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Product design involves many dimensions, requiring designers to work

with different types of representations. The power of different

representations varies not only according to the types of representation

but their power also varies from person to person. Some important design

representations, including spatial and mathematical, were investigated in

this study. Four different puzzles in mathematical and spatial problem

domains were employed to investigate the correlation between

mathematical and spatial abilities. It was found that mathematical and

spatial abilities were independent, while performance on 2D and 3D

spatial tasks were consistently correlated. Some people seemed to

demonstrate low spatial aptitude because they were biased by the

representation and adopted more difficult strategies.
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D
esign relies on different kinds of external representations car-

rying different types of information, such as mathematical,

propositional, spatial, and sentential. Different design disci-

plines might emphasize different representations in school, for example,

plans and sections in architecture, 3D perspectives in industrial design,

and mathematical modeling in engineering. Nevertheless, all design stu-

dents need to develop their own complex reasoning skills that integrate

2D, 3D, and mathematical information (in varying proportions) as

a core of their professional training. External representations are an

augmentation of human mental representations. While we have a rough

idea how some mental representations interact with external ones

(Goldschmidt, 1991), there is still a lot to be studied how these two types

of representation interact. As Larkin and Simon (1987) suggested, even

when two representations are ‘informationally equivalent’, different
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representations have different advantages and/or disadvantages for dif-

ferent problems and problem solvers.

Somedesign educatione suchas that of product designersandarchitectse

emphasizes spatial considerations. Yet we know little about how spatial

skills affectdesign.Previous studies suggested thatowing to limitsof spatial

workingmemory, peoplewillmake tradeoffsdifferently between spatial in-

formation storage and processes (Baddeley andLieberman, 1978; Carpen-

ter and Just, 1986). Because design is a complex activity involvingmultiple

types of external representations, we might expect that the way a designer

makes trades-offs between storage and processing will affect design out-

comes; this is generally believed to be a place where spatial ability affects

design. However, we do not have a clear idea about how these tradeoffs

are made and how information is distributed internally and externally

among such spatial representations as 3D physical mock-ups, 2D plan

and sectiondrawingsor3Dstaticordynamicmodels.More fundamentally,

we do not have a clear picture about the effect of 2D and 3D spatial abil-

ity on design, or even how to effectively discriminate 2D and 3D spatial

abilities. This study reviews the current knowledge in these areas and con-

tributes to themby reporting an exploratory research study. It ismeant to

contribute to our understanding of the fundamental cognitive abilities

used in design and toprovide a foundation for future design spatial ability

studies, particularly focused on design education.

Designers use different types of spatial representations, including draw-

ings and physical mock-ups, and now computer models, to depict 3D

objects in the real world before they are actually built. Because a single

type of representation can hardly represent a complete real-world de-

sign, switching between 2D, 3D, and other representations can be usu-

ally observed (Akin, 2001). That is, designers presumably require

strategies involving multiple representations, including spatial represen-

tation strategies, to successfully complete their work. Professional archi-

tects are said to be able to reason from a set of 2D drawings about 3D

issues, and 3D ability is intuitively considered to be an important skill

for designers. However, there is not yet solid evidence for that view-

point. We cannot tell if designers are thinking in terms of a 3D mental

animation model or a set of plans and sections and mapping features be-

tween the two views. These different approaches might affect the roles

and effectiveness of spatial reasoning in design.

For example, when a designer is trying to answer the question ‘What are

the paths for students to return to the classrooms (position 1 in Figure 1)
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from the swimming pool (position 6 in Figure 1)?’ in Figure 1, she has at

least two possible approaches. She could start from the floor plan draw-

ings and construct a mental 3D model with which to reason. Alterna-

tively, the designer could start from reading 2D notations and

mapping certain features between representations, identifying key verti-

cal dimensions on the plan but never constructing a 3D image.

Previous studies in problem solving show that different representations

require different strategies; some of them would help problem solving

while others could prevent people from solving the problem correctly

(Zhang, 1997). Our interest is in how representations affect design.

We are particularly interested in exploring how different representations

and strategies (2D or 3D) influence solving spatial design problems.

While students are assumed to learn how to represent 3D objects in

the design world through engineering drawing, measured drawing exer-

cises, and sketching classes, there are no studies we are aware of identi-

fying the impact of these kinds of courses on students’ spatial reasoning

skills. Engineering drawing classes start with methods for projecting 3D

shapes to 2D through a set of rules, while sketching classes start by

learning how to subjectively represent real 3D objects in 2D including

many more features, such as lighting, texture and material, but without

fixed conventions. These exercises focus on different approaches to rep-

resenting design ideas in 2D representations, in perceiving subtle

Figure 1 An example for reasoning based on 2D drawings. With this plan, architects are able to answer questions like: What are the

paths when students return to classrooms from swimming pool? (courtesy Tzu-Chung Hsieh)
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properties and relations, and the mapping between the real world and

these representations. Until recently, most design students were trained

to use 2D representations as the most fundamental tool for concept de-

velopment. There is evidence that the quality of students’ drawing (ex-

ternal representation) improves over time; however, the improvement

of the drawing quality does not necessarily imply that spatial ability is

affected. If there are changes in spatial ability, are they the result of

2D or 3D capabilities? Can we increase students’ 3D ability via training

in 2D drawing and reasoning?

More generally, what is the relationship between 2D and 3D spatial abil-

ities? Are they independent or inter-dependent? In the literature, 2D and

3D spatial abilities have received significant study. The cubes rotation

task introduced by Shepard and Metzler (1971) is one of the most pop-

ular 3D experimental tasks and has evolved through many versions. An-

derson (1978) has argued that it is impossible to assess spatial aptitude

directly based on behavioral data because different processes can pro-

duce equivalent results and the processes in our mind are unobservable.

Therefore, we need to consider spatial aptitude tests as a representatione

process pair. Thus although an external representation may be in 3D

form, we cannot assume that the processes on it to solve some problem

also involves 3D ability. Even though the initial work in mental rotation

was based on processing times (Shepard andMetzler, 1971), the authors

did not assess different strategies that could be used to carry out the ro-

tation tasks. Later, this work was re-assessed and alternative strategies

were identified and named in terms of 2D and 3D strategies (i.e. Cooper

and Mumaw, 1985; Gittler and Glück, 1998).

In an eye movement tracing study in which participants had to decide

whether two views of a 3D object were in fact views of the same object,

Just and Carpenter (1976) found there were three stages for solving this

type of 3D cube mental rotation task e search, transform-and-compare,

and confirmation. In the example given in Figure 2, there are 12 eye

movement fixations numbered in order, from 1 to 12. Search refers to

scanning features before the first transformation is made; in this exam-

ple, the participant looked at positions 1e4 sequentially to scan features

of two objects. Transform-and-compare refers to repeatedly comparing

corresponding segments represented at different angles; in the present

example, it occurred when the participant was looking at positions

5e8. Confirmation refers to validating the rest of the segments to which

transformations were not applied; in this case, eye movements from po-

sitions 9 to 12 represent this stage. Even though this is a 3D cube rota-

tion task, it seems that 2D strategies were inevitably involved. Only the
Design Studies Vol 27 No. 4 July 2006



transform-and-compare stage seemed to be where 3D rotations were

performed, while the search and confirmation stages seemed to have lit-

tle to do with 3D rotations but mainly relied on 2D feature mapping.

Here, we consider a pure 3D strategy as one involving the mental encod-

ing of a 3D model, then manipulating that 3D model to solve the prob-

lem. Most tasks that intuitively appear to be 3D actually can be solved

using a largely 2D strategy called feature mapping. Feature mapping in-

volves matching identifying features in multiple 2D views and assessing

their 3D spatial relationships, based on how the features would relate in

3D. Because feature mapping is so well learned by people, it might be

adopted automatically, that is, without awareness. This makes

a study of 3D ability difficult because most such tasks do not purely

test 3D ability, but rather the results of various 2D and 3D mental

strategies.

A recent mental cube rotation study conducted by Gittler and Glück

(1998) clearly showed that there are two problem-solving strategies:

a spatial strategy and a pattern rotation strategy. The task that Gittler

and Glück used was a Three-dimensional Cube Test (Gittler, 1990) as

shown in Figure 3. Two matching operations are identified. One is

a kind of 3D strategy, named Spatial (Two-Turn) Strategy in the figure,

because a problem solver needs to create a 3D cube in her mind and then

mentally rotate it around different axes to solve the test. Alternatively,

the pattern match and rotation strategy is a kind of 2D strategy, named

Non-Spatial (Pattern Rotation) Strategy in the figure, because the cube

is treated as a 2D figure and the problem solver can solve it by rotating

the figure without constructing a mental 3D cube. Interestingly, we also

found that the cube rotation in Figure 2 can be solved by the Pattern

Figure 2 Eye movement fixations (Just and Carpenter, 1976) example that contains 12 eye movement focus positions which was

numbered from 1 to 12 in order
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Rotation Strategy without 3D rotation. Thus, the work of Gittler and

Glück, along with the work of Just and Carpenter (1976), suggest that

solving some 3D cube puzzles can be accomplished with any of three dif-

ferent strategies: (1) 2D feature mapping and rotation, (2) 3D feature

mapping and rotation, and (3) rotation of mental model in 3D. We ar-

gue that if a puzzle can be solved without 3D rotation, it cannot be re-

garded as a real 3D ability test, so only the last two strategies are 3D.

However, we suspect that strategy (2) has much lower memory require-

ments than strategy (3), in terms of the information that must be held in

working memory. In the present study, one of our interests is to further

examine whether 2D and 3D abilities are independent.

However, if we assume that people’s 3D spatial ability can be partially

revealed by these 3D tasks, regardless of their strategies, then Cooper

and Mumaw (1985) have made some provocative suggestions for the

primacy of 3D feature mapping strategies. They ran preliminary tests

to discriminate people with low and high spatial aptitude and gave par-

ticipants 3D spatial tasks. The use of either a 3D feature mapping strat-

egy (they call it analytic strategy) or a 3D mental model construction

strategy (they call it constructive strategy) was classified by their obser-

vations and retrospective protocols. They found no difference between

low and high spatial aptitude participants in terms of reaction time

Figure 3 An example of Three-dimensional Cube Test (Gittler and Glück, 1998)
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and accuracy in effectively using a 3D feature mapping strategy, but the

difference between these two groups was significant when 3D mental

model strategies were employed.

1 Experiment
In order to frame the issues involved in the above review more sharply,

we were interested in examining individual differences that people ex-

hibited regarding the use of different representations. Do people have

varying capabilities in processing information in different representa-

tions, through innate capabilities and/or training, and does this affect

their problem-solving capabilities? In order to gain insight to this line

of questioning, we designed an experimental framework based on

Zhang’s earlier study (1997). It used two isomorphs of Tic-Tac-Toe; the

traditional form of the game (here called ‘line version’ or Tic-Tac-Toe)

(see Figure 4A) and the number version (see Figure 4B). The number

version also called ‘Book’ by Simon (1996, pp 131e132), is described

in Section 1.1. As controls, we adopted two additional puzzles, i.e. a

3D Cube and Number Series puzzles, for the experiment. The experiment

framework is shown in Figure 5 andwill be discussed inmore detail later.

The main idea is that Tic-Tac-Toe (TTT) is a puzzle with a spatial rep-

resentation, while Book is an isomorph of TTT, in terms of its logical

structure, but with a mathematical representation. Our assumption is

that people vary in the amount of information they perceive in the dif-

ferent representations and their ability to manipulate the representa-

tions. Because TTT and Book puzzles have different external

representations, we expected those who strongly reason in spatial repre-

sentation to perform better in TTT and others who can strongly reason

mathematically to perform better in Book.

For controls, we used a spatial task (3D Cube puzzle) and also a math-

ematical reasoning task. The main idea for the 3D Cube puzzle is to

Figure 4 Two examples of Tic-

Tac-Toe isomorphs (Zhang,

1997)
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mentally slide and rotate two separated parts in order to determine

whether they are recomposable into a 3� 3� 3 cube. The recomposition

tasks involved none, one, or two rotations, in varying degrees of difficulty.

While there is no formal proof that this puzzle requires the ability to

rotate in 3D during problem solving, it has high face validity as being

a task that relies on 3D ability because it cannot be solved by 2D feature

mapping and rotation strategy exclusively but also requires carrying out

3D rotations. As we argued above, this can be regarded only as a test

including 3D ability because the 2D feature mapping is still required

for such tests in the Search stage. In addition, we adopted as a control

a Number Series puzzle that is part of a set of numeric aptitude tests

about numbers and arithmetic relations (Numeric Aptitude Test

(n.d.)). We expected that the performance on the TTT and the 3D

Cube should show a strong correlation as correlation ‘A’ in Figure 5.

In addition, the performance on the Book and Number Series puzzles

should show a strong correlation as correlation ‘B’ in Figure 5. To

sum up, those who are good at the TTT should also perform well in

the 3D Cube puzzle and people poor at the 3D cube puzzle should

also do poorly in the TTT puzzle. Those people who are good at the

Book puzzle should also perform well in the Number Series puzzle,

and those who do poorly in the book puzzle should also do poorly in

the Number Series task.

1.1 Tic-Tac-Toe: line and book versions
TTT is a well-known two-player game and has several isomorphs (Fig-

ure 4); all of the isomorphs have nine elements from which each player

takes turn in selecting. There are eight winning triplets (Zhang, 1997).

However, the winning condition might be described differently in differ-

ent versions of TTT. For the line version of TTT, the mission for either

player is to get three elements in a row horizontally, vertically or diag-

onally to win a game. On the other hand, the mission for the Book

Figure 5 The experiment framework for current study
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An Inv
version of TTT is to draw alternatively from the nine cards to get any

three cards in hand adding to 15. In both cases, the first person to reach

the goal wins the game. See Simon (1996, pp 131e132) and Zhang

(1997) for more details.

Zhang (1997) indicates people tend to use an incorrect larger-is-better

bias in playing the number version game that makes it harder. Although

the line version of TTT and Book version have exactly the same problem

structure, those who did well in Book puzzle probably used a different

strategy than those who did well in the line version in Zhang’s study.

The line version of TTT allows people to take advantage of a spatial rep-

resentation, helping them become aware of the ‘three in a row’ symme-

try in the game and making it easier. For the line version of TTT, we can

categorize the nine elements into three different types e center, edge,

and corner e and their relations are symmetric on the horizontal, verti-

cal, and diagonal axes. Based on these symmetry relationships, we can

apply spatial manipulations like mirror and rotation to recognize the

pattern of the current game situation. Hence, we would view the line ver-

sion of TTT as a spatial representation. On the other hand, the Book

version is represented in numerical form and the game either requires

major cognitive activity, to calculate if any three cards in hand sum to

15, or else the ability to recognize and act on the mathematical equiva-

lence of the spatial symmetries. Our hypothesis is that people who do

well in the Book puzzle should be able to see other types of numerical

symmetries. As we described above, even though TTT and the Book

are isomorphs, we claim that TTT is a 2D spatial task while the Book

puzzle is a numerical task.

2 Methods

2.1 Participants
There were 55 students (7 graduate students and 48 undergraduate stu-

dents) who participated in this study. Among them, 16 students were fe-

male and 39 students were male. Most were students enrolled in an

introductory psychology course at the Georgia Institute of Technology

and participated for extra credit in their class.

Based on Zhang (1997), we know it is much harder for people to discover

the trick for playing the Book game. In order to find a group of people

who might be good at the Book, we set up a selection criterion that par-

ticipants’ SAT or GRE math score must be higher than 700. That is, the

participants’ math scores are higher than 90% of the test takers for both

tests.
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2.2 Program
The experiment was embedded in a computer program. The program

contained four different types of puzzles, including the TTT, the Book

puzzle, the Cube puzzle, and the Number Series puzzle. Each participant

received 48 puzzles in total. The 48 puzzles were divided into 12 sets and

each set hadall 4 types of puzzles. The sequence of puzzles for each setwas

randomized and the same random order was given to each participant.

However, in order to see if there was any learning effect over the TTT

and the Book puzzles, half of the participants received one test sequence

while the other half received a TTT and Book swapped sequence. The in-

structions for each type of puzzle were built into the program and partic-

ipants were required to read them before they started the first trial of each

puzzle in the first set.

The TTT interface is shown as in Figure 6A. The participants and the

computer took turns making the first move for the 12 TTT trials. The

computer had three different strategies for making the first move: center,

corners, and sides. The particular strategy selected was chosen at ran-

dom for each trial in which the computer went first. For the corner strat-

egy, the particular corner chosen was determined at random if the corner

chosenmade no difference since they are spatially symmetry. Each time it

was the computer’s turn tomove, a progress bar appeared indicating that

the computer was thinking for approximately 3 s. This was done for pac-

ing purposes. Participants’ reaction time for eachmove and the result for

each trial were automatically recorded. The computer always won or

tied, thus a key measure was to see how many draws a participant made.

The Book puzzle is shown as in Figure 6B. This version shares the same

program core with the previous TTT while the interface is different.

Figure 6 (A) The TTT (Tic-Tac-Toe) interface; (B) the Book puzzle interface
514 Design Studies Vol 27 No. 4 July 2006



That is to say, the only difference between these two versions of TTT is

the external representation (see Figure 4B for how exactly each number

in the Book puzzle is located within the layout of TTT).

Two samples of the Cube puzzle are shown in Figure 7. The idea of this

puzzle comes from decomposing a 3� 3� 3 cube into two parts. The

goal is to compose the parts mentally and to say whether they are recom-

posable into a 3� 3� 3 cube. That is, a puzzle will be true if it is recom-

posable (Figure 7A)while otherswill be false if they are not recomposable

into a 3� 3� 3 cube (Figure 7B). There are two types of decomposition

and three types of rotation that affect the difficulty of the task.One type of

decomposition is whether one could slide these two objects apart physi-

cally (if they were physically present; see Figure 8A), while the other de-

composition involves locked objects that participants could not separate

physically (if they were physically present; see Figure 8B). Furthermore,

each type of decomposition is also applied to three kinds of rotation: no

rotation, rotation around one axis, and rotation around two axes (Fig-

ure 8). Thus, there were six subsets in the Cube puzzle and each subset

had one true and one false answer. The sequence ofCube puzzle instances

was generated by random and every participant received the same se-

quence. Reaction time and accuracy were recorded.

Two examples of the Number Series puzzle are shown in Figure 9. This

puzzle is a selection from a numeric aptitude test web page (Numeric

Aptitude Test (n.d.)). The goal is to examine whether the given numer-

ical solution is true or false based on whether one can uncover the un-

derlying function being expressed. Participants were asked to do all

calculations and reasoning without the aid of paper and pencil. As

Figure 7 (A) A true example of the Cube puzzle that can be recomposed into a 3� 3� 3 cube; (B) a false example of the Cube puzzle

that cannot be recomposed into a 3� 3� 3 cube
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with the Cube puzzle, participants received the same randomly generated

set of trials with half being true and half being false. Reaction time

and accuracy were collected.

2.3 Procedure
Participants were tested individually. All of the instructions and stimuli

were presented on a laptop computer. For all puzzles, participants

Figure 8 (A) An example to slide a normal object apart and its possible rotations; (B) an example to slide a locked object apart and its

possible rotations
516 Design Studies Vol 27 No. 4 July 2006



needed to use only the mouse to click the buttons shown on the screen to

give the answers. During the test, a message panel would pop up to in-

form them what type of puzzle will be given next. At the end, another

message panel told the participants that they were done. There was no

time limit for solving any single puzzle.

3 Results
Table 1 shows performance on the tasks as a function of gender. Al-

though gender differences in visuo-spatial tasks have been frequently

identified in previous studies, we found no reliable difference between

Figure 9 (A) A true example of the Number Series puzzle (left) where 1 is the correct answer because the product of the numbers

outside the circle should equal to the sum of the numbers inside the circle (6� 2� 1¼ 8þ 3þ ?); (B) a false example of the Number

Series puzzle (right) where the correct answer should be 1 because the position of a number represents the moment of a force

([3� 3]þ [0� 2]þ [0� 1]¼ [?� 3]þ [2� 2]þ [2� 1])

Table 1 Performance on puzzles as a function of gender

Sex N Mean1 Std. deviation Std. error
mean

TTT
Male 39 0.863 0.114 0.018
Female 16 0.849 0.102 0.025

Book
Male 39 0.541 0.191 0.031
Female 16 0.552 0.177 0.044

Cube
Male 39 0.803 0.159 0.026
Female 16 0.740 0.172 0.043

Series
Male 39 0.701 0.117 0.019
Female 16 0.646 0.148 0.037

1 Mean performance means percent draws on TTT and Book puzzles and percent correct answers on Cube and

Number Series problems.
An Investigation of 2D and 3D spatial and mathematical Abilities 517



female and male students’ performances on any of the tasks (TTT:

t(53)¼ 0.44, p¼ 0.67; Book: t(53)¼�0.21, p¼ 0.84; Cube: t(53)¼
1.32, p¼ 0.19; Number Series: t(53)¼ 1.46, p¼ 0.15). Hence, the gender

differences will not be discussed further.

Ten participants came from design programs, including industrial de-

sign and architecture. These fields emphasize spatial reasoning in their

education. Table 2 shows performance as a function of whether partic-

ipants were design majors. While there was a tendency for non-design

majors to outperform design majors on numerical tasks, there was no

significant difference between these groups on spatial tasks (TTT:

t(53)¼�1.09, p¼ 0.28; Book: t(53)¼�1.98, p¼ 0.05; Cube:

t(53)¼�1.10, p¼ 0.28; Number Series: t(53)¼�1.91, p¼ 0.06). How-

ever, given the small number of design students, the results are merely

suggestive.

No instructions were given addressing how fast participants were to pro-

ceed. It could be hypothesized that some participants attempted to com-

plete the questions quickly and traded off accuracy for speed. Table 3

shows the average response time of the 55 participants and the accuracy

for the tasks. We found there was no significant linear correlation be-

tween the average reaction time and the accuracy for each puzzle

(R2¼ 0.01 for the TTT; R2¼ 0.01 for the Book puzzle; R2¼ 0.05 for

the Cube puzzle; and R2¼ 0.03 for the Number Series puzzle). That is

to say, people who spent more time on the test did not necessarily per-

form better and vice versa. Hence, we can reasonably infer that there

Table 2 Performance on puzzles as a function of major

Major N Mean Std.
deviation

Std. error
mean

TTT
Design 10 0.825 0.092 0.029
Non-design 45 0.867 0.113 0.017

Book
Design 10 0.442 0.180 0.057
Non-design 45 0.567 0.181 0.027

Cube
Design 10 0.733 0.156 0.049
Non-design 45 0.796 0.165 0.025

Series
Design 10 0.617 0.181 0.057
Non-design 45 0.700 0.110 0.016
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was no speed-accuracy tradeoff; therefore, we will focus on participants’

accuracy.

In order to compare participants’ performance in our experiment, 28

participants were selected from each type of puzzle: 14 from the first

quartile, regarded as the ‘good’ performance group, and 14 from the

last quartile, regarded as the ‘bad’ performance group. Table 4 shows

the paired comparison of participants’ correlative performance. The

consistency of the paired puzzle means that participants are either

good or bad at both paired puzzles. Taking the TTT-Book pair for ex-

ample, consistency means that a participant’s performance on TTT and

Book places him or her in the good performance group for both tasks or

in the bad performance group for both tasks. Inconsistency means that

they are good at one puzzle but bad at the other (i.e. good at TTT but

bad at Book and vice versa). Based on the paired correlative performan-

ces (Table 4), three times as many participants showed consistent results

than inconsistent results in the TTT and the Cube puzzle pair. In the

Book and the Number Series puzzle pair, twice as many participants

showed consistent results than inconsistent results. That is, both the spa-

tial and the numerical pairs show a higher correlation than the other

four pairs (e.g. TTT and Book pair, TTT and Number Series pair). Fur-

thermore, the paired t-test for two sample means revealed that the

Table 3 Average reaction time and accuracy on the tasks

Tic-Tac-Toe Book Cube Number
Series

Average reaction time (s)
Mean 20.53 49.71 37.18 68.89
SD 19.04 49.24 35.83 65.41

Accuracy
Mean 0.859 0.544 0.785 0.685
SD 0.106 0.227 0.184 0.260

Table 4 Percentage of participants producing consistent (C) and inconsistent (InC) performance on each
puzzle-type pairing

TTT (%) Book (%) Cube (%)

C InC C InC C InC

TTT e e
Book 25 21 e e
Cube 39 7 29 18 e e
Series 32 18 43 21 36 21
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performances between the consistent and inconsistent groups were sig-

nificantly different (t(11)¼ 2.2, p< 0.05). This suggested that partici-

pants were not familiar with the hyper structure of Tic-Tac-Toe type

of games; they did solve the TTT and Book puzzles differently.

A stepwise regression analysis revealed that the correlation between the

TTT and the Cube puzzles (0.33) was significant, t(53)¼ 2.59, p< 0.01

(see Table 5); furthermore, the correlation between the Book and the

Number Series puzzles (0.39) was also significant, t(53)¼ 3.18,

p< 0.05. Conversely, there was no significant correlation between the

TTT and the Number Series puzzles (0.19), t(53)¼ 1.41, p> 0.05; the

correlation between the Book and the Cube puzzles (0.21) was not sig-

nificant either, t(53)¼ 1.56, p> 0.05. That is, there are only two pairs

of significant correlations within these four types of puzzles: the TTT

and the Cube puzzle pair and the Book and the Number Series pair.

These are correlations ‘A’ and ‘B’, respectively, in the research frame-

work shown in Figure 5.

Lastly, we examined the relationship between 2D and 3D abilities (see

Table 6). The hardest Cube task in the experiment is the locked shape

with two axes of rotation to the correct orientation. Every participant

performed quite poorly. Without taking the particular trial into ac-

count, the total average accuracy showed no obvious difficulty differ-

ence between normal shape decomposition (82.2%) and locked shape

decomposition (84.8%). This might suggest physical laws have little to

do with mental cube rotation tasks. This result differs from previous

findings (Morrow et al., 1987; Shiffrar and Freyd, 1990) that mental

transformations still follow physical constraints. However, those tasks

involved body movements and perhaps the difference in results is be-

cause body parts were not involved in the current study. It might be

the case that mental simulations of body movements are a third type

of mental rotation strategy, different from the two discussed earlier.

4 Discussion
If participants were just proficient at the Tic-Tac-Toe puzzle, regardless

of its representation, then we would have observed strong pairwise

Table 5 Correlation matrix of stepwise regression analysis about accuracies of four puzzles

TTT Book Cube Series

TTT 1.00
Book 0.25 1.00
Cube 0.33 0.21 1.00
Series 0.19 0.39 0.34 1.00
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correlations between the TTT and Book tasks. However, there was only

slightly more consistency than inconsistency among the TTT and Book

tasks. The correlation was very low (R2¼ 0.06). Thus we can assume

that spatial problem solving (e.g. TTT puzzle) ability and mathematical

problem solving (e.g. book puzzle) ability are independent. Conversely,

by inspecting how many people are good at one kind of puzzle but per-

form poorly on another kind of puzzle, the results reveal some interest-

ing correlations. The spatial (the TTT and the Cube puzzle) and

numerical (the Book and the Number Series puzzle) pairs do show

stronger correlations than others. It clearly appears that the different

puzzles are associated with at least two different abilities. In addition,

the regression analyses support our hypothesis that the performance

on the TTT is positively correlated to the performance on the Cube puz-

zle but not Number Series. Moreover, performance on the Book puzzle

is positively correlated to the performance of Number Series rather than

the Cube puzzle. This supports the claim that spatial and mathematical

abilities are two independent abilities; those who have higher spatial

ability can perform better on the TTT, while those who have superior

mathematical ability can perform better on the Book puzzle.

While we were using the Cube puzzle as a control for spatial ability, it

also deals with what most tests have assumed to be 3D ability. We com-

pared performance on the Cube task to performance on the TTT task,

which is clearly 2D. The study suggests that 2D and 3D spatial tasks are

consistently correlated, indicating that 2D and 3D spatial abilities are

inter-dependent. Moreover, this study is consistent with others that in-

dicate that there is a strong overlap between 2D and 3D spatial ability. If

we accept the task decomposition of Carpenter and Just (1986), then all

3D tasks have 2D components. The 2D components especially deal with

search and identification. However, if people have the 2D search and

identification capabilities only, then they can solve 2D tasks but not 3D.

Table 6 Percent correct on the Cube Puzzle

3D decomposition type Bad at 2D puzzle (%) Good at 2D puzzle (%)

Normal Locked Normal Locked

No rotation True 85.71 64.29 100.00 71.43
False 85.71 92.86 100.00 100.00

Rotation around one axis True 50.00 71.43 85.71 64.29
False 71.43 92.86 85.71 92.86

Rotation around two axes True 71.43 7.14 78.57 28.57
False 57.14 78.57 92.86 92.86
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Cooper and Mumaw (1985) identify different strategies dealing with 3D

problems e a low information complexity strategy based on matching

2D features and 3D rotations, and a higher cognitive load strategy based

on encoding data in a 3D mental model. Only a few people were profi-

cient in the second strategy in Cooper and Mumaw’s study, while most

were using the feature mapping strategy. This suggests why there is

greater variation for 3D tasks compared to 2D tasks in the present

study. We hypothesize that many people classified in tests as having

low spatial ability could significantly improve their ability by being

told how they could solve the problem using the lower information pro-

cessing load approach. Referring back to the design domain, deciding

on a strategy might be an important skill students need to learn when

dealing with various kinds of spatial issues. That is, they should learn

there are multiple mental strategies and to choose the right spatial strat-

egy for different situations regardless of whether the representations are

in 2D or 3D.

As a future study, we could look very closely at different 3D design tasks

and decompose them like Just and Carpenter (1976), so as to gain in-

sight about how much 2D and how much 3D processing is involved.

Tasks involving planar 3D tasks such as designing a traditional modern

office building might be one set of tasks, while more complex 3D shapes,

such as the Guggenheim Museum in Bilbao, Spain by Frank Gehry,

provide an alternative collection of more complex and apparently 3D

examples. Highly non-orthogonal design, without organizing axes,

may preclude effective use of 2D or feature mapping strategies for deal-

ing with 3D tasks. Alternative strategies for doing the tasks would also

have to be identified and decomposed. In these design subtasks, we

could also check which subtasks are 2D and which are possibly 3D by

tracing participant protocols using different external representations.

This would provide additional insight into the relative importance of

mental spatial strategies and how they interact with different types of ex-

ternal representation in different types of design tasks.

It is likely that some types of design, even outstanding design, have

greatly varied requirements for 2D and 3D mental imaging. By inspect-

ing people’s differences in abilities in 3D and 2D, and matching these

with different design tasks and styles, we should be able to identify their

interaction. That is, what types of design styles allow effective use of 2D

strategies for dealing with 3D design problems? Also, we may be able, in

the future, to provide training that can improve students’ spatial apti-

tude by emphasizing 2D approaches to what appear to be 3D design

tasks.
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Additionally, we also need to keep in mind that those kinds of spatial

ability tests were generally represented in 2D media, such as paper,

slides, and static computer images. It is worthwhile to further study

what would happen if the tests are conducted using 3D real time repre-

sentations, such as in a 3D game environment or even with physical ob-

jects. This will help clarify if there are performance differences between

3D objects and their 2D representations and help us to further generate

appropriate 3D tasks to measure 3D spatial ability that can minimize

the interferences from the use of 2D spatial strategies. In addition, clar-

ifying the differences between 3D objects and their representations

might also enable us to improve our current design representation

systems in the future. Hence, we would be able to provide better

design training and education for people with varying levels of spatial

ability.
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