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Abstract—Well-developed 3-D spatial skills are correlated
with engineering success. However, most studies examining the
link between spatial skills and engineering success have been
conducted at the macro level, i.e., the link between spatial skills
and course grades or between spatial skills and graduation rates.
In this research, a more refined approach has been taken.
Relationships between spatial skills and success in solving certain
types of problems that engineering students commonly encounter
are examined. It was found that high levels of spatial skills
predict success in solving certain types of engineering problems
but not in all types of problems. Data gathered through this
research will be further analyzed to determine characteristics of
problems where spatial skills appear to play a role and
characteristics where they do not.

Keywords—spatial skills, problem-solving, engineering student
success

I. BACKGROUND

Engineers are known problem-solvers. Through their
rigorous education and subsequent practice, they learn to
solve complex open-ended problems for the betterment of
society. What is less well-known 1is that professional
engineers are also great visualizers. In tests with more than
30,000 professionals [1], engineers demonstrated the highest
level of spatial visualization skills, followed closely by
architects and other STEM professionals. A recent study
shows a strong correlation between spatial visualization
skills and creativity and technical innovation [2]. This leads
to the hypothesis that undergraduate engineering degree
programs should produce graduates with well-developed
spatial skills if we are to produce engineers who are capable
of solving the challenging and multidisciplinary problems
our society faces.

Engineering is one of the largest career disciplines in
the U.S. It is estimated that approximately 6.2 million
people work in science and engineering related disciplines in
the United States [3] and this is projected to grow
substantially in the next decade [3]. Therefore, it is
apparent that engineering education has a critical role
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within higher education. There have been a number of
reports and studies citing deficiencies in the current
provision of engineering education in general and calling for
widespread change [4]. In particular, reports such as NAE
[5] have highlighted sub-standard problem solving skills in
the workforce as a major concern among new graduates of
engineering disciplines.

While problem type can vary from open-ended, ill-defined
with divergent solutions to well-defined, convergent problems,
the way we think about problem formulation and how we
translate a problem statement into a representation is often
studied using simple math problems. For example, Clement
[6] gave the following problem to 150 freshman engineering
students:

“Write an equation using the variables C and S to represent
the following statement:

At Mindy’s restaurant, for every four people who ordered
cheesecake, there are five people who ordered strudel.

Let C represent the number of cheesecakes and S the
number of strudels.” [6]

He found the success rate to be very low - 27 % -
approximately two out of three engineering students with high
levels of math ability were unable to convert the word
statement into the correct equation (5C = 4S). It appeared that
many translated the statement one word one at a time to arrive
at the following incorrect response: 4C = 5S which was
provided by 68 % of the sample. Other studies in the literature
support this fact that it is not easy to translate simple word
problem statements to mathematical form. The process of
forming a correct representation is not easy. Even rephrasing
a problem without changing the mathematical properties will
success rate [7] and the approach to solving the problem [8].
It is apparent that, for many, simple problems can be very
difficult to solve; comprehending and translating the problem
statement can be very difficult even when the mathematical
procedures are simple
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Therefore, it is important to consider manners in which
the development of problem solving abilities can be
fostered within these new conceptions of engineering
education. One area which is significant in fostering
improvements among engineering education students is
spatial ability [9].

Although spatial thinking has been a part of the national
mathematics standards in the U. S. for many years
[10] it is not always specifically assessed on the high stakes
tests in most states and therefore is not a part of the
mathematics curriculum. Despite the clear importance of
spatial skills for STEM careers these skills are unlikely to
be consistently taught in schools. Providing educators with
an evidence-based approach to training spatial skills could
greatly enhance “uptake” of the need to teach these skills and
the benefit of doing so.

Spatial skills have been a significant area of research in
educational psychology since the 1920s or 30s. In his “A
Plea for Visual Thinking” Arnheim [11] asserts that most
educational psychologists erroneously believe that there is
a distinct dichotomy between perception (visual thinking) and
reasoning (cognitive thinking). He states that as far back as
Descartes, the reasoning abilities of humans were considered
to be superior to their perceiving abilities. Arnheim argues that
perception and reasoning are both necessary in the thinking
process and that to elevate the reasoning thinking skills above
the visual thinking skills is to ignore the wat that the mind
actually works. In fact, he believes, that “Thinking, then, is
mostly visual thinking.”

There is now very strong correlational evidence linking
spatial skills to success in STEM [12], [13], [14]. Recent
articles link spatial skills to creativity and technical
innovation [2] and to success in computer programming [15].
A recent longitudinal study following 400,000 high school
students 11+ years later, investigated both their choice of
college major and career, and found that adolescent spatial
reasoning skills were predictive of choice of STEM majors and
careers, above and beyond the effects of verbal and math
abilities [14]. The researchers analyzed longitudinal data
for predictors of achievement and attainment in STEM fields
using nationally representative samples that included a total of
over 100,000 participants. Spatial ability emerged as a
consistent and statistically independent predictor of selecting
STEM related courses, graduate study, and other measures of
STEM attainment.

The good news is that spatial skills can be learned. In an
extensive meta-analytic study, Uttal et al. [16] demonstrated
that generally spatial skills training results in an
improvement (equating to an effect size of 0.47) in spatial
ability. This demonstrates that spatial skills can be effectively
learned and have the potential to facilitate significant gains
in learning within engineering [16].

Spatial skills training may play a particularly important
role in promoting gender equity in STEM achievement and
attainment. It is well-documented that the 3-D spatial
visualization skills of women lag behind those of their male
counterparts, especially for 3-D rotations [17], [18], [19].
Theories for the cause of these differences include the assertion
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that gender differences in spatial ability reflects our
evolutionary past and may be influenced by levels of androgens
e.g., [20] [21]. Other theorists suggest that environmental
factors are the primary reasons for male-female differences in
spatial skill levels [22]. A meta-analysis of sex differences in
spatial ability estimated an effect size difference of +.56 on
mental rotation tasks [19], with a female disadvantage.
Given the evidence for the importance of three-dimensional
spatial thinking in many domains of science, the female
disadvantage on mental rotation tasks may make a direct
contribution to females’ lower rate of representation at higher
levels of math and science.

Sorby has developed the Developing Spatial Thinking
(DST) curriculum that consists of a workbook and software
that helps students to develop their 3-D spatial skills. The one-
credit intervention course at the university level that uses this
curriculum is aimed at first-year engineering students with
weak spatial skills. The spatial skills intervention course has
been adopted at a number of colleges of engineering across the
U. S. Longitudinal studies have shown the efficacy of the
curriculum with the following key outcomes [23] [24]:

o The spatial skills of the students who participated in the
course increased significantly.

e Increases were uniform for both the males and the
females.

e The students who participated in the course went on to
earn higher grades in their introductory engineering,
calculus, chemistry, computer science, and physics
courses.

e More students graduated from engineering. This was
particularly true for women students. [In one study the
engineering graduation rate for women in the
intervention was 77% compared to 47% for women not
in the intervention. ]

Several tests have been developed to measure a person’s
spatial skill level. The two predominant tests used in
engineering education research are the Purdue Spatial
Visualization Test: Rotations (PSVT:R) [25] and the Mental
Cutting Test (MCT) [26]. Example problems from each of
these tests are given in Figures 1 and 2.

@ IS ROTATER TO @

RS IS RUTATED TO

hodde

Fig. 1. Sample Problem from the PSVT:R (correct answer D)
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) A B c D E
Fig.2. Sample Problem from the MCT (correct answer D)

II. RESEARCH DESIGN

In this research, tests of spatial cognition were administered
to engineering students at a variety of institutions in the U. S.
and in Australia. Table 1 includes data regarding the various
test administrations in this study. The insitutions involved in
this study were Insitution 1, Institution 2, , Institution 3,
Institution 4, and Institution 5. In addition to the spatial skills
tests, students solved several problems in either mathematics,
electrical engineering or chemical engineering, depending on
major and level of experience.

TABLE 1. SPATIAL TEST ADMINISTRATION
Institution A dmt?r‘tet:;ttere d Sg':lz[; le Student Major/level
1 PSVT:R 276 Various/1* year
1 MCT 114 Various/1* year
1 MCT 27 Electrical Eng/3" year
2 MCT 97 Electrical Eng
3 PSVT:R 115 Various/1* year
4 MCT 64 Chemical Eng/3" year
5 MCT 17 Electrical Eng/3" year

A. Mathematics Problems

Two types of math problems were administered to first year
engineering students at Institution 1 and 3. Approximately half
of the problems were word problems and the other half were
questions designed to evaluate procedural math knowledge. For
example, one word problem was:

e You have a square lawn. You increase one side of the
lawn by 2 meters and the other side by 3 meters. The
area of the lawn is now twice the area of the original
lawn. What was the original size of the lawn?

The corresponding question used to assess basic procedural
knowledge related to this problem was:

e Find the roots of 2x* + 6x - 8 = 0 using factoring

B. Electrical Engineering—DIRECT Test

Electric circuits is a core subject in electrical engineering
and the physical sciences that is typically introduced in the first
few semesters of study. Learning outcomes in this subject
relate to the comprehension of several concepts associated with
direct current (DC) circuits including energy, voltage/potential
difference and current. Also included in these learning
outcomes is the ability to create and interpret formal circuit
diagrams which requires knowledge of laws, rules and symbols
guided by conceptual understanding. Since electric circuit
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diagrams are well-structured images and definitions of spatial
ability typically refer to the ability to visualize well-structured
images [27], it seems plausible there should be a relationship
between spatial ability and performance in electric circuit
diagram tasks.

A conceptual test of electric circuits called DIRECT [28]
was administered to a portion of the electrical engineering
students participating in this study. The DIRECT test consists
of 29 multiple choice questions that cover four areas of
understanding: concepts of energy, voltage, current and
physical aspects of circuits such as open and closed circuit
properties. Samples for this portion of the study were recruited
from Institutions 1 and 2.

C. Electrical Engineering—General Circuits Problems

A second group of electrical engineering students
completed a set of circuits problems using pencil and paper
from Institution 5. This task consisted of 7 multiple-choice
knowledge control questions, 11 multiple-choice electric circuit
questions, and 5 problem-solving electric circuit questions.

The knowledge control questions were developed to
determine the level of conceptual understanding by the students
of the topics required to successfully respond to the remaining
16 electric circuit problems. The knowledge control questions
covered Ohm’s Law, series and parallel resistance, power,
Kirchhoff’s Voltage Law and Kirchhoff’s Current Law, and
Thevenin equivalent circuits. Given the importance of
conceptual understanding when problem-solving [29], it was
necessary to control for the students understanding of these
concepts. The 11 multiple-choice electric circuit questions were
selected from the Direct 1.1, a concept inventory developed to
evaluate resistive electrical circuit concepts [28]. The final 5
electric circuit problems were selected from textbooks that are
commonly used in undergraduate circuit courses in the United
States. The students were given one hour to complete all 23
circuits problems.

D. Chemical Engineering Problems

Students enrolled in a 3rd year course in a Chemical
Engineering program at Insitution 4 solved problems based on
concepts learned in a prerequisite course. Some of the problems
utilized typical chemical engineering concepts re-framed with
“everyday” examples and other problems were taken directly
from chemical engineering textbooks. Examples of these two
types of problems are given in the following:

e One vegetable oil contains 8 % saturated fats and a
second oil contains 26 % saturated fats. In making a
salad dressing from these two oils how many ounces of
the second must be added to 10 ounces of the first in
order for the dressing to have 14 % saturated fats.

e One thousand kilograms per hour of a mixture of
benzene and toluene containing 50% benzene by mass
is separated by distillation into two fractions. The mass
flow rate of benzene in the top stream is 450 kg/hour
and that of toluene in the bottom stream is 475 kg/h.
The operation is at steady state. Calculate the
component flow rates in the output streams
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III. RESULTS

The results obtained from this study are described in the
next paragraphs, delineated according to discipline/level.

A. Mathematics

In the analysis of the word problems administered, it was
found that scores on the spatial test were significantly related to
success in solving the problems; however, the relationship
between spatial ability and the set of 6 procedural questions
was small and insignificant. Hegarty & Kozhevnikov [30]
measured a large and significant correlation (r(31) = .52, p <
.01) between a set of math story problems and a test of spatial
ability among 6" grade boys (12 years old). Therefore, the
relationship between spatial ability and word problem solving
that was shown to be evident among samples of 6™ grade
children was also shown to be present among samples of
engineering students. It is quite plausible this relationship
persists throughout adolescence and can be found in a variety
of samples.

In order to learn why high spatial students outperform their
low spatial counterparts in solving word problems, the
solutions provided by each participant to the 6 problems were
coded based on a set of actions that together constituted an
approach to problem solving. It was found that high spatial
students were consistently more successful at both linguistic
and schematic levels as evidenced by translating relational and
assignment statements to mathematical form (linguistic
knowledge) and by selecting an appropriate schema on which
to base the solution (schematic knowledge). In other words, if
problem representation consists of the phase that culminates in
the creation of a mathematical model which is then subjected to
standard mathematical procedures in a solution phase, spatial
ability is relevant to problem representation only and unrelated
to problem solution. High spatial students make fewer errors
compared to low spatial students when translating word
statements that assign values to and/or relations between
variables/constants and are also more likely to select a correct
schema for the problem. They are therefore placed in a better
position before the solution phase begins. However, if both
low and high spatial students arrive at the solution phase with
the correct representation their subsequent performance and
chances of getting the correct answer are equal.

To illustrate the different approaches to solving a problem,
examples collected from participants are presented below taken
from the solutions to the ‘Lawn Problem’:

“A square lawn was extended in width by 2 m and in length
by 3 m. The area of the new lawn is twice as big as the area of
the old lawn. What are the measurements of the old lawn?”
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Fig. 3. Lawn problem solution from P43 (PSVT:R = 15).

In the solution shown in Figure 3, P43 correctly treats the
lawn as a square, translates the change in width and length and
uses the area schema but makes an error in equating old and
new areas. The new area is given as 4x where it should be 2x2.
This could be a typographical error in placing the 2 as a
multiplier rather than exponent of x but the second half of the
solution omits the new area altogether. In fact, there is no
equation in the second part, just the quadratic expression which
is factorized incorrectly to give x =2 or 3 with x = 2 selected as
the correct answer. P43 does treat the lawn as square, correctly
identifies the new dimensions and area schema and could be
seen as correctly identifying the change in area but fails to
enact this latter aspect in an appropriate way.

X ¥+

X[ | 3] /Y G 72)/'I‘>/
[ [ 4 .

L ¥ H 2w p2X +6

x* + cor +6

X X X r d
z »
2.2 X" +Sr +§£
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Fig. 4. Lawn problem solution from P113 (PSVT:R = 30).
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In contrast, there is no confusion evident in the solution
provided by P113 that the lawn is square (see Figure 4). It is
clearly treated as a square at the start and when the solution is
checked at the end. The problem statement contains four
ingredients that are required to write the equation; three are
linguistic, they are contained in the words of the problem — the
lawn is square, width + 2 & length + 3, and Anew =2 x Aold -
and one is a schema selected by the participant — area = width x
length. Taken as a scale of four ingredients, high spatial
students scored significantly higher on this scale than low
spatial students. It was consistency in forming the full
representation rather than any one aspect of the representation
that was the differentiating feature.

Or, to put it another way that may resonate with models of
working memory, high spatial students were better at avoiding
errors in representation while low spatial students were more
likely to omit or err in one or more of the ingredients. Given
that working memory is notoriously limited in capacity [31],
that these problems are novel to the students and solutions are
not readily available in long term memory, it is likely that
solving these problems places high demands on working
memory. A key component of working memory is the
visuospatial sketchpad [32]. Assuming the PSVT:R provides a
measure of visuospatial working memory [33], participants in
this study were more successful at problem representation
because they had higher working memory capacity which led
to fewer errors being made in problem representation.

A key finding from this work is that problem solving in this
context consists of two cognitively distinct phases —
representation, which draws heavily on spatial ability (and/or
visuospatial working memory), and solution, which does not.
It is in the solution phase that core mathematical competencies
are tested, the competencies that are typically the main focus of
mathematical teaching in traditional engineering curricula.
However, problem representation is an entirely different skill
and should be considered as such so that different learning,
teaching and assessment methods are considered to support its
development. Architects of traditional curricula may need to
reflect on this observation and consider paying greater attention
in mathematics learning to the process of generating a
representation of a problem before applying core competencies
in the solution phase.

B. Electrical Engineering—DIRECT Test

A sizeable and significant correlation was found between
spatial ability and the DIRECT test which was large in some
cases, e.g. T (26) = 492, p < .01 for 3" year electrical
engineering students at DIT. While the magnitude and
significance of this correlation is not consistent across samples
there is much more consistency when the test is divided into its
four conceptual subsets — physical aspects of DC circuits
(Group A), energy (Group B), current (Group C) and voltage
(Group D). The correlation between spatial ability and Group
A questions varies within a narrow range (mean r = .45) and is
consistently significant at the p < .01 level while for the other
three groups the correlation is quite variable and insignificant
in most cases. The average value of the correlations between
the spatial test and Group A on DIRECT is .45 and all are
significant at p <.01. Between 13 and 28 % of the variation in
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scores on Group A of DIRECT is shared with a test of spatial
ability and the highest correlations are observed when the MCT
is used to measure spatial ability.

All Group A DIRECT questions share a similar format
which consists of a short question, an image of a circuit with
multiple answer choices provided for the participant to select.
According to [14], the circuits concepts assessed by Group A
are arguably the fundamental aspects of circuits. Five of the
Group A questions require transformation between pictorial
sketch and formal circuit diagram (questions 9, 13, 18, 22 and
27). Four require some rearrangement of a formal circuit
diagram (questions 4, 5, 10 and 19) and two require reasoning
about circuit properties when a switch is closed (questions 14
and 23).

The format of Group A questions is different to
mathematical story problems in that they do not contain a story,
they do contain an image, both mental transformation and
reasoning are required and answer choices are provided. While
the multiple choice question format can prompt representations
of the problem and facilitate guess work, those who do attempt
to answer the questions are faced with decision making that can
be categorised as problem representation.

C. Electrical Engineering—General Circuits Problems

The participants scored very high on the knowledge control
questions and the Direct test electric circuit questions indicating
that they had the sufficient conceptual knowledge to correctly
solve the remaining problems. As shown in Figure 3, the scores
on the electric circuit textbook problems were more varied. On
average participants performed well on problems 2 and 5, did
not perform well on problems 1 and 4 and were mixed on
problem 3. The overall average score on this set of problems
was 31.8 out of a 50 possible points.

Electric Circuits Problems to Solve

10.0 9.4

9.1
9.0
8.0
7.0 6.4
@ 6.0
E - 36 3.9
4.0
3.0
2.0
1.0
0.0
1 2 3 4 5
Problem #

Fig. 5. Average scores on electric circuit textbook problems.

The purpose of this pilot study was to see if there were any
correlations present between scores on the MCT and scores on
the electric circuit textbook problems. Unfortunately, there
were no statistically significant associations found between the
scores on the MCT and scores on either the multiple-choice
electric circuit questions or the electric circuit textbook
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problems. The relatively small sample size (N=17), may
account for this and we will be collecting more data to see if
the results change.

D. Chemical Engineering Problems

Problem sets were administered during a class period in
Thermodynamics, a third-year course in the Chemical
Engieering program, but the topics tested in the problems are
typically covered in a second-year course in chemical
engineering. Since the students were all given the same amount
of time, those who were better at problem-solving would likely
solve a larger number of problems compared to weaker
students. Figure 4 shows the correlation between the number of
problems correctly solved and scores on the MCT.

12

Number of Problems
Solved Correctly
SO N B~ OV © S

Score on the MCT

Fig. 6. Scatter Plot with Results from Chemical Engineering Problems

A strong positive correlation (R=0.59, p<0.00001) between
spatial skills test scores and the number of problems
successfully solved by the students was found. Problems where
spatial skills appear to play a role were identified and will be
further described in the presentation.

The problems identified in this pilot study were further
analyzed to determine which, if an, of the problems appeared to
rely on spatial skills in their solution and which ones did not.
For this analysis we computed the average MCT score of the
students who solved the problem correctly and compared it to
the average MCT score of those who did not solve it correctly.

The following problem is an example where spatial skills
appeared not to play a role in its solution:

e A paint mixture containing 25.0% of a pigment and the
balance water sells for $18.00/kg, and a mixture
containing 12.0% pigment sells for $10.00/kg. If a paint
retailer produces a blend containing 17% pigment, what
should the sales price be in order to yield a 10% profit?

For this problem the average MCT for those who answered
it correctly was 13.07 and for those who answered it
incorrectly, the average was 11.77 (out of a possible 25 points).
The difference is spatial skills as measured by the MCT was
not statistically significant.

In contrast, the following problem is one where spatial
skills appeared to play a role in problem solution:

978-1-5386-6522-0/18/$31.00 ©2018 IEEE

e Two methanol-water mixtures are contained in separate
flasks. The first mixture contains 40.0 wt% methanol,
and the second contains 70.0 wt% methanol. If 200 g of
the first mixture is combined with 150 g of the second,
calculate the mass and composition of the product.

For this problem, the average MCT score for those who
answered it incorrectly was 4.80 compared to 11.88 for those
who answered it correctly. This difference was significant at
the p=0.0014 level.

The data obtained in this portion of the study is being
further analyzed to determine characteristics of problems where
spatial skills appear to paly a role and compare those to the
types of problems where spatial skills do not appear to play a
role. The two problems given here appear to be virtually the
same in terms of the skills and conceptual understanding
needed to solve them. So why does one appear to have a spatial
component while the other does not? In future work qualitative
analysis of student solutions will be conducted to attempt to
answer this question.

IV. CONCLUSIONS

Numerous studies have shown the link between well-
developed spatial skills and engineering success. The current
study examined the link between spatial skills and one specific
aspect of the engineering curriculum—problem-solving. This
paper includes the results from four separate studies examining
the link between spatial skills and problem solving. In all but
one of these studies, spatial skills were found to be important
for solving problems in mathematics, electrical engineering,
and in chemical engineering. One study found no correlation
between spatial skills and successful circuits problem-solving;
however, it should be noted that the sample size for this portion
of the study was small and might not be respresentative of the
general student population found in electrical engineering.
Future work will examine specific aspects of student problem-
solving (for example inclusion of a descriptive figure) to
determine the mechanisms by which spatial skills play a role.
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