph ics curricula is open to question. 

2.3.2 MRT and graphics curricula 

Among many psychomet ric spatial tests, the MRT has been widely used in recent quasi­

experimental research, whose objective is to evaluate the spatial abilities of students from 

the viewpoint of their rela tionship to graphics curricula[6] [23] -[25] . 

Miller et al. [6] analyzed the relation between scores in the MRT a nd the test perfor­

mance in traditional graphics curricula. Miller et al.[6] reported that many students who 

scored in the preceding MRT 1 standard deviat ion or more below the mean, had diffi culty 

with graphics curricula and had a high failure rate. 

Test performance reflects students ' achievement in graphics curri cula as a whole. 

Graphics curricula contain various descriptive geomet ry concepts. It remains unclear 

which concept taught through graphics curricula is related to scores in the MRT and 
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which concept is not related. 

Recently, researchers have been ma king attempts to introduce new teaching methods 

into graphics ed ucation. In order to compare the effect of a new teaching method with a 

trad itional one, the effect needs to be eval uated by an objective measure. Because of its 

high reliability [l],the MRT has been most widely used as an object ive measure of spatial 

ability. 

Miller[23] showed that there was no in te raction between teaching methods (using 

real models , computer-generated models, or traditional curri cular approaches) and MRT 

scores. Sexton[24] found no significant difference in students' mean scores in the MRT 

regard less of the method of instruct ion, i. e., t rad itional or by 30 CAD. McCuistion[25] 

conducted research to find which method of presenting graphic images (static or dynamic) 

in a CAI (Computer Assisted Inst ruction) lesson would best enhance studen t achievement 

in the descriptive geometry course. In his research, the MRT was given to the students 

prior to and after each lesson course (stat ic or dynam ic) . Although some students of the 

dynamic group made a large r gain on scores in the MRT, the static group mean score in 

the performance tests was significantly higher than in the dy namic group. He surmised 

that a large r gain on MRT scores does not guara ntee high scores in performance tests a nd 

vice versa. 

The above studies do not reveal whether the increase of score in t he MRT means the 

direct effect of graphics educat ion or not . It is not clear whether or not the spatial abi li ties 

evaluated by the MRT can be enhanced through graph ics curricula. 



2.4 Summary 

The review on th e related st udies in thi s chapter is summ arized as follows: 

• The inconsistencies among the classification of spatial abili ty are due to the limita­

tions of the factor analytic approach, in which interpretations of factors are inferred 

from apparent features common to spatial tests that load on the same factor. The 

solving process approach will play a key role in clarifying microst ruct ure of spatial 

ability. 

• T here a re two sources of individua l differences in the solvi ng process; the difference 

in st rategies and that within one strategy. To discuss spatial a bility based on the 

solving process, it is necessary to be conscious of the two sources of t he differences. 

As for the MRT, it has not yet been proved that the test refl ects the ability to 

mentally rotate the objects, though it was named "Mental Rotations". 

• Relationship between "spatial ab ility" refl ec ted in psychometric spatial test scores 

and "spatial ability" required to get through graphics curri cula is not clear at 

present. 
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Chapter 3 

ANALYSIS OF PROBLEM 
SOLVING PROCESS OF MRT 

Clarifying the solv ing process of the MRT is a strong hint on the abi lity reflected by the 

MRT. In th is chapter, the solving process of the MRT for both experts and novices is 

compared by using two methods as follows: erro r analysis of the MRT in t he paper-and­

pencil version and direct monitor of eye fi xat ion during t he solu tion of each question. The 

former is su itable for collect ing data from a large number of subjects. Stat ist ic analysis 

will suggest the probabilistic nature of the solving process, although the solving process 

of each subject isn 't clear. T he latter is suitable for a nalyzing the microstructure of the 

solving process, although data from a small number of subjects is obtained at one time. 

By a combination of these methods, t he abi li ty refl ected by the score in the MRT will be 

discussed. 

3.1 Scores in MRT 

3.1.1 Subjects 

The MRT was given to t he st uden ts at 6 universities . The total number of subjects 

participating in the invest igations was more t han 2000. The age curves of t he MRT score 
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from t he study by Wilson et a!.[19] showed a gradual decline after the peak in the early 

20's and consistent sex differences over the entire range of ages in vest igated (14-60 years 

old). T he ages of the subjects in the present invest igations approached t he peak age in 

the previous study by Wilson et al. [l 9]. 

3.1.2 Difference between sexes and within each sex 

T he group mean scores in the MRT in each course at each university are summarized in 

Table 3.1. As clearly seen in Table 3. 1, the mean scores at the same univers ity were quite 

similar to each other, although the subjects were different in each test. In other words, 

the mean scores in t he MRT are qu ite stable within the same course. The high stability 

in the same group through years suggests that it is appropriate to consider t he MRT as 

an indicator of some kinds of spat ial abi lities. 

In Fig. 3.1, the group mean scores in t he MRT a re plotted as a fun ction of the esti­

mated mean Z-scores of the National Center Test for University Entrance Examination [27] 

(hereafter NCTUEE). The sex differences in MRT score were observed between groups 

whose NCTUEE Z-scores were almost same. The sex difference in MRT scores agreed 

with the result reported by Wilson et a l. [19]. 

As for male groups, t he mean MRT scores in groups with low Z-scores in the NCTUEE 

were not so different as those in groups with a high Z-score. Suzuki et al.[28] reported 

that scores in a Mental Cutting Test (hereafter MCT) had considerable correlati ons with 

the NCTUEE Z-scores in male groups specia li zin g in science/engineering courses, whereas 

the present investigations indicated that the Z-score in NCTUEE doesn' t have a strong 

correlat ion on the MRT scores in male groups. It suggests that the MRT refl ects different 
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Table 3.2: Group mean scores in MRT 

U n i v. Spec. * Sex** Samples Mean ( S D) Rem. 

Tl SE M 99 2 9. 7 (6. 8) . 9 0 

M Ill 2 9. 9 (6. 4) . 91 

M 76 2 8. 0 (6. 5) . 91 

M 105 2 9. 9 (6. 6) . 9 2 

M 102 2 7. 6 ( 6. 9) . 9 3 

M 100 27. 7 ( 7. 8) . 9 4 

F 44 2 2. 2 (9.1) . 90-' 94 

T2 SE M 1 6 3 2 7. 4 ( 7. 0) . 9 1 

M I 7 7 28. 3 ( 7. 5) . 9 2 
--------- ------------ ----------------- --------------

M 118 27.9 (8. 0) . 91 
--------- ------------ ----------------- --------------

M I 4 3 2 4. 4 ( 7. 8) . 92 

T3 SE M 1 3 2 2 3. 4 ( 7. 8) . 9 3 

M 79 2 2. 3 ( 7. 2) . 9 4 

F 31 2 0. 2 ( 7. 2) . 9 3 & . 9 4 

T4 SE M 2 2 6. 5 (2. I) . 9 2 

F 56 1 7. 3 (5 6) 

T5 SE (M) 93 2 5. 28 from [ 2 6 J 

F I H F 50 I 7. 5 (6. I) . 91 

F 89 15. 0 (6. 8) . 9 2 

F 43 15. 5 (7. 3) . 9 3 

F 2 6 15. 8 (6. 1) . 9 4 
--------- ------------ ---------------- ---------------

F II 0 13.6 ( 6. 5) . 92 
--------- --------- ------------ ---------------- ---------- -- --

( S E) F 1 0 3 1 7. 9 (6 9) . 93 

F 53 15. 8 (5. 8) . 9 4 

F 2 H F 4 6 16. 8 (6 4) . 9 2 

Speciality SE Science .and/or Engineering 
(S E) Simi 1 ar to SE course. 
II Home Economics. 

Sex M Male 
F Female 

(M) A 1m o s t a 11 the students 
are male students. 

SD Standard deviation 



aspects of spatial ability from the MCT. 

As for female groups, whose NCTUEE Z-scores were nearly 50, t he mean scores in 

the MRT were almost the same. Although some female groups with relatively high 

NCTUEE Z-scores showed higher mean scores in the MRT than other female groups, 

these groups were different not only in NCTUEE Z-scores but also in their specialty: sci­

ence/engineering and home econom ics. It remains to be tested which factor has a greater 

influence on the MRT, NCTUEE Z-scores or the specialty. 

3.1.3 Comparison with Mental Cutting Test 

A Mental Cutting Test (hereafter MCT) has been most widely used to evaluate students' 

spatial abili ty in Japan [28]. A sample quest ion from the MCT is shown in Fig. 3.2. 

Subjects are given a pictorial view of object with a cutting plane and required to choose 

the t rue cutting views from amongst alternatives. In this section, results of the MRT 

obtained at several universities will be compared with those of the MCT. 

In three universities, both of the MRT and the MCT were given to students. The 

coeffi cients of correlations between the scores in the MRT were shown in Table 3.2. Van­

denberg et al. [l] reported that the MRT showed a high correlation with other spatial 

ability tests and a low correlation with verbal ability tests. Other st udies also reported 

high correlations between the MRT and other spatial tests[5][12] . 

Suzuki et al. [28] tentatively concluded that the MCT refl ects the a bility to make 

mental images from pictorial views. Although the coeffi cients of correlation between the 

MRT and the MCT in the present investigations indicated a considerable correlation , 

they were not as high as those between the MRT and other spatial tests except that at 0 
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Figure 3.2: Sample question from Mental Cutting Test 

Table 3.2: Coefficients of correlations between MRT and MCT 

U n i v. Sample Coe f f i cients of Carrel at ion 

T. 9 9 0 . 2 9 
0 . 48 0 . 58 
M. I 7 8 0 . 3 9 



university. It suggests that the ability evalu ated by the MRT is somewhat different from 

that evaluated by the MCT. 

3.2 Error Analysis of MRT 

3.2.1 Method 

The purpose of t he error analys is was to get some insight into t he solving process of the 

MRT and to make clear the differences between high-spatial subjects and low-spatial ones. 

Here, high- or low-spatial subjects were defin ed as subjects wi t h high or low scores in the 

MRT. 

T he subjects were st udents taking descripti ve geometry courses a t three universities. 

The subjects were ad ministered t he MRT. T he t ime limit for each pa rt was 3 minutes, as 

Vandenberg recommended[29] . T he in vestigation for naive students had been held for 4 

years (from '90 to '93) . T he fin al sample consists of 1094 males and 420 females. 

Fig. 3.3 shows the dist ribution of MRT scores. The fill ed bars show the numbers of 

males, and the blank bars the numbers of females. As shown in Fig. 3.3, MRT scores 

indicated normal distribution. The scores of the males were distributed over higher ranges 

than those of the females. The difference in t he distribution between males and females 

was consistent to the investigation by Wilson et al. [19] . Sex differences will be discussed 

in a later section (Section 3.2.4) . 

For the sake of comparison, high-spatial and low-spatial groups were defin ed as follows: 

• High-spatial group: The upper 10 percent of the sample. 

• Low-spatial group: The lower 10 percent of the sample. 

T he group mean scores are shown in Ta ble 3.3. 
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Figure 3.3: Distribution of scores in MRT 

Table 3.3: Mean scores in MRT from the high-spatial and low-spatial groups 

Group Sample Group mean score (SO) 

High-spatial 206 3 7 . s (I. 6) 
Low-spatial 1 6 s 8. 8 ( 3. 0) 
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3.2.2 Completion-rate and mean point of complete-subjects 

The term "complet ion-rate" for each question was defined as the rate of subjects who 

chose two alternatives, or completed the question (hereafter complete-subjects). The 

completion-rates and mean points of complete-subjects for each group are shown in Fig. 

3.4. As shown in these figures, the completion-rates decrease as the questions go along. 

They decrease more sharply in Fig. 3.4(b) than in Fig. 3.4(a). This shows t hat the 

high-spatial subjects required a shorter time for solving the MRT t han the low-spatial 

ones. 

The mean points of completion-subjects are steady and high for almost all t he ques­

tions as shown in Fig. 3.4(a) , whi le they are low and flu ctuate sharply as shown in Fig. 

3.4(b ). This indicates that the high-spatial subjects gave correct answers as long as they 

chose, while the low-spatial subjects tried but often failed. 

Fig. 3.4 shows that there are some questions whose mean points of complete-subjects 

are lower than the others, and that such questions are different between the high-spatials 

and the low-spatials. This indicates that, although the questions in the MRT seem to 

be similar to each other, each question has a different relative-d iffi cu lty, and that the 

relative-difficulties are different for the two groups. 

3.2.3 Distribution of alternatives 

Constructions of the questions in the MRT (from [29]) are shown in Table 3.4. In this 

table, "A" to "E" denotes one of five three-dimensional objects used by Shepard et al.[lOJ. 

The subscript "p" or "n" indicates that the object is a "positive" one or "negat ive" one, 

respectively. The numerical subscripts denote the rotation angles from the home position. 

30 



Mean Points of Complete-subjects 
X Completion-rates 

Ill Part 1 Ill Part 2 +' +' 
() () 
<ll <ll 

;:; 
2 100 

;:; 
2 100 ::J 

~ 
::J o•~ Ill Ill 

I I 
<ll ~ <ll 

~ +' +' 
<ll Ill 

<ll Ill 
0. <ll 0. <ll 
E +' E +' 
0 ro 0 E u '- u 

I I 

0 50 c 
0 50 c 

0 0 

Ill +' 111 +' 
+' <ll +' <ll 
c 

0. 
c 

0. 
0 E 0 E 

0.. 0 0.. 0 
u u 

c c 
ro ro 
<ll 0 0 <ll 0 0 E: E: 

5 10 11 15 20 
Question No. Quest ion No . 

(a)High-spatial group(MRT: 36-40) 

Ill Part 1 Ill Part 2 +' +' 
() () 
<ll <ll 

;:; 
2 100 .D 2 100 ::J ::J 

Ill Ill 
I I 
<ll g <ll 

~ +' +' 
<ll Ill 

<ll Ill 
0. <ll 0. <ll 
E +' E +' 
0 E 0 ro 
u u '-· 

I I 
~ 50 c ~ 50 c 
0 0 0 0 

Ill +' Ill +' 
+' <ll +' <ll 
c 0. 

c 

"" 0 E 0 E 
0.. 0 0.. 0 

u u 
c c 
ro ro 
<ll 0 0 <ll 0 0 E: E: 

5 10 11 15 20 
Question No. Question No . 

(b)Low-spatial group(MR.T: 0-12) 

Figure 3.4: Completion-rates and mean points of complete-subjects for the high-spatial 
and low-spatial groups 



'-
" "' 

Q
.N

o 1 2 3 4 5 6 7 8 9 10
 

--
--

-
11

 
12

 
13

 
14

 
15

 
16

 
17

 
18

 
19

 
20

 
-
-
-

T
ab

le
 3

.4
: 

C
on

st
ru

ct
io

n 
of

 q
ue

st
io

ns
( f

ro
m

 [
29

])
 a

nd
 d

is
tr

ib
ut

io
n 

of
 a

lt
er

na
ti

ve
s 

H
ig

h
-s

p
at

ia
l 

G
ro

up
 

L
ow

-s
pa

ti
al

 
G

ro
up

 
C

o
n

st
ru

ct
io

n
s 

of
 

ea
ch

 
qu

es
t 

io
n 

No
. 

of
 

No
. 

of
 

su
b

je
ct

s 
w

ho
 

No
. 

o
f 

No
. 

of
 

su
b

je
ct

s 
w

ho
 

su
b

je
ct

s 
ch

os
e 

ea
ch

 
a
lt

e
rn

a
ti

v
e
 

su
b

je
ct

s 
ch

os
e 

ea
ch

 
a
lt

e
rn

a
ti

v
e
 

c 
1 

2 
3 

4 
Ch

. 
2 

Ch
. 

1 
1 

2 
3 

4 
Ch

. 
2 

Ch
. 1

 
1 

2 
3 

4 

A
p1

 
Ap

6 
A

n2
 

A
p1

1 
An

 1
3 

20
 6

 
0 

20
 5

* 
1 

20
4*

 
2 

16
3 

1 
11

9*
 

34
 

13
6*

 
38

 

A
n6

 
A

n1
3 

A
p1

 0
 

A
p6

 
An

 1
0 

20
 6

 
0 

20
4*

 
1 

2 
2 0

 5*
 

16
0 

1 
11

6*
 

4 7
 

44
 

11
4*

 

A
p1

0 
Bp

5 
A

p1
 

B
n1

2 
A

p1
3 

20
 6

 
0 

34
 

18
8*

 
1 

18
9*

 
14

 9
 

7 
53

 
11

4*
 

23
 

11
5*

 

A
n1

1 
Bn

8 
A

n1
 

A
n6

 
Bp

15
 

20
 5

 
1 

2 
20

 5
* 

20
2*

 
2 

10
 9

 
11

 
36

 
89

* 
77

* 
27

 

B
n1

4 
Bn

1 
B

p1
5 

Bn
6 

Bp
8 

20
 6

 
0 

20
0*

 
3 

20
3*

 
6 

75
 

8 
44

* 
34

 
50

* 
30

 

Bp
1 

Bp
8 

Bn
5 

Bn
 1

 
Bp

5 
20

 6
 

0 
20

6*
 

0 
0 

20
6

* 
34

 
7 

22
* 

14
 

11
 

28
* 

Bn
5 

A
n1

0 
B

n1
4 

A
p1

7 
Bn

8 
20

 6
 

0 
1 

20
 5

* 
0 

20
6

* 
19

 
4 

8 
15

 *
 

9 
10

* 
Bp

6 
A

p1
3 

B
p1

4 
Bp

1 
A

n2
 

20
 6

 
0 

1 
20

 6
* 

20
5*

 
0 

9 
1 

3 
6*

 
6*

 
4 

Cp
5 

C
n1

7 
Cp

1 
0 

Cn
6 

Cp
 1

5 
19

0 
7 

12
 

17
 9

* 
5 

19
1

* 
5 

1 
1 

5*
 

1 
4*

 

Cn
 1

7 
C

n1
0 

Cp
14

 
Cp

10
 

Cn
 1

4 
14

9 
9 

13
6*

 
11

 
13

 
14

7*
 

4 
1 

4*
 

1 
2 

2*
 

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Cp
14

 
Ep

3 
Cp

5 
En

15
 

Cp
17

 
20

 6
 

0 
1 

20
 4

* 
2 

20
5*

 
16

4 
0 

24
 

12
9*

 
46

 
12

 9
* 

Cn
15

 
Ep

6 
Cn

5 
Dn

2 
Cn

10
 

20
 6

 
0 

1 
20

 5
* 

0 
20

6*
 

15
7 

3 
40

 
13

2*
 

47
 

98
* 

Dn
 1

5 
D

p1
1 

D
n1

0 
Dp

4 
· 

Dn
 2

 
20

6 
0 

5 
20

 3
* 

1 
20

3*
 

15
 7

 
2 

63
 

93
* 

63
 

97
* 

D
p1

5 
Dp

4 
Dn

1 
D

n1
5 

Dp
1 

20
 6

 
0 

20
6*

 
0 

5 
20

1*
 

14
1 

5 
99

* 
45

 
69

 
74

* 

Dn
1 

Cn
5 

D
n1

0 
Ep

6 
Dn

 4
 

20
 6

 
0 

3 
1 9

4*
 

32
 

18
3*

 
10

 7
 

10
 

36
 

42
* 

7 8
 

68
* 

Dp
2 

Ep
15

 
D

p1
0 

D
p1

5 
Cp

6 
20

 6
 

0 
3 

20
 3

* 
20

4*
 

2 
64

 
6 

25
 

50
* 

38
* 

21
 

Ep
5 

Ep
10

 
En

6 
Ep

15
 

En
17

 
20

 6
 

0 
20

5*
 

2 
20

 2
* 

3 
44

 
3 

35
* 

22
 

16
* 

18
 

En
10

 
En

17
 

Ep
14

 
Ep

10
 

En
 1

4 
20

 6
 

0 
20

 5
* 

1 
3 

20
3*

 
21

 
2 

14
* 

5 
15

 
10

* 

Ep
14

 
Cp

3 
Ep

5 
Dn

4 
Ep

17
 

20
 2

 
0 

1 
1 9

4*
 

21
 

18
8*

 
13

 
0 

3 
H

 
6 

10
* 

En
15

 
D

n1
1 

En
5 

En
10

 
Cp

6 
19

0 
7 

1 
19

 0
 

19
3*

 
3 

7 
1 

4 
6*

 
3*

 
2 

Ch
. 

2 
S

u
b

je
ct

s 
w

ho
 

ch
os

e 
2 

a
lt

e
rn

a
ti

v
e
s 

Ch
. 

1 
S

u
b

je
ct

s 
w

ho
 

ch
os

e 
1 

a
lt

e
rn

a
ti

v
e
 

* 
C

o
rr

ec
t 

a
lt

e
rn

a
ti

v
e
 



This table also shows the number of subjects who chose each alternat ive. As shown 

in Table 3.4, the distractors are rotated mirror-images of the criterion for half of the 

quest ions, while distractors in the other 10 questions are rotated im ages of one or two of 

the other st ructures. The author refers t he former quest ions as "mirror- image questions" 

and the latter, "structural questions" as stated in the previous chapter (see Fig. 2.3). 

The mean scores of mirror-image questions and structural questions are shown in Table 

3.5. 

High-spatials 

For the high-spatial group, the mean poin ts of completion-subjects were lower in questions 

3, 15, and 19 (see Fig. 3.4(a)). 

In question 15 where the criterion is Dn, the number of subjects who chose the dis­

tractor "3" (Ep) was much larger than that of t he subjects who chose t he distractor "1" 

(Cn), as shown in Table 3.4. This indicates that subjects felt difficulty in distinguishing 

Ep from Dn. Similar partiality was observed in question 19, which contains the same pair 

of Ep and Dn. The fi gures of Dn and Ep are shown in Fig. 3.5. They are identical in 

topological st ructure, and are different only in the numbers of cubes in the cent ral joints. 

Assuming that the subjects concent rated their efforts to mentally rotate the objects 

and paid little attention to the numbers of cubes in the central join ts, this may explain 

why the subjects made a lot of mistakes in questions 15 and 19. 

In question 3 whose criterion is Ap, the number of subjects who chose t he distractor 

"1" (Bp) was much greater than the number of subjects who chose t he distractor "3" (Bn ). 

T his suggests that the subjects felt difficulty in distinguishing Ap from Bp in question 
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Table 3.5: Mean scores from mirror-image questions and structural questions 

Group 

High-spatial 
Low-spatial 

M i rr. 
S t r. 

Sample Mi rr. S t r. t-value 

206 I 8. 7 18. 8 0. 4 6 6 
I 6 5 4. I 4. 7 2. 482* 

Mean score of mirror-image questions 
Mean score of structural questions 
P<O. 05 

D n. Ep 

Figure 3.5: Dn and Ep 

Ap Bp 

Figure 3.6: Ap and Bp 
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3. 

Ap Ap Bp 

Figure 3. 7: Invisible question( Question 3) 

Left : Criteria, Middle : Rotated Criteria, Right : Alternatives 

4 @® ® 
An An Bn 

Bn Bn 

.8. @@@ 
Bp. A p 

Bp 

Figure 3.8: Visible questions(Questions 4, 7 and 8) 

Left : Criteria, Middle : Rotated Criteria, Right : Alternatives 
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3. T he number of subjects who chose each distractor was, however, not so different in 

question 8 which contains the same pair of Ap and Bp, and in questions 4 and 7 which 

contain a similar pair of An a nd Bn (m irror-images of Ap and Bp, respectively) , suggest ing 

that t he subjects did not feel difficulty in these questions. Ap and Bp are shown in Fig. 

3.6. They are similar in st ruct ure, and are different only in the direction of t he lower arm. 

When the criterion object is rotated until it locates in the same direction with the 

alternative, the lower arm which plays a key role in the dist inct ion between the criterion 

and alternative is "invisible" in question 3 (see Fig. 3.7), whi le it is "visible" in questions 

4,7 and 8 (see Fig. 3.8). Assuming that the subjects solve the questions by mental 

rotation, the "invisibility" may explain why the subjects make a lot of mistakes only in 

question 3. 

As is shown in Table 3.5, there was no significant difference between the mean score 

of mirror-image questions and t hat of the structural questions for the high-spat ial group. 

This suggests that the high-spat ial subjects are not affected by the kind of questions. 

Low-spatials 

The mean points of completion-subjects in Fig. 3.4(b) show low accuracy of low-spatial 

subjects. The part iality of alternatives, which is similar to the high-spat ial group, was 

observed in question 3, 15 as shown in Table 3.4. Although such tendency is not pro­

nounced in question 19, it is due to t he small number of subjects wh o completed t he 

question in the low-spatial group . This suggests that the low-spatial subjects also solved 

the problems by mental rotation. 

But as is shown in Fig. 3.4(b), in the low-spatial group, t he ques tions whose mean 



scores were lower than the others were somewhat different from those in t he high-spat ial 

group. As is clearly seen in Table 3.5, the mean score of mirror-im age questions was 

signifi cantly lower than that of the structural questions for t his group. It should be 

noted here t hat the structu ral questions can be solved only by detecting t he differences 

in structure (i.e., wit hout mental rotation) since the dist racto rs differ from the cri terion 

in structure. For example, in question 3, "the upper arm is parallel to the lower arm" 

in criterion and "the upper arm is perpendicular to the lower arm" in alternatives 1 and 

3. So, subjects can easily find the di stractors by detecting the rela tion between arms 

in structural questions. It is, however, diffi cult to solve mirror-image ques tions by this 

strategy, since t he dist ractors have same relat ion between arms (parallel or not ) as the 

criterion. Assu ming t hat t he subjects in t he low-spatial group solve t he questions not 

only by mental rotation bu t also by detecting t he differences in st ructure, t he lower mean 

scores of the mirror-image quest ions can be explai ned. 

3.2.4 Comparison between males and females in the same score 
range 

In the previous section, the comparison between subjects was made from a poin t of view 

of high- and low-spatials. As is shown in Fig. 3.3, a large proportion of t he high-spatial 

group is shared with males and a large proport ion of t he low-spatial group is shared with 

fe males. The sex difference in the MRT score is the result which is common to many 

previous studies[1][3][9] . 

Which has larger effect on solvin g process, the differences between high- and low­

spatials or gender? The error analysis was made between males and females of same 

range in the MRT score. Subjects whose scores are within 19 to 25 we re chosen. In Fig. 
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3.9, the completion-rates and mean points of complete-subjects for each sex group are 

shown. 

As shown in Fig. 3.9, the mean points of complete-subjects show almost the same 

shape for both sex groups , although the completion-rates for the female group decrease 

a li ttle more sharply than those for t he male group. This suggests t hat there isn't a 

large difference in the solving process between males and females in same range of MRT 

scores. In other words, as for college-aged subjects in the present research, t he source of 

differences in the solving process is the score rather than gender. 

3. 2. 5 Suggest ions for solv ing process 

From the considerat ions in Section 3.2.2, the difference in solving speed is one of the 

factors which have a mai n effect on MRT scores. The most probable expla nation for 

the errors made by the high-spatials is that they solve the questions by mental rotation. 

Assuming that the subjects in the low-spatial group solve the questions not only by mental 

rotat ion but also by detecting the differences in st ruct ure, the lower mean scores of the 

mirror-image questions can be explained. 

3.3 Problem Solving Process of MRT 

In this section, problem solving process of the MRT will be discussed by monitoring of 

eye fixation during solving each question and strategy reports. 
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3.3.1 Experimental method (Experiment I) 

Subjects 

10 subjects participated in Experiment I. 5 got full scores (40 points) in the preceding 

MRT. These subjects shall be called "experts". The other 5 students got low scores (less 

than 13 points). These subjects shall be called "novices". These experts and novices were 

chosen for the sake of comparison. T he experts were all male and the novices were all 

female. 

Questions 

12 questions from a total of twenty on the MRT were chosen (Q.3, 4, 5, 7, 13, 14, 15, 16, 

17, 18, 19, and 20). The questions were displayed on a vertical board, one question at a 

time. Each question was drawn on an A1 (42cm x 59cm) size sheet of paper. Fig. 3.11 

shows an example of a presented question. 

Instrumental system 

A cornea reflectance eye tracking system was used to monitor the eye fixations while the 

subjects solved the problems. The optical path in the system is shown in Fig. 3.10. This 

system beams an near-infrared light onto the cornea and captures the reflection of the light 

with a CCD video camera. The reflection of the light , which is called as an "eye spot", 

is superimposed on the stimulus field viewed by another CCD camera. The eye fixations 

are monitored on-line and recorded on a videotape. When the eye moves, the eye spot 

is reflected at a slightly different angle and hence comes to bear at a somewhat different 

place on the stimulus field. Under proper calibration, the eye spot coin cides essentially 
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with t he point to which t he eyes are oriented. Head movements were minimized by using 

a chin stand and a forehead bar. 

The instrumental system is shown in Fig. 3.12. The system also inputs the video 

signal to a digitizer, which determines t he position of t he eye spot relative to the vertical 

and horizontal synchronization pulses of the video signal. The position of the eye spot in 

the video frame is output as a pair of rectangular coordinates, which is then recorded in 

the blanking field of the videotape, namely, once every 33 msecs. 

At the beginning of each trial , t he subject was required to fixate 4 reference points 

which corresponded to the center of a criterion fi gure, the center of alternat ive 1, the 

middle between alternative 2 and 3, and the center of alternative 4. Simulta neously, sig­

nals (four kinds of sine wave with different frequency) corresponding to the each reference 

point were recorded in the left sound channel of the videotape. 

In order to obtain better dissolute accuracy by maximal use of the visual field , the 

arrangement of the question was changed from the original MRT. The accuracy of the 

system analyzed by Makino et al. [30] was within 2° and enough to determine which figure 

(a criter ion or each alternative) the subject fi xated on. 

When the question was presented , the system began to record t he signal (1kHz sine 

wave) in the left sound channel. The signal continued to be recorded until the subject 

pushed the stop-button to choose alternatives. Then , the subject chose two alternatives 

by operat ing two toggle switches correspondin g to each alternative. The toggle switches 

caused luminous diodes to light , so the answers were recorded in a visual field. 

After the experiment , the coordinates data and signals from the videotape were trans­

mitted to a personal computer using a data output unit , and then processed. The eye 
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Figure 3.10: Cornea reflectance eye tracking system 

c 

2 3 4 

Figure 3.11: Example of MRT presentation 
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FG Function Generator 

Eye Camera Unit 
(Nac EMR-500) 

PC Personal Computer(NEC-98) 

Figure 3.12: Instrumental system (Experiment I) 



spot was calibrated with respect to the reference points. 

Procedure 

The subject was instructed to respond as quickly as possible taking care to keep errors to 

a minimum. The experimenter explained how to answer: after pushing the stop button, 

operating toggle switches which correspond to each alternative. After solving a question 

for pract ice, the eye camera unit was fitt ed to the subject, his/ her head was immobilized, 

and the eye spot was calibrated. Before every question , the subject was required to fixate 

on four reference points in order. 

After solving all 12 questions, the subject was taken off the eye camera unit and 

required to solve 3 questions (Q.3, 14 , 15) speaking aloud. In spite of t he inst ruction , 

most of the subjects finished solving without speaking, In such cases, the experimenter 

asked the subject to report his/her strategy and obtained a retrospective report. All of 

the verbalizations were recorded on videotape. The transcription of t his videotape - the 

protocols- was analyzed in addition to the eye fixation data. These protocol data were 

used to infer subjects' strategies together with the eye fixation records. 

3.3.2 Strategy reports from protocols 

On the basis of protocols from 29 questions (3 questions x 10 subjects, 1 protocol was 

lost by mistake), the reports were classified into 3 strategies. 

The reports were classified as indicating "mental rotation" if t he subject clearly de­

scribed a rotation of figures. For example, a typical description for mental rota tion was: 

"How the cri terion will be seen, if I see (the criterion) located in th e same angle as each 
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alternat ive" , or "I pu t t wo fi gures (a cri terion and an alternative) together from t heir 

lower parts and then (I knew) th ey were different" . If the subject without clear desc ri p­

tion of rotations reported no concret e st rategy, t he aut hor inferred t hat t he subject had 

unconsciously solved it by mental rotation. 

A desc ription was class ifi ed as indicatin g detecting struct ural features if th e subject 

reported that he or she had ini t ially detected structural feat ures of the cri terion fi gure 

and had checked whether each alternative had the same features or not . For example, a 

ty pical descri ption for detecting structural features was "In the criterion, t he upper (arm ) 

and the lower (arm ) we re opposite(= parallel), in (alternat ive) 1 and 3, they (the upper 

and the lower arm ) were perpend icular. So I chose (altern at ive) 2 a nd 3." T he main 

feat ure they used was t he relat ion between t he upper arm and the lower ann in fi gures; 

for example, whether they were para llel to each other or not. T his st ra tegy was sometimes 

used with mental rota tion. 

A descript ion was classifi ed as indicat ing matching encoded desc ri pt ions if the subject 

clearly described taking an im agin ary walk t hrough some interior corridors. For example, 

a typical description for matching encoded descriptions was "I saw the criterion from the 

right side (at first ) . Then I im agined that I went like this(= followed the upper a rm ), 

went to the opposite, went down , then turned to the left . In (altern ative) 1, I saw it 

fro m the left side. I went like this (= followed the upper arm), went to the opposite three 

blocks, went down, and t urned to t he left." She encoded t he structure of each fi gure as 

if she had walked through a passage. After matching the encoded descriptions with each 

other, the alternat ives wi t h the same descrip t ion as the criterion were chosen. 

The st rategies for each question of each subject are shown in Table 3.6. T he numbers 
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of protocols classified as each strategy are as follows: 

• Mental rotation. 20/29 (69.0%) 

- wit h clear description. 13 (44.9%) 

- with no concrete strategy. 7 (24.1%) 

• Detecting structural features (including cases used with mental rotation). 4/29 

(13.8%) 

• Match ing encoded descriptions. 3/29 (10.3%) 

• Impossible to classify. 2/29 (6.9%) 

3.3.3 Typical styles and strategies 

Figs. 3.13-3.21 give sample eye-movement tracks for several subjects on several MRT 

questions. Time flow is from the top of each fi gure down. Each duration is indicated 

by the lengt hs of t he line. T he places on t he display board (a criter ion figure and 4 

alternatives) have been laid out horizontally. Correct alternatives are circled. The two 

numbers written in the rectangle indicate the alternatives chosen by the subject . The eye 

fixation diagrams could be classified into the following 3 patterns and 4 sub-patterns. 

"R" -pattern 

A typical eye fixation diagram of this pattern is shown in Fig. 3.13. The subject repeatedly 

looked back and forth between the criterion fi gure and the fir st altern ative. Similar 

sequences of fixations between t he cri terion and the second , the third and the fourth 
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followed in order. After these systematic sequences, the subject chose answers wi t hout 

repeating. This pattern is classified as "R"-pattern. 

Sequences of fixations between th e criterion and an altern ative were similar to those 

of Shepard-Metzler tasks analyzed by Just and Carpenter[ll]. Th eir subjects looked 

back and forth between the t wo fi gures as in "R"- pattern. T hey called such a sequence 

a "switch", and t hey reported that the mean number of such switches between fi gures 

increased with angular dispari ty as shown in Fig. 3.14. They identified t he repeated 

fi xation of corresponding segments with the tra nsformation and comparison process. Most 

of the switches occurred during t he tra nsform ation and comparison process, during which 

the number of switches increased monoton ically wi th the angular disparity. The switching 

data from t his st age reflects mental rotat ion. 

From the similar sequence between the eye movements of the present investigation and 

those by Just and Carpenter[ll], the diagram of "R"-pattern was interpreted to indicate 

the subject 's solving process by mental rotation. Systematic sequences without repetition 

suggest confident judgment. 

The "R"-pattern was classified into varia nt sub-patterns. 

"RR" A typical eye fixation diag ra m of t his pattern is shown in Fig. 3.15. The fixations 

similar to "R"-pattern were repeated redund ant ly. As is shown in Fig. 3.15, it took the 

subjects longer time t han "R"-pattern . Redundant sequences indicate that the subject 

tried the next alternative before makin g a complete judgment. 

"Rc" A typical eye fixation diagram of this pattern is shown in Fig. 3.16. Short-time 

fixations between the criterion and altern atives which the subject would choose were 
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Figure 3.13: Eye fixation diagram: "R"-pattern(S1, Q18) 
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Figure 3.16: Eye fixation diagram: "Rc"-pattern(S4, Q18) 
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added to the "R"-pattern . These additional fixations suggest that subjects confirmed 

their choices before responding. 

"Rs" A typical eye fixation diagram of this pattern is shown in Fig. 3.17. After sys­

tematic fixations between the criterion and one or two alternative, subsequent fixations 

were shown between the specific alternative and the remaining alternatives. The criterion 

was no longer looked at, sugge ting that the subject determined the first answer with 

confidence and shifted the criterion to the chosen alternative. 

"Rp" A typical eye fixation diagram of this pattern is shown in Fig. 3.18 . Fixation 

between the criterion and plural alternatives was characteristic of this sub-pattern. It 

suggests that the subject compared the criterion and plural alternatives at one time. 

In 19 of20 protocols which were classified as mental rotation , correspondi ng eye fixation 

diagram showed either "R" or its variant subpatterns ("RR", "Rc", "Rs", or "Rp"). The 

subject's solving process by mental rotation is supported by the agreement between t he 

strategies classified from protocols and those inferred from eye fixation diagram. 

"F" -pattern 

A typical eye fixation diagram of this pattern is shown in Fig. 3.19. The subject initially 

fixated on the criterion for a relatively long time. After short fixation on each alternative, 

the subject responded with no fixation at the criterion. This pattern is classified as 

"F" -pattern. 

A diagram shown in Fig. 3.20 can be regarded as mixture of plural patterns. The 
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Figure 3.17: Eye fixation diagram: "R.s"-pattern(S2, Q4) 
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Figure 3.18: Eye fixation diagram: "Rp"-pattern(S5, Q4) 
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sequence from 0 sec. to 7.2 sec. is similar to "F"-pattern and the sequence from 9.3 sec. 

to 15.4 sec. resembles "R"-pattern. The subject chose alternatives "2" a nd '3", although 

the correct answers were "2" and "4". The diagram is represented as "-F / R". Th e mark 

"-" indicates t hat t he subject gave incorrect answers and t he mark "/" indicates the 

mixture of "F" and "R". 

In 3 of 4 protocols which were classified as detecting structural features, corresponding 

eye fixation diagram showed eit her "F" or the mixture of "F" and "R" or its subpatterns. 

The most likely explanat ion of th e long t ime fixation of "F"-pattern is that the subject 

detected structural features of the criterion figure . The following short fixat ion on each 

alternat ive gives a good accou nt of the subject's checking whether each alternative has 

the same features or not. From the above consideration , t he diagram of "F"-pattern indi­

cated the subject's solving process to have been not by mental rotation but by detecting 

structural features. 

The mixture of the two patterns means that the subject changed st rategies halfway. 

The reason for the change will be disc ussed in the later section (Section 3.4.4). 

"E" -pattern 

A typical eye fixation diagram of t hi s pattern is shown in Fig. 3.21. Long solution time 

and long fixation time were characteristic of this "E"-pattern. 

In 2 of 3 protocols which were classified as matching encoded descriptions, correspond­

ing eye fixation diagram showed eith er "E" or the mixture of "E" and "R" . 

The most likely explanation of the long time fixation of diagram is that the subject 

encoded the st ruct ure of each fi gure. It req uires long solution time to make each figure 
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Figure 3.19: Eye fixation diagram: "F"-pattern(S7, Q3) 
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Figure 3.20: Eye fixation diagram: "-F /R"-pattern(S8, Q3) 

54 



10 

11 

12 

13 

14 

15 

16 

17 

18 

19 ... '. 

20 

21 

22 

23 

24 

25 

(sec.) 

25 

26 

2:7 

28 

.. . •. . . . 29 

. . . . . . . . . . . . . . 30 

31 

32 

33 

34 

35 

36 

37 

38 

39 ..... . .•. 

40 

41 

42 ... . .... . 

43 . .. . , .. 

44 ... ; ...... . ·.· .. ·,· . . 

45 ..... .. ..... ..... ... . 

46 

47 

48 

49 

. ' ' . . , ... , .. . , ... .. 
. ; . . . ;. .. .; ... . ;. .. 

50 .. ... . ..... , .. . ' 

51 .. ;~ 

52 

( sec.) 

Figure 3.21: Eye fixation diagram: "E"-pattcrn(S9 , Q7) 
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encoded. From the above consideration, the diagram of "E"-pattern was interpreted as 

showing that the subject's solving process proceeded not only by mental rotation but by 

matching encoded descriptions. 

3.3.4 D ifferences o f solv ing process b etween subjects 

From the above discussion, the patterns of diagrams and corresponding st rategies are 

summarized as follows. "R" -pattern and its variant sub-patterns (RR, Rc, Rs and Rp) 

correspond to "mental rotation", "F"-pattern to "detecting structural features", and "E" -

pattern to "matching encoded descriptions" . The patterns of diagrams used by each 

subject are shown in Table 3.7. 81- 85 are experts and 86-810 are novices. A mark "-" 

indicates that the subject gave incorrect a nswers. An apostrophe indicates that there 

is an alternative on which t he subject never fi xated. A mark "/" indicates mixture of 

pattern s. 

Most patterns used by the experts are "R" -pattern and its variants "Rc", "Rs", and 

"Rp", which show simple and systematic sequences of fixations. The patterns used by t he 

experts didn't widely differ among t hemselves across questions. 8u b-pattern "Rs" was 

used almost only by 82, suggesting that 82 determined the first answer with confidence. 

Sub-pattern "Rp" was used only by 85, which suggests that 85 compared the criterion and 

plural alternatives at one time. From the e resul ts, it is considered that experts solved 

the MRT by simple and systematic mental rotation. 

The patterns used by novices differed across the subjects and often among themselves 

across questions. 86 used variants of "R" and produced many incorrect answers. 810 

solved most questions by "RR" , showing redundant mental rotation. They solved the 
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MRT by mental rotation like the experts did. But mental rotation by novices was redun­

dant and often produced wrong answers. Seq uential red undancy requires longer t ime to 

solve than simple mental rotat ion. 

57 and 58 mainly used "F" and "RR". S8 often changed sequences of fixation halfway. 

When her fi xat ion showed the "F"-pattern sequence, she was paying her attention to the 

relation between the arms of the fi gure. Struct ural questions could be solved easily by 

"F", but mirror-image quest ions, in which all fi gures had the same relat ion between arm s, 

could not be solved by "F". So a change of st rategy was required to get the correct answer, 

otherwise a wrong answer would have been produced. 

59 mainly used "E", a nd someti mes changed the pattern of fixation halfway. "E" 

required such a long time that the subjects could not solve many quest ions in limi ted 

time. Besides, confusion over right and left produced wrong answers in mirror-image 

questions. 

"F"-pattern and "E"-pattern used by novices are consistent with t he fact that the 

mean score of the mirror-image questions was lower than that of the st ructural questions 

in low score group. 

Mental rotation was t he main strategy used by experts and novices. Experts used sim­

ple and systematic mental rotation , while novices showed redundant sequences of fixation 

and sometimes produced errors. The st rategies of novices differed across th e subjects and 

often within themselves across questions. Strategies other than mental rotation, "detect­

ing features" and "matching encoded descriptions", were indicated from eye movement 

and verbal protocols. 



3.4 Problem Solving Process of Shepard-Metzler task 

From the results of Experiment I, the so lvin g process of the MRT was classified into the 

following strategies: mental rot ation, detecting st ructural features, and matching encoded 

descriptions. Mental rotation was the main strategy for both experts and novices. T he 

differences of strategies between subjects were pronounced among novices. 

An MRT question consisted of four Shepard-Metzler tasks. In ord er to explore the 

source of the differences in strategies of the MRT, the performance in Shepard-Metzler 

tasks is compared between experts a nd novices in this section. In the following experiment , 

the solving process of Shepard-Metzler tasks will be analyzed. 

3.4.1 Experimental method (Experiment II) 

Subjects 

12 subjects not in Experiment I participated in Experiment II( a) and (b). 4 subjects 

scored 37 or 38 points (near to the full score, 40) in the preceding MRT. T hese subjects 

shall be called "experts". The oth er 8 subjects had low scores (less than 12 points ). These 

subjects shall be cal led "novices". These experts and novices were chosen for t he sake of 

comparison. 

Tasks 

The main difference between the Shepard-Metzler task and the MRT is the number of 

al ternatives . The former requires judging whether two figures are the same or not , while 

the latter requires choosing from alte rnatives. 

4 Shepard-Metzler figures were chosen from those Vandenberg and Kuse used [29]. By 
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using the 4 kinds of objects (Ap, An, Bp, and Bn), the "Same" trials and "Different" trials 

were made. In the "Same" trials, the amount of angular disparity between the two figures 

varied from 0 to 160 degrees in 40-degree increments. The "Different" trials contained two 

kinds of pairs as follows: mirror-image pairs (Ap-A n, Bp-Bn) and struct urally different 

pairs (Ap-Bp, An-Bn). Fig. 3.22 shows examples of presented tasks. Fig. 3.22(a) is an 

example of "Same" tasks. Figs. 3.22(b) and (c) are examples of "Different" tasks, which 

is made of mirror-image pair , a nd struct urally different pair, respectively. 

Experiment II(a) 

Instrume ntal system The instrumental system is shown in Fig. 3.22. A cornea re­

flectance eye tracking system, which was almost identical to that used in Experiment I, 

was used to monitor the eye fixations whi le t he subjects solved the problems. Under 

proper calibration, the eye spot coincided essent ially with the point to which the eyes 

were oriented. The head movements were minimized with a chin stand . 

Each task was displayed on a 29-inch display controlled by a perso nal computer. The 

each figure in the task was presented within a radius of about 10 em. The viewing distance 

was approximately 90 em, so that each fi gure subtended within 10° of visual a ngle. The 

system could determine which part of each fi gure (the upper arm, the central joint or the 

lower arm) the subject fixated on. 

Signals which marked the following three kinds of frames were record ed in the left 

sound channel of the videotape. 

• 2 frames corresponding t o the time that the subject fixat ed two reference points: the 

center of the left figure and the center of the right figure. The subject was required 

60 



(a)Same pair 

(b)Mirror-image (Different) pair 

(c)Structurally different pair 

Figure 3.22: Sample of Shepard-Metzler tasks presented on 29-inch display 

Mouse(Subject) 29 inch Display 

EC 
cc 
DOU 

Eye Camera 
Camera Controler 
Data Output Unit 

VTR Video Tape Recorder 

Eye Camera Unit 
(Nac EMR-600) 

PC Personal Computer(NEC-98) 

Figure 3.23: Instrumental system(Expcriment II( a)) 
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to fixate t he two reference points before each task. 

• 1 fram e corresponding to the t ime that each task was presented on the display. 

The solving time and the answer for each task were recorded m fil es by t he personal 

computer. 

After the experiment , the coordinates data and signal on the videotape were trans­

mitted to a personal computer using a data output unit. Based on the signals a nd the 

time data reco rded in th e fil es, eye fi xat ion diagrams were made. 

Procedure 20 (and 8 for practice) tasks were made for Experiment II (a). 20 tasks 

consisted of 10 same trials, 7 different t rials of mirror-image pair (Ap-An or Bp-Bn ), and 

3 different trials of structurally different pair (Ap-Bp, or An-Bn). 

The subject was inst ructed to respond as quick ly as poss ible taking care to keep errors 

to a minimum. T he subject responded "Same" or "Different" by clicking one of the two 

mouse buttons. 

Before each task , the subject was required to fi xate on the two reference points in 

order. After the sequence, the subject was required to fixate on a cross presented at a 

point corresponding t he center of the left figure. As soon as a task was presented , the 

subject began to solve. 

After solving 5 tasks for practice, the eye camera unit was fi tted to th e subjec t , his 

head was immobilized , and the eye spot was calibrated. The subject solved 3 more tasks 

for a test run of the instrum ents. After t hat, 2 sets of tasks were given to the subject. 

Each set of tasks was composed of 10 tasks. T he order of presentation for t he tasks is 

shown in Table 3.8. 
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Table 3.8: Order of presentation(Experiment II( a)) 

Tasks for practice 
(Before the eye camera) 

No . __ ~ _e_ f_ ~ _______ , ___ ~ ~ ? ~ _ t _________ -- -· ·-
1 An6 Apl2 
2 Ap4 : Apl6 
3 Bpl2 BplO 
4 Bn6 Bp4 
5 Ap10 : Ap2 

Tasks for practice 
(With the eye camera) 

No. Left : Right 
------ --------- -- ---,-----------------

1 Bn10 Bn14 
2 Bp6 Bp12 
3 Ap6 : Ap16 

Trial-l(Block 1) 

No. Left R i gh t 

I BniO Bn6 
2 Bpl6 Bp4 
3 Ap2 Bp4 
4 AniO Bnl6 
5 Bp4 : Bnl2 
6 Ap2 : Anl2 
7 A p 6 : ApiS 
8 Bn8 Bn4 
9 Bpl6 : BniO 

I 0 Bpl2 : Bn4 

Trial-2(Block 2) 

No. Left Right 

I An I 2 An2 
2 Ap2 Ap2 
3 Bnl6 BpS 
4 An6 : Apl6 
5 An12 An2 
6 An6 : An4 : 
7 BniO Bn4 
8 An4 An2 
9 Bn8 Bp 1 2 

1 0 ApiO Bp6 



After solving all 20 tasks, the subject was taken off the eye camera unit and required 

to solve 4 tasks speaking aloud . In spite of the instruction , most of the subjects fini shed 

solving without speaking. In such cases, the ex perimenter asked the subject to report his 

strategy and obtained a retrospective report. All of the verbalizations were recorded on a 

videotape. The transcription of this videotape -the protocols- was analyzed in add ition 

to the eye fixation data. These protocol data were used to infer snbjects' strategies 

together with the eye fixations records. 

Then, the subject participated in Experiment II(b) as follows. 

Experiment II(b) 

Instrumental system The eye camera and its controller were removed from the system 

of Experiment II( a) . As same as Experiment II( a) , each task was displayed on a 29-inch 

display controlled by a personal compu ter. The solving time and the answer for each task 

were recorded in fil es by the personal computer. 

Procedure After Experiment II( a) , the subject without the eye camera participated in 

Experiment II(b). The subject was instructed to solve the tasks "by mental rotat ion" and 

to respond with a monse button. Namely, the subject was compelled to solve by mental 

rotation, whereas no strategy was compelled in Experiment II(a) . In Experiment II (b), 

"Different" trials consisted of only mirror-image pairs to implicitly eliminate the strategy 

by detecting the relationship between arms. 

The 160 Shepard-Metzler tasks were presented in a random order and both the re­

sponse times and the response of the subject were recorded. The response times for all 
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correct answers to "Same" -tasks (about half of 160 Shepard-Metzler tasks) were ana­

lyzed. The response time function was used as an index of the performance in mental 

rotation. 

3.4.2 Typical styles and strategies 

Eye fixation diagrams were made from the data of Experiment II(a) and used to infer 

strategies together with the protocols. Figs. 3.24-3.28 give sample eye-movement tracks 

for several subjects on several tasks, an eye fixation diagram and correspond ing Shepard­

Metzler figures . In t he eye fixation diagram , the time flow is from the top of each figure 

down. The answer ("Same" or "Different") was indicated with the time required to solve 

the task. Each duration is indicated by the lengths of the line. The places on the display 

(a left figure and a right figure) have been laid out horizontally. The numbers in the 

diagram correspond to those of fixation points in the figures. When the eye spot was 

located within 1° in a sequence of successive video frames for at least 66.6 msecs , the 

frames were aggregated in to a single fixation point. Circles in the figures show the eye 

fixation points. Each duration is indicated by the radius of the ci rcle. The numbers in 

the figures indicates the sequence of the fixation points . 

The eye fixation diagrams may be classified into the following patterns. 

"r"-pattern and " rn" -pattern 

A typical eye fixation diagram of "r"-pattern is shown in Fig. 3.24. The subject repeatedly 

looked back and forth between the corresponding segment of each figure. The locus of t he 

fixations moved from t he upper arms to the lower arms. Such sequences resemble those 
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of the study by Just and Carpenter[ll ]. In their experim ent, the mental rotation process 

was defined as a repeated fixation between cor responding segments. 

After t hese systematic fixations, the subject responded without repeating. The one­

way (from t he upper arms to the lower arms) scan path without repeat indicates a confi­

dent judgment. 

From the above consideration, the "r"-pattern is considered to reflect t he solving 

process by mental rotation. 

In Fig. 3.25, the subject also looked back and forth between the corresponding seg­

ments of each figure. The locus of the fixations moved from the upper arms to t he lower 

arms (0 - 4.8 sec.). Then a similar sequence of fixations is repeated once again ( 4.8 -

8.3sec). The sequence similar to the "r"-pattern is repeated twice. The diagram with 

multiple cycles of "r"-pattern is classified as an "rn"-pattern. The number of repeated 

sequences simil ar to the "r" -pattern is indicated by "n" of "rn". For example, the diagram 

shown in Fig. 3.25 is classified as an "r2" -pattern . 

An incomplete "r"-seq uence, such as fi xat ions between only upper or lower correspond­

ing segments, is counted as an 0.5 cycle. For example, in Fig. 3.26, the fi xat ions between 

the lower arms were added to the "r"-pattern. So, the diagram shown in Fig. 3.26 is 

classified as an "rl.5"-pattern. 

These "r" and "rn"-patterns in the Shepard-Metzler task can be considered to cor­

respond to "R" and "RR"-patterns in t he MRT, respectively, namely, the st rategies by 

mental rotation. Red undant sequences in an "rn"-pattern indicate t hat these subjects 

couldn 't make a complete judgment by a one-way scan path. 
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Figure 3.24: Eye fixation diagram: "r"-pattern (S l 3, Trial 2-1) 
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Figure 3.25: Eye fixation diagram: "r2" -pattern(S l 8, Trial l -2) 
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FIG. 
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Figure 3.26: Eye fixation diagram: "rl.5"-pattern(S l2, Trial 2-l) 
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"f/ rn" -pattern 

An example of eye fixation diagram of this pattern is shown in Fig. 3.27. The subject 

looked back and forth between the corresponding segments of each fi gure (0 - 3.1 sec.). 

Then the consecutive fixations on one fi gure began at 3.lsec .. It cont inued till 5.6 sec .. 

Such partial fixations were not observed in the above-mentioned "r" and "rn" -patterns. 

During the relatively long duration on one fi gure, the locus of the fixat ions moved all over 

the entire figure. Such a sequence is classified as an "["-pattern. After that , the pattern 

similar to "r" was repeated again. The diagra m hown in Fig. 3.27 indicated "r", "f", 

and "r"-patterns in order, then the diagram can be labeled as an "f/r2"-pattern. 

The long duration, which characterize the "f"-seq uence, is considered to indicate that 

the subject scanned one figure detecting for structural features. In protocol data, the 

subjects whose eye fixation diagrams contained "f" -sequence reported that he or she had 

detected st ructural feat ures of one fi gure. For example , a typical description of such 

subjects was "If the upper arm and the lower arm are parallel or not. When I can't judge 

only by rotation, (I see) how the arms are jointed (the central part). I don 't know which 

I think first , the rotation or the angle of the arms" and "If I rotate the right figure, then, 

the lower arm faces this side. So I thought it (the right figure) was different (from the left 

figure)". The former description means the subject used the relation between the upper 

arm and the lower arm in figures to solve the task. The latter means that the subject 

put the central joints of each figure together and detected the difference of the direction 

of the lower arm of each figure . This strategy was sometimes used with mental rotation. 

Two kinds of interpretation are possible for the following fixations between the corre-
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Figme 3.27: Eye fixation diagram: "f/r2" -pattern(S20, 'Ihal 2-7) 
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spending segments of each figure. First , t he subject checked whether each fi gure had the 

detected features or not and answered. Second , the subject couldn 't make a judgement 

by using t he detected feat ure and solved t he task by using mental rotat ion together. 

From t he above considerat ion, t he "f/ rn"- pattern in t he Shepard-Metzler task is con­

sidered to correspond to "F"- or "F/RR"-patterns in the MRT, namely, the st rategy by 

detecting st ructural featu res. 

"e"-pattern 

A typical eye fixat ion diagram of t hi s pattern is shown in Fig. 3.28. T he long fi xation 

times at each fi gure were characterist ic of this diagra m. For t he long dura tion t he locus 

of t he fixations traced t he entire figu re. T hen a similar scan was executed on t he other 

figure. 

It is considered in such sequences that the subject encoded the st ructure of each fi gure. 

In protocol dat a, the subjec t whose eye fixation diagrams contained "e" -pattern reported 

that he had encoded the structure of each fi gure. For example, a typical description for 

such a subject was "Two, four, four , two (as he t raced the right figure from t he lowest 

part ). Two, four, four , two. (as he traced the left figure from t he lowest part ). Up, left , 

down (he t raced the right figure again). Up, left, down (he t raced t he left fi gure again ). 

Same." He encoded t he structure of each fi gure as if he had walked through a passage. 

Afte r encoding both of two figures, he answered "Same" for the reason that both figures 

had the same description of structure. 

From the above consideration, the "e" -pat tern in the Shepard-Metzler task corre­

sponds to "E"-pattern in t he MRT, namely, the stra tegy by matching encoded descrip-
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Figure 3.28: Eye fixation diagram: "e" -pattern (819, Trial1-6) 
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tions. 

3.4.3 Differences of solving process between subjects 

In Table 3.9 and Table 3.10, the patterns of diagrams used by each subject are shown 

together with their scores in the preceding MRT. 811-814 are experts and 815-822 are 

novices. A mark "-" indicates that the subject gave incorrect answers . In this section , 

differences of the preference of strategies between subjects will be discussed. 

Experts 

As shown in Table 3.9, the patterns used by the experts didn't widely differ from task 

to task. Most patterns used by the experts are "r" and "rl.5" -patterns. So the experts 

were able to make a judgment by one cycle of fixations ( "r") or they needed at most a 

short confirmat ion ("r0.5") added to one cycle of fixations ("r"+"r0.5" = "rl.5"). T he 

preference of "r" and "rl.5"- patterns by t he experts is consistent with the fact t hat the 

experts mainly solved t he MRT by "R" and "Rc" as shown in Exper iment I. 

From the above consideration, t he diagram of "r" and "rl.5"-pat terns is interpreted 

to indicate the experts ' solving process by systematic mental rotation. 

Novices 

As shown in Table 3.10, the diagram patterns used by novices differed across the subjects. 

The novices are grouped as follows: 

1. The subjects who mainly used "r" and "rn". (815, 816) 

2. The subjects who used "rn" and "f/ rn". (817, 818, 820, 821, 822) 
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3. T he subject wh o mainly used "e". (819) 

Group 1 (815 , 816) As shown in Table 3.10, 815 solved most of tasks by "r" and "rn"­

pat terns. 816 mai nly used "rn"-pattern. As fo r 816, the degrees of red un dancy indicated 

by "n" of "rn" are large especially in mirror- image tasks. T he redundant sequences shown 

in "rn" are consistent with t he fact t hat some novices solved t he MRT by "RR". 

Group 2 (817, 818 , 820 , 821 , 822) As shown in Table 3.10, 817, 818, and 822 

often solved t he tasks by "f/ rn". 820 and 821 solved the tasks by using different patte rns 

("f/rn", "rn ", and "e") for each task. T he preference of "f/ rn " by 817, 818, and 822 is 

consistent with t he fact that some nov ices solved t he MRT by "F" and "F / RR". 

Group 3 (819) Among 8 novices, only 819 consistent ly solved by "e"-pattern . T he 

preference of "e" by 819 (novices) is consistent with the fact that some novices solved t he 

MRT by "E". 

As discussed above, the subjects were classified in to 4 groups as follows : (1) Experts 

(simple and systematic mental rotation), (2) Novices: Group 1 (redundant mental rot a­

tion), (3) Novices: Group 2 (bot h feat ure detecting and redundant mental rotat ion), a nd 

(4) Novice: Group 3 (matching encoded descri ptions). 

T he classification is very similar to that of t he subjects solving t he questions of t he 

MRT. Namely, t he differences in st rategies of t he MRT remain in Shepard-Metzler tasks. 

This indicates that the differences in strategies of t he MRT were not evoked by the answer 

sty le (choosing from alternatives), but by individual differences in performance in solving 

Shepard-Metzler tasks. 
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3.4.4 Strategies and performance in mental rotation 

In this section, the performance in mental rotation for each subject was estimated based on 

data of Experiment II( b) and its relation to the preference of strategies will be discussed. 

Estimate of the p erformance in mental rotation 

The response t imes for all correct answers to the "Same" trial were analyzed from data of 

Experiment II (b). In Figs. 3.29-3.31, the response times for each subject were plotted 

as a function of angular disparity. Blank bars indicate error rates, which are the rates of 

incorrect answers for the "Same" trials for each angular disparity. The speed of mental 

rotation for each subject was eval uated by the slope of the regression line between mean 

response times a nd angular disparity. The regressions were computed except for the data 

of 0 degrees, for the reason that the response times of 0 degrees, in which the two figures 

are completely same, reflect li tt le effect of mental rotation. 

Difference in the speed of mental rotation 

Experiment II ( a) indicated that all of the 4 experts (Sll, S12, S13, S14) and 2 novices 

(S15, S16: Group 1) solved the tasks mainly by mental rotat ion. In Fig. 3.29, response 

fu nctions are plotted for these subjects. 

Fig. 3.29(a) is the data for a typical expert, S12. Response fun ctions for the other 

experts are similar to that for S12. The slopes for the experts are small. The error rates 

for the experts are generally low. These results indicate that the experts are able to rotate 

the Shepard-Metzler figures quickly and accurately. 

Fig. 3.29(b) is th e data for S15( novice) . Although the slope is almost equal to those 
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for the experts , the error rates are remarkably higher. These results indicate that there 

is a novice who is able to rotate the Shepard-Metzler fi gures quickly but inaccurately. 

Fig. 3. 29(c) is the data for S16(novice). The slope is high, although the error rates are 

low. These results indicate that there is a novice who requires a long time to rotate the 

Shepard-Metzler figures with accuracy. 

From the above consid erat ion, the differences between the experts and novices, whose 

main strategy is mental rotation , are the speed of mental rotation and its accuracy. 

T he error analysis of the paper-and-pencil M RT revealed that the high-spatial subjects 

required a shorter time for solving the MRT than the novices and that th e low-spatial 

subjects often tried but failed. The individual differences between the same strategies for 

the Shepard-Metzler task are consistent with the results of the error analysis. 

Unificat ion of strategies and the speed of mental rotation 

Experiment II( a) indicated that S17, S18, S22, S20 and S21 (Group 2) solved the Shepard­

Metzler tasks not on ly by mental rotation but also by using other strategies, such as 

detecting st ruct ural features. They were required to eliminate the detecting features 

strategy and to solve the task only by mental rotation. In other words, they were forced 

to unify the strategy. In Fig. 3.30, the response fun ctions for S22, S17, and S20 are 

shown. 

As for S22 (see Fig. 3.30(a)), the high slope indicates a low speed of rotation and the 

high intercept reflects the detecting st ru ctural features strategy in spite of the inst ruct ion. 

The response function for S18 is similar to that for S22. This means that S18 a nd S22 

was unable to unify t he strategies. 
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The high slope and low intercept for S17 (see Fig. 3.30(b)) show that Sl7 was able to 

solve the Shepard-Metzler task without using the detecting feature , however, the speed 

of rotation was extremely low. 

As for S20 (see Fig. 3.30(c)), the regression line is almost flat and the intercept is 

high . S2D's error rate for "Same" tasks was 8.7 %, whereas that for "Different" tasks 

was 24.2 %. As for the novices other than S20 and S21, the mean error rates for "Same" 

and "Different" tasks were 10.1 % and 4.9 %, respectively. The much higher error rate 

for "Different" tasks means that S20 often misjudged "Different" (mi rror-image) pair as 

"Same". It should be recalled here that all of "Different" tasks used in Experiment II(b) 

is mirror-images tasks, in wh ich both figures have same relation between t he upper arm 

and the lower arm. The strategy by detecting the relation between the arms misleads t he 

subject and produces high errors in "Different" tasks. It is noted that S20 and S21 didn 't 

solve only by feature detecting but also by mental rotation as shown in t heir eye fixation 

diagrams. It is considered that the flat slopes reflect the confusion of strategies rat her 

than the lack of mental rotation. 

From the above consideration, it may be induced that the low speed of mental rotation 

is one of the reasons for the novices' using other strategies than mental rotat ion . In 

add ition to the low speed, it is difficult for some novices to solve the tasks without 

using other strategies than mental rotation. Such roundabout strategies may have much 

influence on novices' low performance in mental rotation. 
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Change of strategies and the performance in mental rotation 

519 (Group 3) was faced with the most drast ic cha nge in strategies. Sl9 had mainly used 

an "e"-pattern in Experiment II(a), namely, had solved the task by matching encoded 

descriptions of struct ure. Mental rotation was a novel st rategy for Sl9. As shown in F ig. 

3.31, the slope of the regression line is high and the intercept was low. T he high slope 

means a low speed of mental rotat ion. It was difficult for S19 to rotate the Shepard­

Metzler figures. It is considered that the low speed of mental rotation evoked 519 to solve 

the tasks by match ing encoded descriptions of structure. 

Distribution of the p erforma nce in mental rotation 

In Fig. 3.32, the slope and the intercept of the response fun ct ion for each subject (Sll -

522) were summarized. 

The parameters don't much differ between the experts. The low slopes and low inter­

cepts show that the experts solved Shepard-Metzler tasks by high speed mental rotation. 

Whereas, the parameters for the novices distribute over t he wide range. The wide 

dist ribution means that the difference in strategies between the novices remained even if 

they were compelled to solve only by mental rotation. 

4 novices produced the high slopes, which means the low speed of mental rotation. 

The low speed of mental rotation may be one of the reasons why the strategies ot her than 

mental rotation were observed among the novices. 4 novices produced the high intercepts, 

which means that they were unable to unify their strategies in spite of the instruction. 

This suggests that it was so difficult for such novices to solve the tasks onl y by mental 

rotation. The difficulty is considered to be another reason of th e variety of strategies. 
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3.5 Spatial Ability Evaluated by MRT 

3.5.1 Spatial ability reflected in MRT scores 

The results of the error analysis, Experiments I, and Experiment II (a)( b) are summ arized 

in Table 3.1 1. 

The error analysis in the paper-and-pencil MRT indicated that the experts are able 

to succeed in most of the questions with high accuracy. There were a small number of 

tasks in wh ich the experts chose a particular wrong alternative as a correct one. Such 

mistakes can be explained by assuming that the experts solved the questions by mental 

rotation. Eye fixations of experts during solving the MRT and Shepard-Metzler tasks 

indicated simple and systematic mental rotat ion. The slope of the response time function 

for the Shepard-Metzler tasks was low, namely the experts were able to rotate the three­

dimensional figures at a high speed. There was little difference in strategies between the 

experts. The high performance in the Shepard-Metzler tasks and the stability of the 

strategy are bound to the high score in the MRT. 

Whereas th e error analysis indicated that novices are able to carry out a small number 

of quest ions in the limited time, though inaccurately. This shows that the solving time 

is one of the factors which load on the score in the MRT. Eye fixations during solving 

the MRT and Shepard-Metzler tasks indicated a redundant mental rotation , which was 

mainly used by some novices. In this case, the novice is unable to solve many questions 

in the limited time and will have a low score in the MRT. 

In addition to the redundant mental rotation, a st rategy other than mental rotation 

was suggested by the error analysis of the paper-and-pencil MRT. Assuming a strategy 
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by detecting t he relation between the arms, it may be possible to explain the lower mean 

scores of the mirror-image questions. Because of the strategy, it is easy to make a mistake 

in the mirror-image questions. In these, each alternative has t he same relation between 

its arms. Eye fixations during solving the MRT and the Shepard-Metzler tasks indicated 

that some novices used the detecting st ru ctural featu res strategy together with the mental 

rotation. The existence of the strategy by detecting features is consistent to the errors in 

mirror- im age questions, suggested by the error analysis. 

When the novices were com pelled to solve Shepard-Metzler tasks only by mental ro­

tation, most of the novices showed a very high slope of the response time fun ct ion. This 

means the low speed of men tal rotation . The novice is unable to finish many questions 

in the limi ted time even if the answers are correct. T hen, a low score in t he MRT will 

result in consequence of the low speed of mental rotation. In some cases, the low speed 

of mental rotation evokes another strategy from the novices. Some novices showed a high 

intercept of the response time fun ct ion, which means that it was difficult for such subjects 

to unify the st rategies . 

Eye fixat ions also indicated that the st rategies of novices sometimes differed within 

themselves across questions. When compelled to solve the Shepard-Metzler tasks only 

by mental rotation, the response time function for some of these novices showed a fl at 

slope and high intercept . The flat slope indicates the existence of the novices for whom 

it is extremely difficult to unify the strategies. Such novices are unable to solve the MRT 

without using strategies ot her than mental rotation. The confusion of different st rategies 

is also one of the sources of individu al differences in mental rotation. The lack of the 

uni fi cat ion of strategies will produce a low score in the MRT. 
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Eye fixations indicated a st rategy which hadn't been expected from the error analysis. 

A few novices used the st rategy by matching encoded descriptions. The st rategy is so 

complicated and takes such a long time to solve each question that the novice is unable 

to complete many questions in the limited time. The novice will have low score in t he 

MRT. When such a novice was compelled to solve Shepard-Metzler tasks only by mental 

rotation, he had an extremely high slope of response fun ction. Even if he solved the 

questions only by mental rotat ion, he won't be ab le to obtain a high score in the MRT 

because of the low speed of rotation. 

As stated above, the sou rce of individu al differences in MRT scores is the speed of 

mental rotat ion and the variety of strategies. Most subjects solve the MRT by mental 

rotation. Simple and rapid mental rotation by experts produces a high score in t he MRT 

and a redundant and slow rotation by some novices produces a low score. The speed 

of mental rotation is one of the factors which have an effect on the score in the MRT. 

There are some novices who show a variety of st rategies to solve the MRT. The variety of 

st rategies may be evoked by the low speed of mental rotation and the difficulty in unifying 

strategies to mental rotation. 

From the above analysis , it is concluded that the score in t he MRT reflects following 

aspects of spatial ability; 

• t he speed of mental rotation of three-dimensional fi gures and 

• the difficulty in unifying strategies to mental rotation. 

It is summarized that the score in the MRT evaluates the performance of mental rotation. 
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3.5.2 Comparison with related studies 

Just et al. [12) indicated that low-abili ty subjects ' response times for Shepard-Metzler tasks 

increased fas ter with angu lar disparity. Lohm an[1 7) presented Shepard-Metzler tasks for 

various fixed exposures and estimated the rotat ion speed for a fixed level of accuracy 

from the speed-accuracy curves. The estimated slope (i. e. rotation speed) was generally 

steeper for low-ability subjects than high-ability ones. The differences in mental rotat ion 

speed between t he experts and t he novices in the present investigation agree with t he 

results of the previous investigations by Just et al. [12) and Lohman[17). 

The analysis of the eye fixations in the Shepard-Metzler tasks by Just et al.[12) indi­

cated that novices did ext ra work at rotation and confirmation stages. Such extra work 

corresponds to redundant rotation of the novices observed in the present investigation. 

Tapley et al.[16) reported differences in strategy preference between subjects when 

they solved Shepard-Metzler tasks. As for the MRT, Freedman et al. [21) and Pezaris 

et al. [22) explored differences in st rategies between subjects. However, the methods to 

infer strategies used by Tapley et al.[16), Preed ma n et al. [21), and Pezaris et al. [22) we re 

indirect. They used self report by t heir subjects or compared correct rates in dual-task 

conditions with t hat in control condition. T he present experiments, in which strategy 

differences in t he MRT were explored by more direct method, i. e., using eye fi xation 

data, indicated the variety of strategies between novices. T he eye fixations showed t hat 

the strategies of some novices differed within themselves across questions and that some 

novices changed st rategies halfway in a question. Such instability of strategies had not 

been reported in the previous research[12) [16)[17) [21)[22). 
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Tapley et al.[l6], Freedman et al. [21], and Pezaris et al. [22] paid attention to sex­

based strategy differences in Shepard-Metzler tasks or the MRT. Freedman et al.[21] and 

Pezaris et al. [22] indicated sex differences in st rategy preference. The present investigat ion 

directed its attention to strategy differences between high- and low-score subjects. The 

error analysis suggested that there isn 't a large difference in strategies between males and 

females in same range of MRT scores. In other words, as for coUege-aged subjects in the 

present research, the source of differences in strategies is the score rather than gend er. A 

strategy by simple and systematic mental rotation was used by the high-score subjects 

and strategies by redundant mental rotation, detecting structural feat ures, and matching 

encoded descriptions were used by the low-score ones. 

Sex differences in M RT scores were observed in the present invest igation and in many 

previous stud ies[19]-[21]. A large number of males occupy high-score range and a large 

number of females low-score range. T hen, the sex-based strategy differences indicated by 

Freedman et al.[21] and Pezaris et al.[22] are consistent to the strategy differences between 

high- and low-score subjects in the present investigation. 

Pezaris et al.[22] controlled genetic and environmental factors of subjects and indicated 

that there were the girls whose strategy preference was similar to the boys. Casey et al. [20] 

reported the existence of female group whose mean MRT score was as well as male. From 

the results of these studies, it is considered that some females use same strategies as 

males and such females get similar MRT scores as males. It is consistent to that the 

source of differences in strategies is the score rath er than gender as shown in the present 

investigation. Although Tapley et al.[l6] reported that there was no sex differences in 

professed strategy, it is possible that the males and the females in their experiments 
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might have same level of ability refl ec ted in the MRT. 

The present investigation showed th at high- and low-score subjects differ not only 

in t he slopes of response t ime fun ction but also in the intercepts . The high intercept 

reflects strategies other than mental rotation and the difficulty in unifying st rategies. 

The existence of st rategies other t han mental rotation can explain the in consistency of 

the resul ts of previous st udies in which correlations between the slope of the react ion 

time fun ction for Shepard-Metzler tasks and reference spatial tests (excepting the MRT) 

were computed [l 3)-[15). Flat slopes observed in the present experiments might eliminate 

correlations or contribute to no or positive correlation. 

Juhe1[5) conducted a factor analysis fo r 4 laboratory memory-tasks and 5 spatial tests, 

in which the MRT was included . In his a nalysis, th e MRT had high loading with both 

"Visualization" factor and "Speeded Rotation" factor. T he present experiments revealed 

that the score in the MRT reflects both of t he speed of mental rotation and th e variety of 

strategies. It is considered that the speed of mental rotation and the variety of strategies 

correspond to "Speeded Rotation" factor and "Visualization " factor, respectively. The 

results of the present experiments can explain the results of J uhel's factor analysis. 

91 



Chapter 4 

MRT AND UNDERGRADUATE 
GRAPHICS EDUCATION 

The MRT has been widely used in recent quasi-experimental research [6)[23]- [25], the 

objective being to evaluate the spatial abilities of students from the viewpoint of how 

they are related to undergraduate graphics curricula. Most of the researchers in the 

previous investigat ions have considered the MRT scores to be a direct indicator of the 

ability acquired through t he curricu la, without examin ing which aspects of spatial ab ility 

are refl ected in the MRT scores. 

The analysis of t he solving process in the previous chapter revealed that the score 

in the MRT reflects (1) the speed of mental rotation and (2) the difficulty in unifying 

strategies to mental rotation. It is sum mari zed that the score in the MRT evaluates t he 

performance of mental rotation. 

In this chapter, t he relation between the MRT and performance in undergrad uate 

graphics curricula will be discussed. 
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4.1 Relation between MRT and Term-end Test Scores 

In this section, the relation between the spatial ability reflected in the scores in the MRT 

and the scores in the term-end tests of undergraduate graphics curricula will be analyzed. 

4.1.1 Pilot study 

The relationship between the scores in the MRT given before the undergraduate graphics 

courses and the scores in the term-end tests given after the courses was analyzed at two 

universities; T university and 0 University. Different problems were used as the term-end 

test at each university. The coefficients of correlat ion between them were 0.32 and 0.30 at 

T university and 0 university, respectively. These coefficients suggest some correlations 

between the MRT and the term-end tests. The following exper imental research was 

conducted to clarify the relation between the MRT and term-end tests. 

4.1.2 Experimental methods 

In order to d iscuss a wide range of the MRT scores, two universities whose mean scores in 

the MRT were quite different to each other were chosen. Common problems were used to 

evaluate examination performance at the two universities: 0 university and T university. 

The MRT was given to the st udents on the first day of the graphics courses at each 

university. In these courses, descriptive geometry, i. e., treatment of poin ts, lines, planes 

and objects through orthogonal projections, was taught in a traditional way. Hereafter, 

the courses shall be called "DG courses". After DG courses, the term-end test was given. 

The course d uration was one semester. The scores in the MRT and the term-end tests 

will be statistically analyzed. 
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4.1.3 Design of term-end tests 

The term-end tests were composed of two kinds of problems. In one, the same problems 

were given at bot h uni versities, while in the other, different problems requiring application 

abilities were given at each university. Hereafter, the former problems shall be cal led 

"common problems" and the latter, "applicat ion problems" . 

Fig. 4.1 and Fig. 4.2 show common problems in 1992 and 1993, respectively. Common 

problems consisted of the following two components. 

• Component I: Making a three-view orthographic drawing from a given pictorial view 

of an object. (Fig. 4.1(1), Fig. 4.2(1)) 

• Component II: Solving basic spatial problems by construct ing auxilia ry views. De­

termin at ion of the angle between given planes, the true length of a given line or the 

true shape of a given plane.(Fig. 4.1(2) , Fig. 4.2(2)(3)) 

In descriptive geometry, three-d imensional objects are treated through three-view or­

thographic drawings. Making a three-view orthographic drawing from an object (Com­

ponent I) is necessary to understand descriptive geometry. It is diffi cult for students to 

jump the gap between the three dimensional object and its two dimensional representa­

t ion, though they have mathematical knowledge about solid geometry. 

Spatial problems are solved by graphical methods; "auxiliary views are projected 

directly to auxiliary planes in succession until the required geometric relationships are 

found([31 )p.3)" . Basic spatial problems in Component II are solved by applying rules 

taught in DG courses. 

In the common problems in 1993 and 1992, 10 points were given to each problem. So, 
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the perfect score in the common problems in 1992 is 20, and t hat in 1993 is 30 . As for 

the common problems in 1992(see Fig. 4.1) , the three-view orthograph ic drawing which 

is obtained as the answer in problem (1) (namely, Component I) is used to solve the 

problems (2) and (3) (namely, Component II). Whereas in the common problems in 1993 

(see Fig4.2), the problems (1) and (2) are independent. 

In addition to the common problems, application problems were presented at each 

university. Application problems were also solved by applying graphical rules. Because 

of complexity in problems, it is more difficult for students to find appropriate rules to 

apply than solving basic spatial problems. At T university, the problem was constructing 

a drawing of two objects intersecting. At 0 university, the consideration of the relation 

between the human body and t he surface development was given. 

4.1.4 Correlation between scores in MRT and term-end tests 

Component I 

In Fig. 4.3 and Fig. 4.4, are plotted the scores in the MRT and Component I at each 

university. Table 4.1 shows t he coefficients of correlat ion between the scores in t he MRT 

and Component I. The coeffi cient of correlation at 0 university was not so low, while t hat 

at T university was very low. 

Subjects from each university were chosen so t hat their mean scores in the MRT were 

almost equal and so that nearly 30 percent of the students were respectively included. 

Hereafter such a group shall be called "groups with similar scores". Table 4.2 shows 

the mean scores in Component I for "group with sim ilar scores" in 1993. There was no 

sign ificant difference in the mean score for Component I between the two universities, 
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Table 4.1: Coefficient of correlation between scores iu MRT and Component I 

Univ. '92 '93 

0. 0.35 0.38 

T. 0.06 0.10 

Table 4.2: Mean scores in Component I for "groups with similar scores" 

Univ. Samples MRT Comp.l 

0 . 14 24.4 (4.9) 15.1 (3 .8) 

T. 35 24.4 (2.2) 16.4 (4.4) 

( ) : Standard deviation 
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although general scholastic ability of the students are quite different between the two 

universities. Similar results were obtained in 1992. These results show that the scores in 

the MRT are a factor influencing the score for Component I. 

As shown in Fig. 4.4(a) and Table 4.1, the coefficients of correlat ion were not so low at 

0 university. It can be concluded that for students in the low MRT score range, the scores 

in the MRT have some influence on the ability to make a three-view ort hographic drawing 

from a pictorial view of an object. It can be said that the students with low scores in 

the MRT feel it difficult to construct an abstract two-dimensional drawing from a three­

dimensional object. As shown in Fig. 4.4(b) and Table 4.1, the coefficient indicated very 

low correlation in the group with high scores in the MRT. The MRT may have little 

influence when scores in the MRT exceed a certain level. 

As shown in the previous chapter, the scores in the MRT mainly refl ect the ability to 

mentally rotate his/her image of an object; i.e. to manipulate his/her image. To make a 

three-view orthographic drawing, it is necessary to change the view direction or to rotate 

the object in his/her image. That may be the cause why the scores in the MRT have 

some correlations with the scores in Component I. 

Component II 

In Fig. 4.5 and Fig. 4.6, are plotted t he scores in the MRT and Component II at each 

university in 1992 and 1993. The coefficient of correlation between them is summarized 

in Table 4.3. Table 4.4 shows the mean scores in the MRT and Component II for "groups 

with similar scores" in 1993. 

As stated in the explanat ion of test design, the problems of Component I and II in 
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1992 are sequential , in other words , the correct answer of the problem of Component I is 

necessary to solve the problems of Component II . In 1992, the foll owing two reasons are 

possible for students whose scores in Component II were nearly zero point. 

1. Because they were unable to get the answer of Component I, t hey were unable to 

solve Component II even if they knew how to so lve Component II. 

2. Because they didn 't know how to solve Component II . 

T he former may overestimate the coeffi cients of correlation. To minimize t he form er 

effect, data of students whose scores in Component I were less than 7 was removed from 

the analysis in 1992. 

As Ta ble 4.3 shows, the mean scores for Component II were quite different between the 

two universities within the groups with similar scores. So, it can be said t hat some factor 

other t han t he scores in the MRT had more great ly influenced the score for Component 

II. As shown in Fig. 4.6 and Table 4.4, the coeffi cients of correlation were very low except 

at 0 university in 1992. 

From the above consideration, it is concluded t hat the scores in t he MRT have li ttle 

influence to solve Component II, i. e., to solve basic spat ial problems by const ruct ing 

auxiliary views. 

The students may be able to solve basic spat ial problems in Component II by only 

applying graphical rules without connecting drawings to three-dimensional objects in 

their images. This in terpretation can explain low correlation between the MRT and 

performance in solving Compon ent II. 
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Table 4.3: Coefficient. of correlation between scores in MRT and Component II 

Univ. '92 '93 

0 . 0.39 0.17 

T. 0.14 0.12 

Table 4.4: Mean scores in Component II for "groups with similar scores" 

Univ. Samples MRT Comp.Il 

0 . 14 24.4 (4.9) 7.7 (6.2) 

T. 35 24.4 (2.2) 17.3 (6.1) 

() : Standard deviation 

Table 4.5 : Coefficients of correlation between MRT and application problems 

Univ. '91 '92 '93 

0. 0.30 0.36 0.08 

T. 0.32 0.30 0.17 
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Application problems 

In order to extend the discussion into more general problems on descriptive geometry, 

the relation between the scores in the MRT and applicat ion problems at each university 

shall be considered. Table 4.5 shows coefficients of correlation between t he scores in t he 

MRT and the application problems in 1992 and 1993 at each uni versity. Data in 1991 are 

the results of t he pilot study, in which no common problem was used. The problems of 

term-end tests in 1991 were similar to the application problems in 1992 a nd in 1993. 

The coefficient of correlation in 1993 at 0 uni versity was much lower than ot hers. At 

0 university, the main difference between 1992 and 1993 is whether application problems 

in each year required students to make a drawing of a surface development with their 

own hands or not . In 1992, students were requi red to make a drawing and describe 

a consideration of t he relation between the human body and the drawing. In 1993, a 

drawing of a surface development of t he human body was al ready given; t he stud ents 

didn't have to make a drawing by t hemselves. At T university, students in both years 

were required to make with their own hands a drawing of intersecting surfaces. Although 

coeffi cients of correlation fluctuated year by year, they were not so low. 

From the above consideration, it can be concluded that there is some correlat ion 

between the scores in the MRT a nd abilities to solve application spatial problems in 

descriptive geometry. 

To solve the application problems such as those at T university (intersection of two 

objects), students are requ ired to find piercing points and then to connect them. They can 

find piercing points by applying graphical rules to given drawings. These processes are 

103 



similar to those required to solve Component II . However, it is d iffi cul t to connect piercing 

points only by applying rules. It is necessary to make the im age of the in te rsection in 

their minds. This may be the reason why the scores in the MRT have some correla tions 

wit h the scores in application problems. 

4.2 Failure rates in DG course 

Experienced educators have noticed th at there are st udents who have ext reme difficulty 

getting over the gap between real objects and two-dimensional drawings. If educators 

can identify students who req uire more help to complete courses before t hey drop out , 

educators will be able to make specia l a rrangements for them . The MRT, which can be 

administered quickly in a classroom, is one candidate for identifying such students. In this 

section, the relation between t he scores in t he MRT and acquiring credit in descriptive 

geometry will be a nalyzed in order to clarify whether the MRT can be a predictor of 

students a t high risk of poor perform ance in graphics courses. 

4.2.1 Research Design 

The inves tigation was held at t he same two universities in the previous section. The 

students took the term-end tests which consisted of common problems (Component I and 

Component II ) and application problems stated in the previous section. Relation between 

the scores in the MRT and the acquiring credit in descriptive geometry will be analyzed . 

4.2.2 Results 

Some students d ropped t he course or couldn 't pass the term-end test . Such students must 

have felt it difficult to s tudy desc riptive geometry. We will defin e the term "failure rat e" 
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Figure 4.7: Distribution of scores in MRT and failure rates 

Table 4.6: Mean scores in MRT(Students who failed and passed) 

Univ. 

0. 

T. 

Samples Fail Pass 

13 I 114 8.2 (4.5) 16.0 (6.6) 

23 I 173 25.1 (6.2) 29.1 (6.7) 

Samples : No. of students who failed I passed 

Fail : Mean score (sd) of students who failed 

Pass : Mean score (sd) of students who passed 
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as the rate of students who dropped the course or couldn 't pass the exam. Fig. 4. 7 shows 

th e distribution of the scores in the MRT and how many st udents failed, together with 

failure rates for each MRT score at each university in 1992 and 1993. 

As shown in Fig. 4.7, scores in the MRT indicated normal distribution at both uni­

versities. At 0 university, students who failed the course were concentrated within low 

scores in the MRT and the failure rate was pronounced at t he low MRT score range. On 

the other hand , at T university, there were students across the range of the MRT scores 

who failed the DG course. 

Table 4.6 shows mean scores in the MRT of students who failed the DG courses at 

each university, together with the mean scores of students who passed. At 0 university, 

the mean score of st udents who failed was significantly lower than that of students who 

passed , while at T university, there was no significant difference between them. 

From the above results, it is concluded t hat the st udents with poor scores in the MRT 

are likely to fail to complete the DG courses. As discussed in the previous sect ion, there are 

some correlation between t he scores in the MRT and performance in descriptive geometry, 

especial ly for t he students with poor MRT scores. This correlat ion may cause the high 

failure rate above mentioned . The results of the present investigation suggested that the 

MRT can be a candidate of a pred ictor of students at high risk of poor performance in 

graphics courses. 

4.3 Pretest / Posttest Comparison 

As discussed in Section 4.1 and Section 4.2 , there are some correlations between the 

ability evaluated by the MRT and performance in descriptive geomet ry. In t his section, 
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comparisons of MRT scores prior to a nd after descriptive geometry courses will be made 

in order to clarify wheth er the ability can be enhanced through DG cur ricula. 

4.3.1 Research design 

The quasi-experimental research design was chosen as t he most appropriate method for 

this study. Subjects were students taking descripti ve geomet ry courses at t hree uni­

versities . Hereafter , referred to as M university, 0 university, and T university. The 

MRT was given t o subjects prior to and after t he DG courses a t each university. Here­

after , the t ests which were given prior to and aft er the courses will be called "pretests" 

and "post tests", respectively. The interval between them was approxim ately 4 months, 

namely one semester. In DG courses, descript ive geometry, i. e., treatment of points, lines, 

planes, and objects through orthogonal projections, was taught in a traditional way. 

Additional control experiments were held at 0 university and T university. In one 

control, the pretest and pos ttest were given to subjects in a course in which neither 

descriptive geometry nor any graphics was taught. The interval between the two tests 

was , again , a pproximately 4 months. This control experiment shall be called Control-A . 

Another control experiment held at another descriptive geometry course gave the posttest 

a week after the pretest . This control experim ent shall be called Control-B. 

4.3 .2 Results 

The mean scores in the pret ests, posttests and differences between them at each university 

are shown in Table 4.7. As shown in Table 4.7, statistical analysis revealed that the 

differences in results from the DG courses at all universities were significant . T he mean 

scores, however, increased from pretest to posttest not only in the DG courses but also 
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in Control-A and Control-B. The analysis also revealed that the differences in the DG 

course were not significantly different from those in Control-A. These results suggest that 

the increase in the DG courses was not caused by the descriptive geometry curriculum. 

The analysis showed that the differences in Control-A and Controi-B were significant 

(P<0.01 ). As shown in Table 4.7, the increase in Controi-B was much larger than that in 

Control-A at T university. It should be recal led that the interval between the pretest and 

posttest in Controi-B was only a week, much shorter than that in Control-A. From these 

results, it can be considered that the subjects who had experienced the MRT got higher 

scores in the second trial, that is, the cause of the increases observed in the present experi-

ment is the direct training effect for the MRT. Recalling that the stability of strategies has 

a great effect on the scores in the MRT as shown in the previous chapte r, the experience 

of solving the MRT might promote to unify strategies. When the students solved the 

MRT at the second time (namely, posttest), they might be able to solve questions more 

efficiently than the first time. 

The differences in the DG courses at M university were 3.1 and 2.9. They were 

nearly equal to the difference in Control-A at 0 university and T unjversity. Churches 

et al.[32] recently reported almost same gains for students in Australia, although they 

didn 't have control experiments. It seems likely that the direct training effect is similar 

in all the subject groups. If so, the difference observed at M university was not due to 

the descriptive geometry curricula. 

Although significant gains on the MRT were made by students in the DG courses, 

the control experiments indicated that the gains were caused not by descriptive geometry 

education but by direct training effect. It is concluded that the spatial ability evaluated 
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by the MRT is not enhanced by teaching descrip t ive geometry in the classroom. 

As discussed in the previous section, the ability refl ected by the MRT has some cor­

relations with the perform ance in descriptive geometry. One may natural ly suppose that 

teaching descrip t ive geometry may, then, enhance the ability refl ected by the MRT. How­

ever, t he abi lity cannot be enhanced by the teaching as shown in t he present pre-post 

comparison. In these DG courses, lectures on descriptive geometry are given during one 

semester. Exercises, typical ly 5-7 assignments , are given as homework. The results of 

the present investigation indicate that basic spatial ability such as that evaluated by the 

MRT cannot be enhanced by such short-term education. 

4.4 MRT and Graphics Education 

In this section, the resul ts of the present investigations are compared with related studies 

and are summarized. 

4.4.1 Comparison with re lat ed s tudies 

Some researchers tried to evaluate their undergraduate graphics courseware by using the 

MRT as a direct measure of spatial abili ty acqui red through the courseware. 

Miller[23] classified students in engineeri ng graph ics courses in to two learn ing styles 

(visual or haptic) based on scores from preceding Successive Perception Test I. T hree 

different instructional methods (tradi t ional curricula r approaches, computer-generated 

models, or real models) were randomly given to students in each group. He reported t hat 

there was no signifi cant difference in the effectiveness of t he app roaches for either visual or 

haptic subjects nor was there any int eract ion between these vari ables in t he advancement 

of spatial abilities evaluated by t he MRT. 
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McCuistion[25] used the MRT as an index of spatial ability to compare two methods of 

presenting graphic images(static or dynamic) in a CAl( Computer Assisted Inst ruct ion). 

He gave the MRT prior to and after each CAl course to both a static and a dynamic group. 

As for students whose pre-MRT scores were in the lower 25 percent of the sample, the 

dynamic group made larger gains ofMRT scores than the static group. However, the stat ic 

group's mean score in performance tests was significantly higher than the dynamic group. 

He reported that the increase of scores in the MRT didn 't guarantee high performance in 

descriptive geomet ry and vise versa. 

Although Miller[23] nor McCuistion[25] didn't discuss clearly, their results suggested 

that the ability evaluated by the MRT were unable to be enhanced through ordinary 

graphics cu rricula. T heir resul ts agree with the results of the pre-post comparison of t he 

present invest igation. 

Miller et al.[6] reported that the in vestigation at Ohio State University revealed that 

students whose scores of spatial ability t ests were low had difficulty with engineering 

graphics and had a high failure rate. 

Marlar and Gimmestad[33] gave spatial tests t o freshmen at Michigan Technological 

University and those students who scored in the bottom 20th percentile were advised 

to take an experimental course in spat ial visualization skills. In their study, although 

the sample was small, all of the students enrolled in th e experimental group were still 

enrolled at the university, whereas, 28% of the students in the control group had left the 

university and presumably had left engineering. Their study ind icates low spatial abil ity 

students can follow up the course by predicting students who need more help and giving 

them additional courses. 
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Recently, Churches et al. [34] reported that t he coeffi cient of correlation between the 

MRT and the final examinations was 0. 36, which indicates a considerable correlation. T he 

coeffi cient was almost same as t he resul ts of t he present in vestigations. 

As discussed in Section 4.1 and Sect ion 4.2, the results of the present investigation 

indicated that the scores in the MRT have some correlat ions wit h t he performance in 

descriptive geometry and with failure rates of graphics courses. The MRT can be used to 

predict students who need more help in learning graphics curricula. 

4.4.2 Summary 

In t his chapter, t he relat ionship between t he abili ty evaluated by t he MRT and descr iptive 

geometry curricula was analyzed. T he relat ion between the scores in the MRT and the 

term-end tests was statistically analyzed . T he relation between the scores in t he MRT 

and acquiring credit was also analyzed. Comparisons of MHT scores prior to and after 

descriptive geometry courses were made in order to clarify whether t he abili ty can be 

enhanced through the curricula. 

Following results were obtained th rough t he analysis. 

• Scores in t he MRT have correlations with the perform ance of descriptive geometry, 

especially, with the ability to make three- view orthographic drawings from three­

dimensional objects and to solve application problems on descripti ve geometry. 

• Students with extremely poor MRT scores are likely to fail to complete descripti ve 

geometry courses . 

• The spatial ability evaluated by the MRT cannot be enhanced t hrough descriptive 

geometry education. 
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Chapter 5 

CONCLUSION 

In this paper, a Mental Rotations Test developed by Vandenberg et al. was discussed 

from the following viewpoin ts; 

o the spatial ability refl ected in MRT scores 

o the relation between the MRT and descriptive geomet ry performance. 

In Chapter 3, the solving process of the MRT was analyzed by comparison between 

experts and novices. The analysis was conducted by t hree methods as follows: the error 

analysis in the paper-and-pencil MRT, t he eye fixations during solvin g qu estions, and the 

response solving time as a fun ction of an angular disparity. The analysis in Chapter 3 

revealed that the score in the MRT reflects following aspects of spat ial ability; 

o th e speed of mental rotation of three-dimensional fi gures and 

o the difficulty in unifying st ra tegies to mental rotation. 

It is summarized t hat the score in t he MRT evalu ates the performance of mental rotat ion. 

In Chapter 4, the relat ionship between the MRT and descriptive geometry performance 

was discussed. The relation between the scores in the MRT and t he scores in the term­

end tests of descript ive geometry was statist ically analyzed. The analysis of the relation 



between the scores in the MRT and acquiring credit in descriptive geometry was also 

conducted. Comparisons of MRT scores prior to and after descriptive geometry cou rses 

were made in order to clarify whether the ability refl ected by the MRT can be enhanced 

through descriptive geometry curricula. Following results were obtained through the 

analysis in Chapter 4. 

• Scores in the MRT have correlations with the performance of descriptive geomet ry, 

especially, with the ability to make three-view orthographic drawings from three­

dimensional objects and to solve application problems on descriptive geometry. 

• Students with ext remely poor MRT scores are likely to fail to complete descriptive 

geometry courses. 

• The spatial ability evaluated by the MRT cannot be enhanced through descriptive 

geometry ed ucation . 
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