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Efficacy of Various Spatial Visualization Implementation 

Approaches in a First-Year Engineering Projects Course 

Introduction 

Spatial visualization (SV) skills are both learnable1 and highly correlated with success in 

engineering. Convinced that improvement in our engineering students’ spatial visualization skills 

would support improved retention in the College of Engineering and Applied Science at the 

University of Colorado Boulder—a highly research-active university, the first-year engineering 

projects course faculty team embarked on an evolving and escalating effort to cultivate students’ 

spatial visualization (SV) abilities. Starting in the 2013 academic year, the SV skills of cohorts of 

entry-level engineering students were measured before and after their completion of a first-year 

engineering project design course. Students were assessed using the Purdue Spatial Visualization 

Test: Visualization of Rotations2 (PVST:R) pre- and post-tests. In subsequent semesters of the 

same course, each student cohort was assessed before and after a specific SV implementation 

approach to see the impact of the addition of various formal curricular approaches to cultivate 

spatial visualization skills. 

Our motivation to implement and study spatial visualization skills came primarily from the 

evidence in the literature concerning historic gender differences in SV ability and the effects of 

SV skills on retention in engineering. For decades, studies using the PVST:R and other spatial 

visualization tests have consistently shown gender differences3,4 in which male students 

significantly outperform female students. The source of this gender gap is under investigation; 

Yoon et al. recently confirmed that the PVST:R does not contain a test bias against gender5. 

Additionally, Sorby and Baartman performed a six-year longitudinal study that showed that a 

first-year SV intervention increased retention rates in engineering6. 

Without a clear understanding of the source of the SV gender gap, but convinced that ample 

evidence existed to support SV intervention as a powerful retention tool with the potential to 

differentially impact female students, we began to incorporate SV skill-building curriculum into 

the college’s GEEN 1400: First-Year Engineering Projects course. Over time, our results 

motivated us in an escalating fashion to intervene more with SV curriculum. This paper 

describes the various spatial visualization approaches and implementations across five semesters, 

and reports the resulting efficacy (or lack thereof) of each method. 

Methods 

To augment the first-year design experience of entry-level engineering students, varying 

approaches to the addition of formal spatial visualization curricula were implemented and tested 

during five semesters. We admittedly “failed often in order to succeed sooner” and iterated our 

implementation approach after each semester’s SV growth results were assessed.  

The PVST:R was consistently administered at the beginning and end of each implementation for 

those students who did not originally pass. Our implementation approaches to improve students’ 

SV skills included: 
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 Intervention 0: No special training in SV outside of regular design coursework (that is, hope 

for the best); pre- and post-test data available as baseline 

 Intervention 1: In-course SV curriculum and homework assignments, with the potential to 

earn extra credit 

 Intervention 2: Voluntary out-of-class SV workshops with homework assignments 

 Intervention 3: A mandatory out-of-class, four-part SV workshop series for students who did 

not initially “pass” the SV assessment. 

A comparison of various lenses concerning the implementation approach is provided in Table 1. 

The institutional investment lens refers to the resources committed to the SV implementation, 

including faculty/student employees (people), the classroom time/space (places), and classroom 

resources (things). The student accountability lens details the method used by the faculty to 

encourage and quantify the student participation. The student incentive lens refers to the 

mechanisms used to motivate students to practice and build their SV skills. Lastly, the 

curriculum framework lens describes the method used to implement the SV curriculum.  

Table 1. Details of the various spatial visualization implementation approaches employed. 

Intervention 

Method 

& Semester 

Institutional Investment Student 

Accountability 

Student 

Incentive 

Curriculum 

Framework 
People Places Things 

0 

Spring 2013 
None None None None None None 

1 

Fall 2013 

Existing 

design course 

faculty (nine 

faculty 

members) 

None 

beyond 

existing 

class 

In-class SV 

lecture, 

online 

homework 

assignments 

5 graded 

homework 

assignments 

Extra credit 

awarded if >5 

homework 

assignments 

completed 

Computer-

based online 

practice sets 

2 

Spring 2014 

Graduate 

student TA  

(paid hourly) 

Dedicated 

classroom 

for 6 

hours 

weekly 

In-class SV 

lecture and 

online 

homework 

assignments 

Voluntary 

attendance at 

out-of-class  

SV workshops 

Beverage gift 

cards and 

prize lottery 

available to 

students who 

attended SV 

workshops 

Hands-on 

workshops 

and 

computer- 

based online 

practice sets  

3 

Fall 2014 

and  

Spring 2015 

Dedicated 

faculty 

member and 

undergrad 

TA (paid 

hourly) 

Dedicated 

classroom 

for 6 

hours 

weekly  

In-class SV 

lecture, 

hands-on 

workshop 

material 

(workbooks, 

blocks, play 

dough, etc.) 

Required 

attendance at 

workshops for 

students who 

did not pass SV 

assessment 

5% of 

semester 

course grade 

when SV 

assessment 

target met  

In-person, 

hands-on 

curriculum 

for 4 out-of-

class SV 

workshops 
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To begin, in spring 2013, no special training in spatial visualization was provided to students as 

we explored whether the SV skills of the 205 engineering students who took the PVST:R pre- 

and post-assessment would be boosted through the design course itself, or through other factors 

in the first-year engineering curriculum. This implementation approach provided baseline SV 

data for a typical first-year cohort.  

During the subsequent fall 2013 semester, the next cohort of 279 students was introduced to SV 

concepts in the form of an introductory SV lecture provided by the design course faculty. In 

addition, students completed five graded, online SV homework assignments—and could 

complete more for extra credit. All students were required to complete the assignments, 

regardless of PVST:R score. 

The spring 2014 cohort of 305 engineering students was also introduced to SV concepts in an 

introductory lecture. Students who did not achieve a passing threshold of at least 20 (of a 

possible 30) on the PVST:R pretest were asked to participate in voluntary, out-of-class SV 

workshops led by a graduate student teaching assistant (TA). A classroom was dedicated for six 

hours weekly for the voluntary workshops, and the TA used online homework assignments and 

hands-on curriculum to teach SV skills. To incent student participation, a “coffee cart” beverage 

gift card (~$5 value, good for any beverage available) was provided each week to student 

workshop attendees, and attendees who ultimately achieved a score of >20 on the SV assessment 

were entered into a lottery to win an iPad. 

Finally, during the fall 2014 semester a cohort of 342 students participated in four, two-hour, 

out-of-class SV workshops, which were required for all students who did not achieve scores of at 

least 20 on the PVST:R pre-test. A dedicated faculty member, assisted by an undergraduate TA, 

held weekly out-of-class workshops for two four-week sequences. The two sessions gave 

students who did not achieve success with the first session the opportunity to repeat the SV 

workshop series. This approach provided much higher commitment levels to both student 

participation and passing the SV assessment, and put minimal burden on the course instructors. 

The SV workshops were presented in “Montessori style” with the classroom set up in stations 

through which students rotated during the two-hour workshop. The stations made use of hands-

on materials including workbooks, blocks, play dough, pen and paper sketching, etc. For the first 

time, participation in the SV workshops was mandatory for non-passers, and they earned 5% of 

their semester grades once they passed the PVST:R test. The assessment was administered two 

additional times—after four weeks of workshops and again after eight weeks.  

Given the strength of the fall 2014 outcomes shown in Table 2, a similar strategy for delivering 

the SV curriculum was implemented for the spring 2015 cohort of 316 students in two design-

focused first-year engineering projects courses. The SV workshops were scaled from just over 53 

students to 67, with the workshops once again being completed during the first half of the 

semester to give students the opportunity to apply their newly acquired SV skills to their design 

projects. 

As seen in Table 1, the implementation approach escalated each semester across all lenses. The 

results are presented in Table 2 and discussed below.   
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Findings 

Table 2. Pre- and post-test results from various implementations. 

Intervention 

Method 

& Semester 

# Students 

in Cohort 

Pre-Test 

Passing Rate 

(%) (# of 

students) 

Average Pre-

Test Score of  

Workshoppers* 

Average Post-

Test Score of 

Workshoppers 

Workshoppers 

Post-Test 

Passing Rate 

(%) (#) 

0 

Spring 2013 
205 78% (160) 15.8 17.3 29% (13) 

Men 160 81% (130) 16.2 18.0 33% (10) 

Women 45 67% (30) 15.1 16.1 20% (3) 

1 

Fall 2013 
279 65% (180) 15.6 18.0 37% (37) 

Men 189 72% (137) 15.6 17.6 38% (20) 

Women 90 48% (43) 15.7 18.5 36% (17) 

2 

Spring 2014 
305 84% (256) 16.2 22.2 41% (20) 

Men 217 91% (197) 16.6 21.6 30% (6) 

Women 88 67% (59) 16.0 22.8 48% (14) 

3 

Fall 2014 
342 85% (289) 15.4 23.6 94% (50) 

Men 263 92% (242) 16.0 23.9 95% (20) 

Women 79 59% (47) 15.0 23.5 94% (30) 

3 (cont.) 

Spring 2015 
316 79% (249) 15.3 21.6 82% (55) 

Men 231 84% (194) 15.3 21.6 84% (31) 

Women 85 65% (55) 15.4 22.0 80% (24) 

*To clarify, students who initially did not pass are referred to as “Workshoppers” 

Even though cohort 0 of entry-level students was immersed in an academic engineering culture 

and the first-year engineering projects-based design course included a significant amount of 

drawing and visualization of three-dimensional designs, without an SV curricular intervention, 

only 29% of students who initially did not pass the pre-test increased their SV skills to pass the 

post-test by semester end. We were not satisfied with that outcome.  

Intervention 1, in which all students (including those who initially passed the SV pre-test) 

completed online, computer-based practice sets as homework, saw only 37% of initial non-

passers ultimately passing the post-test. Again, we were not satisfied with this outcome.  

In Intervention 2, only the 49 students with scores below 20 (the “pass” threshold) were asked to 

participate in voluntary, out-of-class spatial visualization workshops led by a graduate teaching 

assistant. Employing a “voluntary, this is good for you” approach did not work: of the 49 

students, 32 (65%) completed one or more of the homework assignments, and only 26 (53%) 

took the workshop post-test—with a disappointing 41% ultimately passing the post-test 

threshold. 

While both Interventions 1 and 2 pre- to post-test PVST:R scores showed statistically significant 

improvement, the SV skill gains and participation rates fell far short of the course learning 
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outcome goals. Still believing that improved spatial visualization skills would lead to improved 

retention in the engineering program, a much more intensive and intentional implementation of 

the SV curriculum was designed for fall 2014 and spring 2015 (Intervention 3). Our goal became 

clearer: to aggressively develop SV skills among all ~600 students enrolled annually in the first-

year engineering projects course. To achieve this outcome, we knew we needed a higher-stakes 

implementation approach, to which we dedicated more resources.  

Thus, Intervention 3 required the most institutional investment in people, places and things—

accompanied by much higher student accountability and incentives. As seen in Table 2, students 

achieved by far the best SV skill development gains. Ultimately, 94% and 81% of initial “non-

passers” achieved the threshold of 20 by course end in fall 2014 and spring 2015 respectively, 

with a full 99% and 96% of the fall and spring cohorts in the first-year design course ultimately 

achieving the SV threshold of 20. Finally, we were satisfied that our model met our aggressive 

SV improvement goal—and hopefully these results are impactful enough to realize long-term 

benefits in retention and engineering success. 

Gender Does Matter. Across all interventions and cohorts we found significant gender 

differences among the students with pre-test scores of less than 20. With Intervention 3, the SV 

performance gap between male and female students was closed during both the fall and spring 

semesters. With the Intervention 3 fall 2014 cohort, 60% of initial non-passers were women, 

even though only 23% of the students in the course were female. The passing rate for male and 

female students began at 92% and 59% respectively during fall 2014; this was a statistically 

significant difference in the passing rate (p < 0.05). The post-intervention passing rate was 99% 

and 98% for male and female students respectively—no longer statistically different (p>0.05). 

For the spring 2015 cohort, the passing rate for male and female students was again statistically 

significantly different at 85% for males and 65% for females. The post-intervention passing rate 

was 98% and 94% for male and female students respectively, again no longer statistically 

different due to gender (p>0.05).  

Resource investment matters. We have found that doing our best with SV skill development 

requires institutional investment of about one course equivalent of faculty time spread 

throughout the year, accompanied by one undergraduate TA for every 50 students receiving the 

SV intervention. With this model, we believe we can impact about 250 engineering students 

annually. And, with approximately 20% of our incoming first-year engineering students needing 

SV skill building, we expect to be able to implement this out-of-class workshop model to an 

entering cohort of up to 1,250 students.  

Further, our results show that both student and faculty accountability affect the outcomes. We 

employ a faculty matrix accountability model designed to require little time for, but lots of caring 

from, the course instructors. The instructors of the individual sections of the design course are 

continuously kept abreast of their students’ progress by the dedicated SV faculty member. 

Typically, four or five students in each section (of ~30) need the SV intervention. Accountability 

for students to participate in the workshops (and receive the 5% of their course grades) lies with 

the course instructors, not the SV instructor. Thus, communication and mutual agreement on 

accountability are necessary for achieving student success.  P
age 26.590.6



As we learn more about what materials help our students most effectively, we anticipate a 

refinement of the course materials and activities (see details in the Appendix). A post-workshop 

survey found that time spent with the TA, drawing, and the hands-on blocks were the most 

beneficial materials. The least beneficial materials included the online computer tutorials and 

quizzes. We will pursue more creative activities for each of the stations; for example, we have 

planned an inductive learning station that asks students to describe orthographic views of objects 

while blindfolded. As always, we plan to fail often to succeed sooner and continue to improve 

upon the lessons learned from the previous interventions. 

Appendix 

Details about the activities used during the various interventions: Generally, successful activities 

involved physical implementation of the SV curriculum, while unsuccessful activities involved 

virtual (computer) interfaces. 

 Online homework assignments (unsuccessful, used in Interventions 1 and 2)—Students were 

assigned practice sets via the class website. Practice sets involved selecting the correct 

multiple choice answers without requiring students to show work and/or explain their 

responses. Then, correct answers were provided by the website. 

 Block and Draw (successful, used in Intervention 3)—Students used square blocks to build 

objects. Next, they used pencil on isometric graph paper to draw the isometric view of the 

object. Then they traded objects with another student, and drew the other object. 

 Workbook Sessions (successful, used in Intervention 3)—Students use a workbook1 to 

practice applying various curricular topics like drawing orthographic views or defining the 2-

axis rotation. Students were required to show their work, select multiple choice answers, and 

check their answers in the solutions manual. The SV faculty and/or TA discussed any 

troublesome problems and provided strategies for each curricular topic.  
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Abstract—Spatial visualization (SV) skills are both learnable 
and linked to student success in engineering. Our work was 
motivated by previous research revealing a gender gap in SV 
skills that favors male engineering students. A multi-modal SV 
workshop intervention was incorporated into a first-year 
engineering projects course with the goal of fostering SV skills 
for all students. An analysis of SV skills, as measured by the 
Purdue Spatial Visualization Test (PSVT), preceding and 
following workshop participation is presented. SV workshop 
results were studied for five undergraduate engineering student 
demographic subsets: 1) gender, 2) first-generation status, 3) 
nationality, 4) socioeconomic status, and 5) underrepresented 
minority status. Both female and international students were 
found to arrive at engineering college with less-developed SV 
skills. Since both populations are rapidly growing in the nation’s 
engineering colleges, closing the SV performance gap is 
compelling. The multi-modal SV workshop provided substantial 
support to all students, with a median 23% performance gain. 
And, workshop attendees improved their PSVT passing rate 
(achieving a 20-point threshold) from 0% to 92%. Results 
demonstrate that this replicable multi-modal SV workshop can 
close SV skills performance gaps among all engineering students. 

Keywords—student retention; gender gap; hands-on; spatial 
visualization; first-year engineering 

I. INTRODUCTION 

Spatial visualization (SV), the ability to mentally 
manipulate two- and three- dimensional objects, is a 
foundational skill for students and professions in the science, 
technology, engineering and math (STEM) fields. Additionally, 
SV abilities have been linked to student retention in 
engineering and happily, they are learnable [1].  

Previous research revealed a gender gap in SV skills that 
favors male engineering students [2]; the extent to which other 
student demographics or characteristics may be tied to 
differentiated SV abilities is unknown. Between 2004 and 
2014, the national growth of undergraduate engineering 
enrollments for women, international, and underrepresented 
minority (URM) students was rapid (Table 1) [3]. Engineering 
colleges have an ethical imperative to facilitate the best 
possible opportunities for each of their students to succeed and 

persist in engineering, regardless of student characteristics and 
demographics—including gender, nationality and others. 

In 2014, faculty at the University of Colorado Boulder 
incorporated SV interventions into several first-year 
engineering projects courses with the goal of nurturing spatial 
visualization skills for all students. The faculty were motivated 
by Dr. Sheryl Sorby’s work at Michigan Technological 
University and by the ENGAGE Engineering initiative which 
highlighted the ways that SV skills improve performance and 
retention in engineering. Many intervention designs were 
previously implemented at CU-Boulder, but with varied and 
less-than-desired, success [4]. The Purdue Spatial Visualization 
Test: Visualizations of Rotations (PSVT:R), a cognitive test 
designed to measure SV ability in 3-D mental rotation, was 
administered before and after each intervention [5, 6]. Largely 
unsatisfied with their early results, the faculty developed a 
required four-week multi-modal SV workshop series for 
students who did not initially pass the PSVT.  

This paper introduces the multi-modal SV workshop and 
presents an analysis of student SV skills preceding and 
following workshop participation. SV skill results are explored 
by 1) gender, 2) first-generation status, 3) nationality, 4) 
socioeconomic status, and 5) underrepresented minority status 
in order to quantify the effect of the workshop on SV skills 
development for a broad range of undergraduate engineering 
student populations.  

TABLE I.  NATIONAL UNDERGRADUATE ENGINEERING ENROLLMENTS 

 2004 - 2005 2013 – 2014 % Increase 

Female 63,980 117,511  84% 

International 18,954 53,368 182% 

URM 54,813 92,488 69% 

 

II. RESEARCH QUESTIONS 

• Do differential SV skills exist upon entry to the first-
year engineering projects class across 1) female and 
male students; 2) first-generation students and not; 3) 
international and domestic students; 4) low SES 
students and not; and 5) URM students and not? 

This material was motivated and partially supported by the ENGAGE 
project.  
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• To what extent does the multi-modal SV workshop 
impact both student PSVT performance and passing 
rate? 

• Does the multi-modal SV workshop support all 
populations of engineering students in developing their 
SV skills?  

III. METHODS 

A. Research Methods 

During the first week in each of four semesters (fall 2014, 
spring 2015, fall 2015 and spring 2016), 1,521 students 
enrolled in first-year, hands-on, design-based engineering 
projects classes in the College of Engineering and Applied 
Science at the University of Colorado Boulder were 
administered the PSVT. Based on previous research, a score of 
20 points or more (out of 30 possible) constituted a passing 
grade [7]. To promote accountability, a passing grade of >20 
earned full credit for 5% of the 16-week semester course grade. 
The 251 students (17%) who did not pass the initial PSVT 
(scores < 20) were required to attend an out-of-class four-week 
series of spatial visualization workshops; these 251 students 
are referred to as “workshoppers” in this study.  

B. Undergraduate Engineering Student Demographic Subsets 

Undergraduate engineering students were studied based on 
five dichotomous demographic subsets, including 1) gender,  
2) first-generation college status (first-gen), 3) nationality,  
4) low socioeconomic status (low SES), and 5) whether their 
race or ethnicity is an underrepresented minority (URM) in 
engineering.  

The percentages of each demographic subset in the 
workshopper population, compared to the engineering college 
as a whole, are presented in Table II. The percent of 
workshoppers is cumulative across the 2014-2015 and 2015-
2016 academic years; the percent of college enrollment is the 
average of the 2014 and 2015 first-year students [8]. The 
difference is provided to indicate the over and/or 
underrepresentation of each demographic subset among the SV 
workshops. Results show that both female and international 
students were greatly overrepresented in the workshops by 
72% and 155%, respectively. The overrepresentation of these 
students in the workshop population indicates that they had 
differentially low PSVT pre-test passing rates, and suggests 
that these student groups tended to arrive at the engineering 
college with differentially less-developed SV skills, as 
measured by the PSVT.  

Of note is that URM students were underrepresented 
among the workshoppers. This finding is encouraging, but may 
be because many rising first-year URM students attended a 
one- or two-week summer bridge program on campus the 
summer before their first year of engineering college, during 
which all students took the SV test and participated in a shorter 
version of the SV workshop. Also contributing to the low 
number of URM workshoppers may be that the SV 
intervention was also done for students in a first-year design 
course in a pre-engineering program that has a lower 
representation of URM students than is found for the 
engineering college overall.  

TABLE II.  WORKSHOPPER ENROLLMENT COMPARED TO ENGINEERING 
COLLEGE ENROLLMENT 

 Percent of SV 
Workshoppers 

Percent of 
Engineering 

College 

Percent 
Difference 

Female 50% 29% +72% 

First-
Generation 

16% 15% +7% 

International 23% 9% +155% 

Low SES 20% 17.5% +14% 

URM 13% 16% -19% 

 

C. The Multi-Modal Spatial Visualization Workshop 

The multi-modal SV workshop was designed to loosely 
mimic a Montessori learning approach, allowing students to 
explore and learn materials by self-paced discovery as opposed 
to direct instruction, providing a range of activities that 
students encounter in each two-hour workshop, and designing 
materials so that a range of senses are called into action during 
each session.  

The SV workshop was organized into two, four-week 
sessions. As an example, the first session focused on four 
foundational SV skills: 1) isometric views, 2) orthographic 
drawing, 3) 1-axis rotations, and 4) 2-axis rotations. The 
second session addressed more specific challenges, such as 
inclined planes, curved surfaces and timed problem solving. 

Each two-hour workshop began with a brief topical 
introduction (e.g., isometric views, orthographic drawings, 1-
axis and 2-axis rotations, etc.), after which students rotated 
through four stations that featured different activities on the 
same topic. For example, the “Block and Draw” station 
required students to build an object (tactile sensation) and then 
draw the object from various isometric viewpoints (physical 
task). In comparison, the “Peer Teach” station challenged 
students to watch a peer build an object (visual sensation) and 
then describe to/teach him/her how to draw the isometric view 
of the object (verbal task). The multi-modal nature of the SV 
workshop series thus created opportunities for students to 
practice each SV skill by tapping into a variety of sensory 
pathways [9].  

The SV workshop was offered in the early evening twice 
weekly for a four-week session; a makeup workshop was also 
offered each Sunday afternoon. Thus, a student had three 
different opportunities to attend each week’s two-hour 
workshop. Students were required to attend all four weeks of 
the session in order to retake the PSVT, which they were 
required to pass to earn 5% of their design course grade.  

A second four-week session, with the same design but 
different content, was provided for students who did not pass 
the PSVT following the first session of workshops. This eight-
week progression was offered during the first half of the 
semester in order to facilitate students in cultivating their SV 
skills before their course workloads heightened, and was 
designed so that students could immediately apply their newly 
developed SV skills that same semester in their design courses.  



A single faculty member taught the eight weeks of 
workshops, managed the SV workshop across the multiple 
sections of three first-year project classes, and maintained 
communication with both the first-year project faculty team 
and students involved in the workshops. The SV workshop was 
considered a half teaching credit each semester for the faculty 
member (thus equivalent to one course over the entire 
academic year). 

D. Spatial Visualization Skill Metrics 

The effects of the multi-modal SV workshop were 
quantified by comparing three pre- and post- workshop 
metrics: 1) the percentage of students who scored equal to or 
greater than 20 points (passing rate, PR), 2) the median integer 
score out of 30 possible points (performance, PF), and 3) the 
median integer difference between the post-test and pre-test 
scores for workshoppers (gain, G). Each of the 1,521 first-year 
projects class students took a pre-test; only the 251 
workshoppers took the post-test. For non-workshoppers, the 
pre-test score and post-test scores were made equal for 
statistical analysis.  The median PF scores were reported 
instead of the mean scores since the PF score is an ordinal 
variable.   

E. Statistical Analyses and Software 

Fisher’s Exact Tests (a two-sample exact test for 
proportions) were used to test for statistically significant 
differences between passing rates. Mann-Whitney U tests (a 
nonparametric test analogous to the t-test for continuous data) 
were used to detect statistically significant differences in the 
ordinal performance metric. In each case, statistical 
significance was determined using an α = 0.05. Statistical 
analyses were performed using MATLAB (MathWorks, Inc., 
Natick, MA).  Effect sizes were not reported since the 
statistical analyses were studying the entire population and not 
making inferences based on a sample population. 

IV. FINDINGS 

PSVT pre-test and post-test results for the entire cohort of 
first-year engineering projects students and workshoppers are 
presented, by demographic subset, in Tables III and IV, 
respectively. Shaded cells denote statistically significant 
differences between the demographically dichotomous groups, 
and p-values are provided as superscripts.  

While the pre-test and post-test performance scores (PF) for 
the entire cohort (“All”) did not change (median scores of 25), 
the passing rate (PR) for the pre-test and post-test increased 
from 82.8% to a remarkable 98%. In other words, nearly all of 
the 1,521 first-year students completed their engineering 
projects class with SV skills that surpassed the 20-point 
threshold.  

Looking deeper into these results, both the pre-test PF and 
PR for the female and international student cohorts were of 
particular interest (Fig. 1). Echoing the findings of other 
researchers, data from this study also revealed a gap in SV 
skills with respect to gender. In the pre-test PR metric, female 
students (PR = 67.5%) passed the test at a considerably lower 
rate than their male peers (PR = 88.2%). A similar gap was 
found between international and domestic students, with 

international students (PR = 61.4%) passing the test at 
noticeably lower rates than domestic students (PR = 85.2%). 
International students passed the SV test at the lowest rate 
compared to each of the other demographic populations, as 
measured by the PR metric. These results are not only 
indicative of a gap in SV skills with respect to gender, but also 
a gap in SV skills with respect to the nationality (international 
versus domestic) of first-year engineering students at our 
university. Also, no differences were found among the first 
generation status, socioeconomic status, nor URM status 
demographic subsets—which further highlights the differences 
between female and international students compared to their 
peers. 

 

For the 251 workshoppers (Table IV), the median pre-test 
PF score was 17, which improved to a median post-test PF 
score of 23. The improvement of all workshoppers from the 
pre- to the post-test was statically significant (p’s < 0.001) for 
all demographic groups (Fig. 2).  

 

 

 
Fig. 2 Workshopper median pre- and post-test performance scores 
(n = 251). The horizontal line indicates the passing threshold of 20 points. 
All demographic subsets improved at a statistically significant level  
(p’s < 0.001). 

 
Fig. 1. Entire cohort pre-test passing rate. (n = 1,521). The asterisks 
indicate statistically significant differences between passing rates  
(p < 0.001).  



The pre-test PR, by definition, was 0% for workshoppers 
and improved to a 91.6% PR. Nearly all students who 
completed the workshop series improved their SV skills and 
surpassed the standard threshold of 20. And, the median PSVT 
gain was 7 points (23% increase) for all workshoppers.  

 These findings demonstrate that the multi-modal SV 
workshop was successful in improving student SV skills for 
students from all demographic subsets, thus achieving our 
overarching goal of equity in access to an engineering 
education. 

Of note, only the international workshoppers started and 
ended the workshop with significantly lower skills than the 

alternative category, their domestic peers. However, the 
median international and domestic student gains were 
equivalent (7 points), indicating that both benefited 
comparably from the workshop.  

No statistically significant differences were detected by 
gender, first-generation status, low SES status, or URM status 
for the workshoppers; for each of these demographic groups, 
students scored similarly on the pre-test and improved 
similarly on the post-test.   

 

 

TABLE III.  ENTIRE COHORT PRE-TEST AND POST-TEST PERFORMANCE AND PASSING RATES 

Characteristic Category Student Count 
Median Pre-

Test PF 
(points) 

Pre-Test PF 
Interquartile 

Range 
(points) 

Pre-Test 
Passing Rate 

(%) 

Median Post-
Test  

PF (points) 

Post-Test PF 
Interquartile 

Range 
(points) 

Post-Test 
Passing Rate 

(%) 

Gender 
Male 

Female 
1127 
394 

26 
      22 .000 

6 
6 

88.2 
     67.5 .000 

26 
      24 .000 

5 
4 

98.6 
     96.2 .005 

First-Gen 
No 
Yes 

1287 
234 

25 
      24 .035 

6 
6 

83.3 
     80.3 .300 

25 
      25 .021 

5 
5 

98.3 
     96.1 .043 

International 
No 
Yes 

1368 
153 

25 
      22 .000 

6 
9 

85.2 
     61.4 .000 

25 
      23 .000 

5 
6 

98.6 
     92.2 .000 

Low SES 
No 
Yes 

1253 
268 

25 
        24.5 .165 

6 
6.25 

83.5 
     79.9 .154 

25 
     25 .284 

5 
5 

98.3 
     96.3 .052 

URM 
No 
Yes 

1289 
232 

25 
     25 .803 

6 
6 

82.7 
     83.6 .777 

25 
     25 .433 

5 
4 

98.1 
     97.0 .307 

All 1521 25 6 82.8 25 5 98.0 
Shaded cells denote statistically significant differences between the demographically dichotomous groups, and p-values are provided as superscripts. 

 

TABLE IV.  WORKSHOPPER PRE-TEST AND POST-TEST PERFORMANCE AND PASSING RATES 

Characteristic Category 
Student 
Count 

Median 
Pre-Test 

PF 
(points) 

Pre-Test PF 
Interquartile 

Range 
(points) 

Pre-Test 
Passing 

Rate 
(%) 

Median 
Post-

Test PF 
(points) 

Post-Test PF 
Interquartile 

Range 
(points) 

Post-
Test 

Passing 
Rate (%) 

Median 
Gain 

(points) 

Gain 
Interquartile 

Range 
(points) 

Gender 
Male 

Female 
125 
126 

17 
     17 .779 

4 
5 

0 
0 

23 
    23 .802 

4 
5 

93.6 
 89.7 .362 

7 
     7 .570 

4 
6 

First-Gen 
No 
Yes 

210 
41 

17 
     17 .253 

4 
5 

0 
0 

23 
    24 .934 

5 
4 

91.9 
 90.2 .758 

7 
     7 .708 

4.5 
4 

International 
No 
Yes 

193 
58 

17 
  14.5 .002 

4 
5 

0 
0 

24 
   22 .001 

4 
4 

94.8 
 81.0 .002 

7 
     7 .818 

5 
3 

Low SES 
No 
Yes 

202 
49 

17 
     16 .614 

4 
4.5 

0 
0 

23 
   23 .604 

5 
4.25 

92.1 
 89.8 .572 

7 
     8 .953 

4.5 
5.75 

URM 
No 
Yes 

218 
33 

17 
     17 .205 

4 
4 

0 
0 

23 
    23 .821 

4 
4.25 

91.3 
 93.9 .999 

7 
     7 .353 

5 
5.25 

All 251 17 4 0 23 4 91.6 7 5 
Shaded cells denote statistically significant differences between the demographically dichotomous groups, and p-values are provided as superscripts. 

 



V. FINAL THOUGHTS 

This investigation analyzed the impact of CU-Boulder’s 
multi-modal spatial visualization workshop on first-year 
engineering students’ SV skills (as measured by the PSVT) 
across gender, nationality and other demographics for four 
semesters. The workshop resulted in comparable gains to all 
demographic subsets of students (median gain of 7 points) and 
SV workshop attendees improved their PSVT passing rate 
from 0% to 92% (based on a 20-point threshold).  

Significant differences existed in the incoming spatial 
visualization skills of the studied first-year engineering 
students with respect to gender and nationality, with women 
and international students initially demonstrating less-
developed SV skills (as measured by lower PSVT pre-test 
performance and passing rates). While the SV skills gender gap 
is well-established, in this work we also found a similar gap in 
SV skills between domestic and international engineering 
students.  

Also of significance, this work found a replicable pathway 
for students to learn the SV skills necessary for student success 
by attending an eight-hour, out of class SV workshop series. 
The workshop design engaged one engineering faculty member 
to support many sections of three first-year engineering design 
courses, both negating the need for curriculum change within 
the design courses and for each faculty member to learn to 
teach SV skill development themselves. 

Moving forward, we will assess the longitudinal effects of 
this multi-modal SV intervention as the students matriculate 
through the engineering college. We are primarily curious 
about whether correlations exist between SV scores and 
success and/or persistence in engineering.  

Additionally, we hope to derive an optimal passing 
threshold for the PSVT based on empirical evidence. Although 
we have been using a 20-point passing threshold, 
workshoppers achieved a post-test median score of 23, which 
implies that students who originally scored 20, 21 or 22 points 
may have also benefitted from such a workshop. With student 
success as our primary goal, we question whether we are 
inadvertently leaving students behind when applying a 20 point 
threshold.  

We found that this replicable, multi-modal SV workshop 
intervention can benefit each of the studied demographic 
subsets of students and is particularly important for two fast-
growing populations of undergraduate engineering students: 
women and international students. This finding is of particular 

importance as universities recruit and admit an increasing 
number of female and international students to colleges of 
engineering. In order to promote equity in student success, 
similar multi-modal SV workshops can be used to develop SV 
skills and help level the playing field for all students as they 
matriculate through their engineering degrees. At CU-Boulder, 
we will continue to develop the SV skills of our students to 
ensure equity in student success across gender, nationality and 
all other demographics. 
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Abstract—Spatial visualization (SV) skills contribute to success 
in engineering. However, ample research from American 
university settings indicates that various subsets of engineering 
students have significantly less-developed SV skills than those 
demonstrated by the majority male population. A multi-modal SV 
workshop intervention was provided within a first-year 
engineering projects design course in order to “close the SV gap” 
for all students. A nationality gap was identified in which 
international students scored dramatically lower on the Purdue 
Spatial Visualization Test (PSVT) compared to their domestic 
counterparts. In this paper, an analysis of SV skills segmented by 
world region is presented. No difference was found between East 
Asian and domestic students; however, Middle Eastern students 
scored dramatically lower on the pre-test than East Asian and 
domestic students across both a performance score (19 out of 30) 
and passing rate (46%). The Middle Eastern students improved 
significantly due to the workshop, with median SV gains of 4 points 
on the performance score and 38% on the passing rate. These 
results identify first-year Middle Eastern students as being 
potentially at risk within colleges of engineering due to less 
developed spatial visualization skills that can be strengthened 
through targeted, short-duration training and skill development 
interventions. 

Keywords—student retention; international students; hands-on; 
spatial visualization; first-year engineering; Middle Eastern region 

I. INTRODUCTION 
Spatial visualization (SV) skills are integral to engineering 

education, and improve retention in engineering programs [1]. 
Faculty at a highly research-active university developed a multi-
modal SV workshop for students in several first-year 
engineering projects design courses to improve SV skills.  

Previously, we analyzed and disaggregated SV results by 
various student demographics, including gender, socio-
economic status, underrepresented minority status, first-
generation college status and nationality [2]. Results replicated 
the well-established SV skill gender gap, and exposed a 
surprising result: international students arrived at our 
engineering college with far less-developed SV skills than their 
domestic peers. This finding presents an equity issue for 
universities recruiting an increasing number of international 
engineering students. Nationally, the undergraduate engineering 
enrollments for international students increased by 182% 
between the 2004-2005 and 2013-2014 academic years [3]. 
Educators have an ethical responsibility to promote equity in 

student success to an engineering education; our SV research 
findings identify a student population whose SV skills need 
significant and early bolstering to scaffold them for subsequent 
success in their engineering educations. 

Other researchers have studied the differences in SV skills 
among international and domestic (US) students in various 
forms. Dr. Sheryl Sorby investigated the differences among 
domestic and international engineering students over many years 
(1996-2011) with a small population of international students 
(242 out of 11,441 total) enrolled at Michigan Technological 
University [4]. This study showed a statistically significant 
difference in Purdue Spatial Visualization Test (PSVT) scores 
among Middle Eastern, African, Chinese and Indian students 
compared to their domestic peers, while students from Far East 
Asia, South America and Canada showed no differences in SV 
performance. In addition, Sorby studied students from the 
United Arab Emirates and compared their PSVT scores to a 
domestic student population [5]; this work confirmed a gap 
between the spatial skills of the UAE students compared to 
domestic students. We were motivated by these findings to 
ascertain if our international engineering students performed 
differently on the PSVT than their domestic peers, whether 
students from various world regions demonstrated differential 
SV skills, and whether our multi-modal SV workshop 
intervention could improve student performance on the PSVT. 
This paper reviews the multi-modal SV workshop intervention 
and analyzes the pre- and post-test results for students across 
various world regions.  

II. RESEARCH QUESTIONS 
• Do differential SV skills exist upon entry to the first-year 

engineering projects design class across the following 
world regions of origin: 1) Americas (except domestic 
students); 2) Europe; 3) Africa; 4) Middle East; 5) South 
and East Asia; and 6) Australia and Pacific? 

• To what extent does the multi-modal SV workshop 
differentially impact both student PSVT performance 
and passing rate for international students? 

• Does the multi-modal SV workshop equitably support all 
international students in developing their SV skills?  

978-1-5090-5920-1/17/$31.00 ©2017 IEEE



III. METHODS 

A. Research Methods 
Students completed the Purdue Spatial Visualization Test 

(PSVT) during the first week of class for their first-year, hands-
on, design-based engineering projects classes at a highly active-
research public university. A total of 2,441 students enrolled in 
these courses over six semesters (Fall 2014 – Spring 2017). 
Students who scored above or equal to 20 points (out of 30 
possible) passed the test according to a previously used passing 
threshold [6]. Students who did not initially pass the PSVT (n = 
388 or 16% of all students) were required to attend the out-of-
class spatial visualization workshop series; in this study, we refer 
to these students as “workshoppers.” Students earned 5% of 
their semester course grades for passing the PSVT test, which 
encouraged consistent SV workshop attendance and motivation 
to perform. 

B. World Region Subsets 
In the present study, we analyzed our international 

undergraduate student cohort by world region, using the world 
regions defined by the World Bank [7]. We identified six world 
regions from which our international students were citizens: 1) 
Americas (except domestic students); 2) Europe; 3) Africa; 4) 
Middle East; 5) South and East Asia; and 6) Australia and 
Pacific. Among the six world regions, only the Middle East and 
Asian regions had large enough student populations in our six-
semester dataset to analyze statistically. We considered 
domestic students (USA nationals) a seventh world region for 
comparison. 236 international students (10% of all students) 
enrolled in the course and 84 international students participated 
in the SV workshops (22% of workshoppers). Table II depicts 
the workshopper enrollment across world regions.  

Note that Middle Eastern students are over-represented as 
workshoppers (14%) compared to their enrollment in the course 
overall (4%) while domestic students are underrepresented (78% 
of workshoppers versus 91% of the course).  

TABLE I.  WORKSHOPPER ENROLLMENT ACROSS WORLD REGIONS 

 Number of 
Students 

Percentage of 
Students in 

Course 

Percentage of SV 
Workshoppers 

Americas 12 < 1% < 1% 

Europe 8 < 1% < 1% 

Africa 2 < 1%  < 1% 
Middle 

East 102 4% 14% 

South and 
East Asia 111 5% 6 % 

Australia 
and Pacific 1 < 1 % 0% 

USA 
(Domestic) 2,205 91% 78% 

 

C. The Multi-Modal Spatial Visualization Workshop 
Workshoppers attended a four-week evening SV workshop 

during which they rotated through various hands-on activities in 
two-hour sessions to study SV topics such as isometric drawing, 
orthographic views, etc. The PSVT was re-administered 

following workshop completion. If students did not pass the 
PSVT on the second attempt, they were required to participate 
in an additional four-week workshop series before being eligible 
to retake the PSVT a final time. This form of the SV intervention 
was administered over six semesters to more than 2,400 
engineering students. Additional detail concerning prior SV 
interventions and results are available in a previous paper [8].  

D. Spatial Visualization Skill Metrics 
The effects of the SV workshop were quantified by 

comparing two pre- and post-test metrics: 1) the median integer 
score out of 30 possible points (performance, PF) and 2) the 
percentage of students who scored equal to or greater than 20 
points (passing rate, PR). All students enrolled in the course 
completed a pre-test while only workshoppers completed a post-
test. For non-workshoppers, the pre- and post-test scores were 
made equal for statistical analysis. Median (rather than mean) 
PF scores are reported since the PF score is an ordinal variable. 

E. Statistical Analyses and Software 
Fisher’s Exact Tests (a two-sample exact test for 

proportions) were used to test for statistically significant 
differences between passing rates. Mann-Whitney U tests (a 
nonparametric test analogous to the t-test for continuous data) 
were used to detect statistically significant differences in the 
ordinal performance metric. In each case, statistical significance 
was determined using  = 0.05. Statistical analyses were 
performed using MATLAB (MathWorks, Inc., Natick, MA). 
Effect sizes were not reported since the statistical analyses 
studied the entire population instead of making inferences based 
on a sample population. 

IV. FINDINGS 
Table II presents the number of students from each world 

region (in total and by gender) as well as the performance score 
(PF), passing rates (PR), and interquartile ranges for the pre- and 
post-test. Only the Middle East, East Asia, and domestic world 
regions were studied in depth due to the limited number of 
enrolled engineering students from all other world regions. The 
number of students from the Middle East and East Asia regions 
were similar (n = 102 and n=111, respectively) while the number 
of domestic students was an order of magnitude greater (n = 
2,205).  

Figures 1 and 2 depict the median PF and PR for the pre- and 
post-test across world regions. The Middle Eastern student pre-
test PF and PR scores (19 points and 46%, respectively) were 
significantly lower than both the East Asian and domestic 
student scores. After the workshop series, the Middle Eastern 
student post-test PR and PF scores improved dramatically (to 23 
points and 84%), but were still significantly lower than the post-
test scores for both East Asian and domestic student populations. 
However, no difference was found between the East Asian and 
domestic students across both metrics for the pre- and post-test. 
In fact, East Asian and domestic students achieved the identical 
median pre- and post-test PR scores (25 and 26, respectively, out 
of 30).  

 

  



 

TABLE II.  ENTIRE COHORT PRE-TEST AND POST-TEST PERFORMANCE AND PASSING RATES 

Characteristic Category Student 
Count 

Median  
Pre-Test PF 

(points) 

Pre-Test PF
Interquartile Range 

(points) 

Pre-Test 
Passing Rate 

(%) 

Median Post-Test  
PF (points) 

Post-Test PF 
Interquartile 

Range (points) 

Post-Test Passing 
Rate (%) 

Middle  
East Total 102 19 10 46 23 5 84 

 Male 
Female 

79 
23 

20 
14 

10 
10 

52 
26 

23 
22 

5 
5 

91 
61 

South and 
East Asia Total 111 25 8 79 26 6 98 

 Male 
Female 

84 
27 

26 
21 

7 
7 

83 
67 

26 
23 

6 
6 

99 
96 

USA 
(Domestic) Total 2,205 25 5 86 26 5 98 

 Male 
Female 

1622 
583 

26 
23 

5 
5 

91 
72 

26 
24 

4 
4 

98 
97 

All Students Total 2,441 25 6 84 25 5 98 
 

 
We studied the results from the Middle Eastern students in 

more depth by disaggregating the data by gender, as shown in 
Figures 3 and 4. These results reveal an exaggerated gap in SV 
skills between Middle Eastern female and male students. Just 
26% of Middle Eastern women passed the SV pre-test, 
compared to 52% of Middle Eastern men (a 26% difference). 
And, the Middle Eastern women’s pre-test PR scores were 
significantly lower than the pre-test PR scores for Middle 
Eastern men (14 to 20 points, a 6-point difference). This gender 
gap among Middle Eastern students is similar in magnitude 
compared to domestic students (a 3-point difference in PF and a 
19% difference in PR). However, domestic women and men 
scored dramatically higher than their Middle Eastern 
counterparts on both the PR and PF metrics. In fact, the Middle 
Eastern women pre-test PF and PR were the lowest across all 
world regions and gender by a large margin. Across genders, the 
after-workshop post-test PF and PR scores were largely 
improved for all Middle Eastern students; male students 
improved their PF scores by 3 points and their PRs by 39% while 
female students improved their PF scores by 8 points and their 
PRs by 35%. 

Looking deeper, a stark difference is observed in the post-
test PRs between Middle Eastern women and all other students 
(Table II). All post-test PRs are greater than 90% for all tested 
student populations, except for Middle Eastern women who 
passed the PSVT at a rate of 61%. However, the Middle Eastern 
women are a small cohort of students (n = 23), and the PR metric 
can thereby be deceiving. A 61% post-test PR indicates that 14 
Middle Eastern women passed the PSVT while nine women did 
not achieve a passing rate. The overall passing rate of 98% for 
the entire student cohort (n = 2,441) over six semesters likewise 
shows that only 49 students across the six semesters of 
workshop never passed the PSVT. To our dismay, Middle 
Eastern women make up 18% of all students who never passed 
the PSVT while they make up less than 1% of our student 
population. Middle Eastern women perform worse on the PSVT 
both before and after the workshop series compared to all other 
demographic and geographic cohorts. The SV instructor 
observed that, as a cohort, these students worked hard on their 
SV skill development during the workshops; their lower success 
rates did not appear to be associated with lack of motivation or 
commitment. He also observed that these students benefitted 

 
Fig. 1. Median pre- and post-test performance scores for Middle Eastern 
(MidEast), South and East Asia (East Asia), and domestic students. Error 
bars display interquartile range. Asterisks indicate statistically significant 
differences (p < 0.01).  

 
Fig. 2. Passing rates for Middle Eastern (MidEast), South and East Asia 
(East Asia), and domestic students. Asterisks indicate statistically 
significant differences (p < 0.01). 



from additional practice with skills like 3D sketching, the right-
hand-rule, and others. 

V. FINAL THOUGHTS 
This study examined the differences in spatial visualization 

skills for students across world regions before and after a SV 
workshop series intervention. The results indicated that 1) 
Middle Eastern students achieve lower SV scores compared to 
their East Asian and domestic peers; 2) East Asian and domestic 
students perform at a statistically equivalent level; and 3) Middle 
Eastern women score lower than any demographic or 
geographic subset of the student population. These findings 
suggest that a concerted effort must be made to ensure equity in 
student success in engineering, especially for our (growing) 
Middle Eastern student population. Clearly, the SV workshop 
intervention is inadequate for this student population. Now that 
we know of this gap, our challenge is to find alternative 
approaches to aid this population and promote equity in student 
success.  

Across both the PF and PR metrics, Middle Eastern students 
entered and left the SV intervention with lower skills compared 
to their East Asian and domestic peers. Middle Eastern students 
improved dramatically in their scores (PF of 19 to 23, PR of 46% 
to 84%) indicating that the SV workshop series was effective, 
but insufficient. However, as a group, the baseline SV skills of 
our incoming Middle Eastern engineering students are so far 
below our East Asian and domestic students that the four- (or 
eight-) week workshop series was not enough to “close the gap.” 

Colleges of engineering may inadvertently admit students 
into programs in which they are already at a disadvantage since 
SV skills are not assessed or indicated during the admissions 
process. With the ample research concerning the gender gap in 
SV skills and now the growing research indicating that specific 
international student cohorts perform dramatically differently 
from their domestic counterparts, administrative reform is called 
for to ensure equity in student success within our colleges of 
engineering. 

Finally, we conducted an exploratory qualitative 
investigation of Middle Eastern students’ experiences with SV 

skills development. We were curious about their perspectives on 
SV skills, their educational backgrounds, and any insights into 
which aspects of the SV intervention were most valuable. We 
interviewed two undergraduate engineering Middle Eastern 
students, Karim and Hana (pseudonyms). Karim is a junior civil 
engineering major who participated in the SV intervention in 
Spring 2015 (two years prior to the interview); he scored 17 on 
the PSVT pre-test and 23 on the post-test after a single four-
week workshop series. Hana is a first-year architectural 
engineering major who participated in the SV intervention in 
Spring 2017 (same semester as the interview); she scored 13 on 
the PSVT pre-test, 17 after the first series of SV workshops, and 
a passing 24 after the second series of SV workshops. Both 
volunteered to participate in an hour-long interview that was 
approved by the university’s Institutional Review Board. 

Karim is interested in architecture and discussed how he has 
always loved skyscrapers. He thought he was good at spatial 
visualization; however, he did not pass the PSVT on his first 
attempt. At first, Karim did not remember much about the SV 
workshops, but throughout the discussion more and more 
memories emerged. He recalls thinking that “I actually thought 
I would do good, but I did very bad,” and that “[SV] is 
something that I say is very easy for me, in my mind, to think 
about it.” He also remembers seeing his progress and knowing 
that he had improved during the workshop. “I’m pretty sure [I 
improved] because of the workshop because I thought I 
remember seeing the bottom, how it changed.” Karim described 
further how the SV workshop teaching assistant helped him with 
a strategy using the X-Y-Z coordinate system to rotate the object 
in his mind. While Karim did not provide details concerning his 
educational background in SV, his interview provided 
confirmation that students notice their improvement in SV skills 
during their time in the SV workshop series.  

Hana provided a more in-depth description of her SV 
workshop experience likely because she had just finished the 
workshop series when the interview was conducted. She 
described how SV was a skill she had not thought about since 
playing with blocks in elementary school. She thought she 
would pass the SV test initially since she already had an interest 

 
Fig. 4 Passing rates for Middle Eastern (MidEast) women and men for 
the pre- and post-test. Asterisks indicate statistically significant differences 
(p < 0.01). 

 
Fig. 3 Performance scores for Middle Eastern (MidEast) women and men 
for the pre- and post-test. Asterisks indicate statistically significant 
differences (p < 0.01). 



in architectural engineering, but was saddened when she scored 
13 out of 30 on her pre-test. Initially she thought, “Oh, that will 
be easy, like, this is a children thing,” but then she noticed that 
“I got a really bad headache that I—like, I don’t know, I can flip 
it with my hand but I can’t see the final result in my eyes or in 
my brain.” While describing her experience in the SV 
workshops, Hana explained that “[the instructor] gave us really 
strict and straightforward rules, what we should look at when we 
see an object, what should we look [sic] first, and then second, 
and then third. And, I also learned the… about the components, 
the X, Y and Z. This is really tremendously helpful.” She 
reflected that “I really see a big and huge change from just the 
beginning of the class until today.” Hana confirmed that her 
educational background did not include practicing SV skills (at 
least since elementary school) and that she imagined herself to 
have strong SV skills when arriving at engineering college. She 
went on to detail many ways in which she looks at the world 
differently after practicing these SV skills in the workshop 
series.  

These initial qualitative findings provide ample motivation 
to continue with our SV intervention and to investigate further—
both quantitatively and qualitatively—the source of the dramatic 
differences in SV skills among our Middle Eastern students, and 
what can be done to provide equity in access to a US engineering 
education. 

VI. ACKNOWLEDGMENT 
The authors express their appreciation to Dr. Sheryl Sorby 

for her extensive work on this topic, which provided a 
foundation on which we could build, and to Dr. P.K. Imbrie for 
early research guidance. The authors also thank WEPAN and the 
ENGAGE Engineering initiative for inspiration. Finally, the 
authors thank Denise W. Carlson for her insights and critique of 
the manuscript. 

VII. REFERENCES 
[1] S. A. Sorby, “Educational Research in Developing 3 D 

Spatial Skills for Engineering Students,” Int. J. Sci. Educ., 
vol. 31, no. 3, pp. 459–480, Feb. 2009. 

[2] J. L. Segil, J. F. Sullivan, B. A. Myers, D. T. Reamon, and 
M. H. Forbes, “Analysis of multi-modal spatial 
visualization workshop intervention across gender, 
nationality, and other engineering student demographics,” 
in Frontiers in Education Conference (FIE), 2016 IEEE, 
2016, pp. 1–5. 

[3] “College Profiles: American Society for Engineering 
Education.” [Online]. Available: 
https://www.asee.org/papers-and-
publications/publications/college-
profiles#The_Profiles_and_Data_Book. [Accessed: 04-
Apr-2016]. 

[4] S. A. Sorby and N. Veurink, “Spatial skills among 
minority and international engineering students,” age, vol. 
25, p. 1. 

[5] S. A. Sorby, S. Cubero, N. Pasha-Zaidi, and H. Karki, 
“Spatial skills of engineering students in the United Arab 
Emirates,” QScience Proc., vol. 2015, no. 4, p. 32, Jun. 
2015. 

[6] S. S. Metz et al., “Implementing ENGAGE Strategies to 
Improve Retention: Focus on Spatial Skills Engineering 
Schools Discuss Successes and Challenges,” in American 
Society for Engineering Education, Vancouver, BC, 2011. 

[7] “The World Bank - Countries by Region.” [Online]. 
Available: http://www.worldbank.org/en/country. 
[Accessed: 04-Apr-2017]. 

[8] J. Segil, B. Myers, J. Sullivan, and D. Reamon, “Efficacy 
of Various Spatial Visualization Implementation 
Approaches in a First-year Engineering Projects Course,” 
presented at the ASEE Conferences, 2015, pp. 26.590.1–
26.590.8. 

 



SHERYL A. SORBY
Department of Civil and Environmental Engineering
Michigan Technological University

BEVERLY J. BAARTMANS
Department of Mathematical Sciences
Michigan Technological University

ABSTRACT

In January 1993, we received NSF funding to develop a pre-graph-
ics course for freshman engineering majors who are weak in 3-D
spatial visualization skills. A text and computer lab exercises utiliz-
ing I-DEAS software were written specifically for this course. The
course is 3-credits (quarter system) with two hours of lecture and
two hours of computer lab each week. It was offered at Michigan
Technological University (MTU) for the first time during the
1993 Fall term and has been offered each fall since that time. The
objective of the course is to provide the prerequisite spatial skills
needed by students to succeed in their subsequent engineering
graphics courses. Assessment for the course has been continuous.
Recently, a six-year longitudinal study was conducted to determine
the overall success of this project. This paper will describe the pro-
ject and the assessment findings from the longitudinal study.

I. INTRODUCTION

Visualization of problems is critical for success in engineering ed-
ucation. In most cases, it is an essential ingredient for student under-
standing. It is recognized that the ability to visualize is an important
tool required of engineers in order to function effectively.1–4 In addi-
tion to the traditional visualization tasks associated with engineering
design, enhanced visualization skills are necessary to function in this
new age of Computer Aided Design. In fact, Norman5 found that a
person’s spatial ability is the primary factor that explains differences
in performance in fully utilizing computer-based technology. Un-
fortunately, at a time when visualization skills are increasingly im-
portant to students, engineering graphics (the primary course where
students first learn visualization concepts) has been de-emphasized,
and in many cases, dropped from engineering curricula altogether.6

A. The Development of  3-D Spatial  Ability
According to Piagetian theory, an individual acquires spatial vi-

sualization ability through three distinct stages of development.7 In
the first stage, children learn topological spatial visualization where
they are able to discern an object’s topological relationship with
other objects—i.e. how close the objects are to one another, an ob-
ject’s location within a group of objects, the object’s isolation, etc. In
the second stage of development, projective representation is ac-
quired. At this stage, people are able to conceive what an object will
look like from different perspectives. In the final stage of spatial vi-
sualization development, a person learns to combine projective
abilities with the concept of measurement.

There are several standardized tests available to measure a per-
son’s ability across the first two stages of spatial development. For
example, the Purdue Spatial Visualization Test: Rotations
(PSVT:R) was devised to test a person’s ability at the second stage
of spatial development.8 A sample problem from the PSVT:R is
shown in figure 1. This testing instrument was used throughout
this project to identify students who have weaknesses in spatial vi-
sualization skills and partially to assess the impact of the experi-
mental course.

The Mental Rotation Test (MRT)9 is another test designed to
assess a person’s ability to visualize rotated solids. It consists of 20
items where students are shown a criterion figure on the left and
asked to identify which two of four given choices represent the
same object after rotation in space. There are 40 points possible on
the MRT and a sample problem is shown in figure 2. The Mental
Cutting Test (MCT)10 was first developed as part of a university
entrance examination in the USA and consists of 25 items. For
each test problem, students are shown a criterion figure that is to be
cut with an assumed plane. They must choose the correct resulting
cross-section from among five alternatives. A sample problem from
the MCT is shown in figure 3.

The Differential Aptitude Test: Space Relations (DAT:SR),11

consists of  50 items. The task is to choose the correct 3-dimen-
sional object from four alternatives that would result from folding
the given 2-dimensional pattern. In one study,12 it was found that
a student’s score on the DAT:SR was the most significant predic-
tor of success in an engineering graphics course when compared
to three other spatial visualization tests that were given (including
the MCT). A sample problem from the DAT:SR is shown in 
figure 4.
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B. Background Research at MTU
It is well-documented that the 3-D visualization skills of

women lag behind those of their male counterparts.3,13–16 Studies
conducted at MTU by Gimmestad (now Baartmans) support these
findings. A course such as the one described in this paper can help
women students address a deficiency in their background so that
they are more likely to succeed in their engineering studies (and in
particular their design graphics courses). In fact, Hsi et al.4 found
that a Saturday tutorial session on spatial strategy instruction signif-
icantly improved the performance of men and women students in
an engineering graphics course.

In 1985, Baartmans17 conducted a research study at MTU. The
sample in the study included 365 entering freshman (65 women and

300 men) who had declared Mechanical Engineering as their major.
During freshman orientation, the students were given the PSVT:R.
A multiple regression analysis established that a student’s score on the
PSVT:R was the most significant predictor of success in the fresh-
man graphics course (ME105) out of the eleven predictors studied.
Two other factors were found significant in predicting student suc-
cess in ME105: 1) math ACT subtest score, and 2) a combination of
prior experience in shop, drafting and solid geometry. Mean scores
for women lagged behind mean scores for men on two of the three
significant variables—spatial visualization as tested by the PSVT:R
and prior years of experience in drafting, shop, and solid geometry.
The mean score for women on the spatial visualization test (20.9 out
of 30) was significantly lower than that for men (24.2 out of 30). Fur-
thermore, it was expected that students would improve their spatial
visualization ability as a result of instruction and other activities in the
freshman graphics course. In this study, both genders did improve
their performance on the spatial visualization test, however, the mean
post-test score for women (23.3) was still significantly lower than that
for men (25.6). These results are shown in figure 5.

II. PROJECT DESCRIPTION

During the Spring and Summer of 1993, we wrote a textbook to
be used in our introductory 3-D spatial visualization skills course
(GN102, Introduction to Spatial Visualization). This course is
viewed as a pre-graphics course at MTU. The course topics include
hands on construction activities, paper and pencil activities, and
computer activities. These topics and activities are sequenced in
logical order for the development of 3-D spatial skills. The topical
outline for the ten-week course follows:
Course Outline

Week 1 Course Introduction. Students are introduced to the
need for visualization skills in fields such as engineering, medicine,
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Figure 3. Sample problem from the MCT.

Figure 4. Sample problem from the DAT:SR.

Figure 1. Sample problem from the PSVT:R.

Figure 2. Sample problem from the MRT.

Figure 5. Pre- and post-test results from engineering graphics
course.



architecture, chemistry, and mathematics. The three stages of spa-
tial visualization development are discussed.

Week 2 Isometric and Orthographic Sketching. Students are given
a set of snap cubes so that they can construct a building according to
coded plans. Then they learn how to make isometric and ortho-
graphic drawings of the building using grid paper. The use of the
snap cubes enables the students to hold a concrete model in their
hands as they are making the sketches.

Week 3 Orthographic Drawings and Applications. Objects which
contain inclined surfaces are demonstrated and orthographic and
isometric drawings are made of these objects. Students are also in-
structed how to set up an engineering drawing in a standard layout.

Week 4 Pattern Development. Flat patterns which can be folded
into 3-D solids are studied. Students are also introduced to a sheet
metal application.

Week 5 Two- and Three-Coordinate Drawing. Students are
shown the principle involved in locating specific points in space.
Then they use a table of coordinate data to draw wireframe geome-
try. A surveying application using traverse data is introduced.

Week 6 Translation and Scaling. Object transformations in 3-
space are introduced. Students are required to draw objects after
translation and scaling.

Week 7 Rotation of Objects. Students work with objects created
from snap cubes and sketch isometric views of the objects as they
are rotated about one or more axes. These objects are rotated first
about one axis and then about two or more axes.

Week 8 Reflection of Objects and Applications. Students use MirasTM

in class to construct reflected views of objects. The concept of a plane
of symmetry for an object is also introduced. Applications from or-
ganic chemistry involving reflected molecules are investigated.

Week 9 Cross-Sections of Solids. Students are taught to graph
planes in 3-space. Cross-sections for cubes, cones and cylinders for
cutting-planes of different orientations are discussed.

Week 10 Surfaces and Solids of Revolution and the Intersection of
Solids. Students are required to sketch the surface/solid which would
be formed by revolution of a planar figure/region about an axis.
Conversely, given the surface/solid of revolution, they sketch the
shape of the planar figure/region which was revolved. The intersec-
tion of solids and its use in Computer Aided Design is discussed.

A. Computer Lab
As a part of this project, various computer exercises were initially

developed which utilize I-DEAS software as a visualization tool.
The exercises were written to adhere closely to those topics covered
in the textbook. In January of 1998, we received additional funding
from the NSF to develop stand-alone multimedia software and an
accompanying workbook to supplement our original textbook. Pre-
liminary assessment results indicate that the multimedia software is
likely to be an effective replacement for the original computer exer-
cises as well as for the other course materials originally developed.

III. ASSESSMENT

In 1993, incoming students who were enrolled in the fields of
mechanical, civil, environmental, geological, and general engineer-
ing were administered the PSV T:R and a background question-
naire as part of their freshman orientation. A total of 535 students
took the test, 418 males and 117 females. The average percent cor-

rect for male students taking the test was 79.6% compared to an av-
erage of 68.1% for the female students. Furthermore, of the 45 stu-
dents who received perfect scores on the exam, only 3 were women.
Thus, 10.0% of the male students received perfect scores compared
to only 2.6% of the women students. Conversely, of the 96 students
who received scores of 60% or lower, 50 were male and 46 were
women. In other words, only 12.0% of the male students failed the
exam; whereas, 39.3% of the females failed the exam.

Although women made up only 22% of the group being tested,
they were almost 50% of the group failing the exam. Further statis-
tical analyses of the data from the background questionnaire and
the PSV T:R test scores revealed four significant predictors of suc-
cess on the PSV T:R18 out of eleven factors studied. They were: 1)
play as children with construction toys such as LegosTM, Lincoln
LogsTM, Erector SetsTM, 2) gender, 3) math ACT scores, and 4) pre-
vious experience in design-related courses (like drafting, mechani-
cal drawing, CAD, and art). Furthermore, male/female differences
on predictors 1, 3 and 4 were tested for statistical significance. Play
with construction toys and previous experience in design courses
were found to be gender-biased (i.e., average scores for women on
these variables were significantly lower than for men on these two
predictors). This means that men were more likely than women to
have participated in those activities that were found to be helpful in
the development of spatial skills (i.e., play with construction toys
and previous drafting course). Average scores on the ACT Math
subtest did not differ significantly for men and women. The predic-
tors which were not significant for a person’s PSV T:R score were:
1) age, 2) right vs. left handedness, 3) previous experience in high
school geometry courses—nearly all of the students had taken high
school geometry, 4) participation in industrial arts courses in high
school, 5) playing video games, 6) previous work experience involv-
ing spatial skills, and 7) participation in sports which involved plac-
ing an object in a specific location (e.g., basketball, hockey, etc.)

A. Gain Scores on Spatial Tests
Since its initial offering in the fall of 1993, the course has been

taught a total of six times. Each time, the students have been ad-
ministered the PSV T:R as a part of their final exam (post-test) and
their gain scores analyzed. In addition, in the fall of 1996, 1997 and
1998, the students were pre- and post-tested using three other
exams also designed to assess their spatial abilities. These exams in-
clude the Mental Rotations Test (MRT), the Mental Cutting Test
(MCT), and the Differential Aptitude Test: Space Relations
(DAT:SR). Gain scores on these exams for the students enrolled in
the course have been analyzed, and these results will be presented in
this paper.

The PSV T:R has been the primary instrument used both to re-
cruit students for the course and to assess its effectiveness. Figure 6
shows the pre- and post-test results over the past six years for stu-
dents enrolled in the course. Raw scores are indicated on the figure
in parentheses. As illustrated by the data presented in figure 6, the
average pre-test score across the six-year period has been approxi-
mately 50% compared to an average post-test score of approximate-
ly 80%. Dependent t-tests were used to analyze the average gain
scores for the students in the class. The cumulative data over the
past six years is shown in table 1. (Recall that the number of points
possible on the exam is 30.)

Statistically significant gains on the average PSV T:R scores
were made by students enrolled in GN102 for each of the six years.
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We believe that the post-test gains are due to the positive effects of
the course rather than any practice benefit from having used the
PSVT:R as both a pre- and as a post-test. Since these tests were ad-
ministered almost 3 months apart, gains in score due to a practice
effect should be negligible. Stanley et al.19 states that the average
gain due to the practice effect for tests administered approximately
3 months apart is usually 0.2s or less. However, the average gain
scores for GN102 students were 2.56s, 2.68s, 1.78s, 2.91s,
1.91s, and 1.74s respectively. Thus, the average gain scores we
determined are a factor of ten larger than would be expected from
the practice effect alone.

Since the fall of 1996, the MRT, MCT and DAT:SR spatial vi-
sualization exams have also been administered to the students in
GN102 as both a pre- and a post-test. The MRT has 40 possible
points, the MCT has 25 possible points and the DAT:SR has 50
possible points. Figure 7 shows these test results over the past three
years (raw scores are indicated in parentheses). Dependent t-tests
were also used to analyze the average gain scores for the students in
the class. The data for each test and year is presented in table 2. As

it can be seen from the data, the GN102 students routinely made
statistically significant gains on each test that was administered.

1) Spatial test reliabilities: Kuder Richardson-20 (KR-20) test
reliabilities were calculated for the pre- and post-tests administered
in this study. The KR-20 is a measure of the internal consistency of
a test. A KR-20 greater that 0.8 is generally acceptable to most re-
searchers. Table 3 contains the KR-20 data for the tests adminis-
tered in the Fall of 1997. 

As it can be seen from the data presented in this table, the tests
that were administered can be deemed “reliable” except for the
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Figure 6. PSVT:R pre- and post-test results.

Figure 7. Pre- and post-test results.

Table 1. PSVT:R  average gain scores.

Table 2. Average gain scores.



MCT and the PSV T:R post-test. The 1997 PSV T:R post-test re-
liability is not of concern to us because over the past five years of ad-
ministering the PSV T:R, the KR-20 has generally been greater
than 0.8. As a partial explanation for the low reliabilities on the
MCT, it should be noted that the mean scores on both the pre- and
the post-test were relatively low (around 50% or lower). Therefore,
guessing may have been prevalent due to the difficulty of the test for
our students. While the low reliabilities of the MCT with this
group of students is of concern, the “noise” introduced by low test
reliabilities effectively makes it more difficult for statistically signifi-
cant gain scores to be attained. Other researchers such as Magin
and Churches20 have reported KR-20 MCT test reliabilities in the
0.86–0.89 range.

B. Transcript Analysis
In the Fall of 1993, 96 of the 535 freshman engineering students

tested failed the PSVT:R during new student orientation. Of these
students, a random sample was selected for participation in GN102.
Twenty-four students enrolled in GN102 (experimental group) and
the remaining 72 students who initially failed the PSVT:R and did
not enroll in GN102 constitute the control group for this study.
Since the fall of 1993, virtually all of the students in both the experi-
mental and control groups have graduated and/or left the university.
Transcripts of the students in the experimental and control groups
have been analyzed regarding their success in engineering graphics
courses as well as their overall success in the various engineering cur-
ricula. Student transcripts were analyzed to compare performance of
the experimental group (EG) and the control group (CG) in several
ways: 1) performance in subsequent engineering graphics courses, 2)
retention rates and final choice of major, 3) grade point averages,
and 4) overall success. During the fall of 1993, the CG consisted of a
total of 72 students (40 men and 32 women), and the EG consisted
of a total of 24 students (13 men and 11 women). Gender differ-
ences were also examined when appropriate. Each of the factors
under consideration were examined separately.

1) Performance in engineering graphics: Engineering students
at MTU enroll in various graphics courses depending on their
choice of major. Mechanical engineering students enroll in
ME104-Engineering Spatial Analysis and ME105-Graphical
Communication in Engineering Design. Civil and environmental
engineering students have had changing graphics requirements
over the past six years. Initially, civil and environmental engineering
students were required to take ME104-Engineering Spatial Analy-
sis and CET-103-Computer Applications. These requirements

changed over time resulting in a graphics requirement of GN201-
Introduction to Computer Aided Drafting and Design.

ME104 is primarily a course in descriptive geometry; ME105 a
course in engineering graphics and conventional practices;
CET103 a course in the use of AutoCAD; and GN201 is a solids-
based course in computer graphics with components of traditional
engineering graphics. Each of the courses is three credits (quarter
system) except for CET103 which is only two credits. In addition,
there are courses in drafting and computer graphics offered by the
School of Technology at MTU taken by some of the students in
this study.

Due to changes in major selection or to attrition, not all of the
students in this study went on to take a subsequent graphics course;
however, 19 of the 24 in the experimental group and 44 of the 72 in
the control group took one or more of the graphics courses in subse-
quent terms. Students sometimes repeated a course if they failed ini-
tially or received a D or a D1 in a given course. In these cases, the
first grade that they received in a course was used in the analysis.
Grade points were assigned to the graphics grades received by the
students in the following manner: A 5 4, B1 5 3.5, B 5 3, C1 5
2.5, and so on. The conglomerate grade point averages for all graph-
ics courses were calculated. The average GPA for the EG was 3.03
(n529) versus and average of 2.70 (n573) for the CG. Table 4 de-
tails the average GPAs for the two groups by specific course (not in-
cluding repeats). It is interesting to note that of the students in the
CG, no students earned an A in either ME104 or ME105. This was
not true of the students in the EG.

On average, students in the experimental group outperformed
those in the control group in their subsequent graphics courses. The
exception to this was in CET103 which was primarily a training
course in the use of AutoCAD—little or no spatial skills were re-
quired to perform the tasks in the course. Although there was only
one person in the EG who went on to take GN201, the average
grade in the course for all students who enroll is typically around a
3.50. Thus, the fact that the average for the CG was 2.77 means
that they are performing well below average in that particular
course.

Of the 29 first-time graphics grades received by students in the
experimental group, only 2 (6.9%) were below a C (i.e., D1, D, or
F) compared to 9 out of 73 (12.3%) for the students in the control
group. Thus, students in the CG were 50% more likely to do poorly
in their subsequent graphics course. Furthermore, for the students
in the EG there was only one repeat of a graphics course (5.3%)
compared to five repeats for students in the CG (11.4%). Of the ten
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total students who received a low grade in their first graphics cours-
es, five eventually dropped out of MTU and three stayed at MTU
but left the College of Engineering. Thus, 80% of the students who
struggled with their engineering graphics courses were not retained
in engineering at MTU.

2) Retention rates and choice of major: Retention rates for stu-
dents in the control group and in the experimental group were ana-
lyzed at the end of the Winter 98–99 quarter. Since MTU offers
degrees primarily in technical fields, students who drop out typical-
ly do so for lack of a non-technical choice of degree (they also drop
out for other reasons, but this is true for a large number of those
who leave the university). For the CG, twenty-one (29.2%) of the
students left MTU compared to six (25.0%) of the students in the
EG. Of the twenty-seven students who left MTU, eight (29.6%)
left engineering before dropping out of the university. Interestingly,
the course seems to be having a positive impact on the retention
rate of women. Table 5 shows the retention rates by gender for the
students in the EG and CG.

Of the students who were retained at the university, retention
rates within the College of Engineering were examined. In other
words, what percentage of those who persisted at MTU of each
group have completed an engineering degree? Of the 51 students in
the control group who persisted at MTU, only 42 (82.3%) have re-
mained in engineering majors. For the experimental group, 16 of
the 18 (88.9%) who remained are still in engineering. Figure 8
shows the retention rates by gender for the students in this study.

Retention within a curriculum with a strong graphics back-
ground was also examined for those students who persisted within
the College of Engineering. In other words, what percentage of
students ended up in a major where visualization skills are not con-

sidered to be critical to student success? (Specifically, these “non-
graphically oriented” programs are considered to be chemical and
electrical engineering.) None of the students in the experimental
group ended up in a non-graphical major compared to eight
(19.1%) of the students in the control group. It should be noted that
the students in this study were those who had initially enrolled in
majors other than chemical or electrical engineering. Thus, it seems
that the students in the EG are not discouraged from participation
in programs which require well-developed spatial skills.

Overall, 69.2% of the men and 63.6% of the women in the ex-
perimental group remained at the university in a graphically orient-
ed engineering program. This compares to 47.5% of the men and
46.9% of the women in the control group. Thus, the students in the
EG tend to have better retention rates in every aspect under consid-
eration (overall, within engineering, etc.).

3) Grade point averages: Average GPAs were computed for
those students who either graduated from the university or who are
still pursuing their degrees. There are no differences in overall aver-
age GPA between the two groups. The average GPA for the con-
trol group is 3.01 and for the experimental group it is 3.00.

Differences in GPA were found within the group of students
who dropped out of the university. For those who left the universi-
ty, the average GPA for the control group was 2.25 compared to
2.47 for the experimental group. However, for the students in the
CG, nine of the twenty-one who dropped out (42.9%) had a GPA
below a 2.0 compared to only one of six (16.7%) for the EG. Thus,
it seems that the students in the CG left for academic reasons
whereas the students in the EG may have left for other reasons.

4) Student success: Transcripts of the students were examined
after the Winter 98–99 quarter. Since the students in the experi-
mental and control groups started in the Fall of 1993, this means
that transcripts were examined after an average of approximately
17 quarters of enrollment. Each academic year consists of 3 quar-
ters (most MTU students do not attend summer course offerings).
In theory, an MTU degree requires 12 quarters for completion, al-
though it usually takes longer than this in the College of Engineer-
ing. The average number of years to completion for engineering
students is 4.5 years or 13.4 quarters.

The average number of terms to completion were analyzed for
each group. For students in the control group, it took 14.8 terms on
average to complete their MTU degree which is identical to the av-
erage of 14.8 terms for those in the experimental group. This is in-
teresting in light of the fact that in subsequent years, students who
have failed the PSVT:R but who choose not to enroll in GN102
have based their decision on a desire “not to get behind” in the pur-
suit of their engineering degrees.

IV. CONCLUSIONS

The overall goals of this project were to develop a course which
would help “low visualizers” overcome their deficiencies in 3-D
spatial visualization and which would help them become more suc-
cessful in their engineering studies than they would have been with-
out the course. On a variety of spatial tests (the PSVT:R, MRT,
MCT, and DAT:SR), students who complete the GN102 course
are year after year showing statistically significant gain scores on
these tests. Analysis of the transcripts of the students who complet-
ed GN102 in 1993 versus transcripts of students in a comparable
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Figure 8. Retention statistics.

Table 5. Retention rates by gender.



control group shows the GN102 students having higher graphics
grades and higher retention rates in engineering.
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1. Introduction

The ability to visualize objects and situations in one's mind and to
manipulate those images is a cognitive skill vital to many career fields,
especially those requiring work with graphical images (Smith, 1964).
Evidence suggests that well-developed spatial skills of this type are
critical to success in engineering, chemistry, computer science, mathe-
matics, physics, medicine, dentistry, and many other fields (see Sorby,
2009 review). These types of spatial skills involve visualizing three-
dimensional objects and perceivingwhat theywill look like from differ-
ent viewpoints or what they would look like if they were rotated or
transformed in space. Mental rotation (MR) involves the ability to visu-
alize what objects would look like if they were mentally rotated in
space. Spatial visualization consists of the multi-step processing of spa-
tial information, such as the ability to hold a shape in working memory
and then search for the same shape hidden within a more complex fig-
ure, or to examine a group of shapes and then mentally combine them
together to create a new design (Casey, 2013).

Spatial abilities have been widely studied and are known to be fun-
damental to higher-level thinking, reasoning, and creative processes.
Spatial visualization andMR skills are particularly important to technical
professions, such as engineering and computer science (Maier, 1994;
ovation Center, 225 Hitchcock
1 906 231 7133; fax: +1 614

b@bc.edu (B. Casey),
laney).

rights reserved.
Norman, 1994). Spatial skills were shown to be the strongest predictor
of success in using the computer interface in performing database
manipulations (Norman, 1994), and are related to the ability to use
computer-aided design software (Hamlin, Boersma, & Sorby, 2006).

Studies have shown quite clearly that students with high spatial
ability scores perform better on organic chemistry questions requiring
problem-solving skills (Pribyl & Bodner, 1987; Small & Morton, 1983).
Thiswas particularly true for questions involving the drawing ormanip-
ulation of molecular representations, and it was observed that students
with higher spatial skills were more likely to draw correct structures
and diagrams than those with lower spatial skills. These studies also
noted that, as expected, spatial ability had little impact on those ques-
tions that required memorization or simple numerical procedures.

In physics, the ability to pictorially depict key variables and their
relationships in physics problems distinguishes between expert and nov-
ice problem solvers (Taasoobshirazi & Carr, 2008). “Before solving a prob-
lem, experts will represent the relationships in the problem by sketching
a picture of the problem.Novices, in contrast, focus solely on representing
the problem as a set of equations (e.g. Dhillon, 1998; Larkin, McDermott,
Simon, & Simon, 1980). Pictorially representing problems before begin-
ning to work on calculations is particularly important as problems be-
come more complex and additional factors (e.g. angles, forces) begin to
play a role in the problems” (Taasoobshirazi & Carr, 2008, p. 155).

1.1. Review of the research on spatial skills and engineering

Engineers need strong spatial visualization skills to be able to repre-
sent and communicate their design ideas to others. The communication

http://dx.doi.org/10.1016/j.lindif.2013.03.010
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of a design is often done through the use of Computer Aided Design
(CAD)models and 2-dimensional drawings. Engineerswill either create
the CADmodels and 2-D drawings themselves or oversee their develop-
ment, both of which require strong spatial visualization skills. Mechan-
ical and biomedical engineers need to be able to visualize howpartswill
fit and move together. For example, when designing an artificial joint,
biomedical engineers need to be able to visualize how the bone will
fit inside the joint and the different ways the bone should be able to ro-
tate inside the joint. They need to visualize where stresses in the joint
will develop and how theywill vary across the joint. Electrical and com-
puter engineers need to visualize how to most efficiently assemble sev-
eral small components when designing electronic equipment. They
need to be able to graphically present data and visually interpret data.
Civil engineers need to readmaps and visualize 3-dimensional topogra-
phy when designing transportation systems in order to design road-
ways that minimize cut and fill operations and have curves that are
easily navigated.

The Johnson O'Connor Research Foundation (2005) tested nearly
32,000 individuals across the country (approximately half women and
half men) on a number of cognitive variables, including spatial visuali-
zation factors. They found that the spatial visualization skills of engi-
neers, both as students and as practitioners, are highly developed
compared to other professions. It is unclear at this timewhat the causal
nature of this relationship is (i.e., if people with well-developed spatial
skills are attracted to engineering, or if engineering education and prac-
tice help to develop these critical skills).

Spatial skills have been found to be particularly important to success
in engineering graphics. Students' scores on the MR component of
the Purdue Spatial Visualization Test (PSVT: R) were shown to be the
most significant predictor of success based on final scores in an engi-
neering graphics course out of eleven variables tested (Gimmestad,
1989). Interestingly, component scores on the ACT (math, verbal,
science, and composite) were not significantly correlated with success
in engineering graphics.

1.2. Gender differences in spatial skills

Of all cognitive processes that have been investigated, spatial cogni-
tion shows some of the most robust gender differences favoring males,
especially in the ability to mentally rotate 3-dimensional objects (see
reviews by Voyer, Voyer, & Bryden, 1995; Halpern et al., 2007). This
gender difference has been documented as early as age four, and thus,
is present prior to formal schooling (Levine, Huttenlocher, Taylor, &
Langrock, 1999). Furthermore, for girls in particular, these types of spa-
tial reasoning skills are linked to math performance (Casey, Nuttall,
Pezaris, & Benbow, 1995). Lippa, Collaer, and Peters (2010) assessed
MR performance in more than 90,000 women and 111,000 men from
53 nations. In all nations, men's mean performance exceeded women's.
For bothmen andwomen, greater gender equality and higher economic
development were associated with better spatial skills. This may have
something to do with greater dependence on spatial skills in the work-
forces of increasingly technological countries. What is surprising, how-
ever, is that greater gender equality (as assessed by the United Nations
indices) and higher economic development (as assessed by per capita in-
come and life expectancy) were positively associated across nations
with larger sex differences. It seems that increasingly developed and
technological societies produce wider gender gaps in spatial skills.

1.3. Women in engineering

Given the importance of spatial skills for solving different types of
engineering problems, it is not surprising that engineering remains
one of the most male-dominated of all STEM fields. In 2005, 20% of
engineering BS degrees were awarded to women, a modest gain
from 17% in 1985. Likewise, in 2003, 11% of engineers in the work-
force were women, up from 9% in 1993. Some areas of engineering
(environmental and biomedical) attract nearly equal numbers of men
andwomen; however, these are among the smallest of engineering dis-
ciplines. The two largest engineering disciplines, mechanical and elec-
trical, routinely attract about 10% women to the field, resulting in
about 20% of the national average of women enrolled in engineering
across all disciplines. Since spatial skills in general, andMR skills in par-
ticular, are important to success in engineering, it is likely that improv-
ing women's spatial skills could help them succeed and persist in
engineering. Further, spatial skills interventions would help men with
low spatial skills who are majoring in engineering.

1.4. Training effects on spatial skills

Thus, an important question is whether or not spatial skills can be
improved through training, particularly among engineering students.
Multiple sources of evidence suggest that spatial abilities can, in fact,
be developed through spatial activities and training. For example,
meta-analyses of the literature on spatial experience (Baenninger &
Newcombe, 1989; Uttal, 2009) indicate that: 1) participation in spa-
tial activities such as sports, crafts, and other hobbies, is positively re-
lated to scores on spatial ability measures; and 2) that performance
on spatial ability measures can be improved through training. In
addition, investigations within specific domains of science and math-
ematics education have provided evidence that spatial skills can be
improved through practice and instruction (Brinkmann, 1966; Lord,
1985). Uttal (2009) conducted a meta-analysis of the effects of train-
ing on gender differences in spatial skills. They found that, although
gender differences in spatial skills were not eliminated as a result of
training, both males and females showed substantial benefits from
spatial training.

1.5. Spatial skills training with engineering students

1.5.1. The program of research at Michigan Tech
In 1993, a spatial skills training course was developed and im-

plemented atMichigan Tech to help first-year engineering students de-
velop their 3-D spatial skills. The training course included topics such as
isometric and orthographic sketching, flat pattern development, and ro-
tation of objects. During freshman orientation in 1993, students who
had declared majors of mechanical, civil, environmental, metallurgical,
or general engineeringwere administered the Purdue Spatial Visualiza-
tion Test: Rotations (PSVT: R) (Guay, 1977). In this initial year, a total of
96 out of 535 students failed the PSVT: Rwith a score of less than 60%. In
a pilot study, a random sample of 24 students who failed the PSVT: R
were selected for participation in the experimental course and the
remaining 72 students became the comparison group. In examining
the results from the PSVT: R for this initial group of students, the follow-
ing observationsweremade. Althoughwomenmade up only about 17%
of the group taking the PSVT: R, they consituted about 43% of the group
failing the test, making women nearly three times as likely to fail the
PSVT: R than their male counterparts. From this study, it also appeared
that the spatial intervention had a positive impact on student success;
however, the sample size was small.

Consequently, from 1994 to 2008, engineering students were
given the PSVT: R during orientation and those who failed the exam
with a 60% or lower were encouraged to enroll in the spatial skills
course. The school administration did not allow for random assign-
ment of failing students to intervention and comparison conditions.
Instead, the failing students who chose to enroll in the training course
were compared to the students who opted out of the course. At the
end of the semester, test scores indicated that the students in the
training course had experienced significant gains in spatial skills.
Also, the retention rates at Michigan Tech were higher for those stu-
dents who participated in the course than they were for those who
initially failed the PSVT: R and who did not enroll—76.8% versus
70.0% for male students and 87.4% versus 71.7% for female students
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(Sorby, 2005b). Finally, the overall grade point average of students
who opted to take the spatial training course was significantly higher
than those who chose not to take the course (Sorby, 2005b).

1.5.2. Spatial training studies
There are very few other published spatial training studies specifi-

cally using engineering students beyond that of the programof research
conducted at Michigan Tech (Uttal, 2009). Following the design of
Sorby (2005a), one group of researchers examined the effects of spatial
training on students who had initial low spatial scores (Onyancha,
Derov, & Kinsey, 2009). They studied the effects of targeted training in
mechanical engineering students through a computer assisted design
(CAD) course (Onyancha et al., 2009). They identified students who
failed the MR test at the beginning of the course, and offered spatial
training to these students. The researchers found that the targeted
training produced a significant improvement in the spatial ability test
scores of the failing students who chose to take the training compared
to the students who selected out of the training. Using a briefer spatial
intervention, Hsi, Linn, and Bell (1997) identified students at risk for
poor spatial skills in an introductory computer aided design course
and provided targeted spatial training. They found that pre-course gen-
der differences were eliminated and that the overall course grade was
improved as a result of the targeted spatial training.

1.5.3. Spatially based engineering courses
Some studies have not used targeted spatial interventions, but in-

stead have examined the pre/post changes in spatial performance as a
function of taking engineering courses that include a spatial compo-
nent. For example, one group of researchers (Nemeth, 2007) assessed
changes in a mental cutting task prior to and at the end of a year of an
engineering program that included a course in descriptive geometry
with perspective drawing. They found that learning technical drawing
improves a person's ability for spatial visualization. They also found
that the males showed greater improvement than the females by the
end of the academic year. Prieto and Velasco (2010) administered spa-
tial visualization and inductive reasoning tests at the beginning and end
of a course in technical drawing in samples of first year engineering stu-
dents. In both studies it was observed that a moderate percentage of
students improved their visualization test performance; there was no
improvement on the inductive reasoning test. The improvement on
the spatial test was similar in men and women. These researchers con-
cluded that their results support the conclusion that spatial visualiza-
tion ability can be improved with training.

1.5.4. Purpose of the present research
Amajor problemwith the prior research investigating the benefits of

spatial training on engineering students' spatial skills is the possibility of
alternative explanations. Previous studies have not included randomly
assigned comparison groups to determine whether it was the specific
components of the spatial intervention/engineering courses that resulted
in improved performance, orwhether the improvement occurred as a re-
sult of general experiences, a range of activities within the first academic
year, or participant characteristics correlated with enrollment in spatial
training. For example, in several previous research studies addressing
this question in engineering students (Onyancha et al., 2009; Sorby,
2001a; Sorby, 2001b; Sorby, 2005b; Sorby & Baartmans, 2000), the inter-
vention group consisted of failing students on the pretest who chose to
take the intervention course, while the comparison groups consisted of
failing students who chose not to take the course. Because of the lack of
random assignment of participants to intervention and control condi-
tions, there may have been a tendency for the more motivated students
to choose to take the course. The use of a non-experimental design is
problematic because it presents the potential for selection bias.

The present study was designed to examine the benefits of an in-
tervention targeted to the freshmen engineering students who failed
the initial spatial assessment during orientation at Michigan Tech.
However, the design of the present study required all students who
failed themental rotation test during orientation to enroll in the spatial
intervention course. This enabled us to address the question of whether
the spatial intervention was successful in raising students' spatial skills
through an alternative non-experimental design. This type of design,
called regression discontinuity (RD), allows for elimination of selection
bias when implemented properly. In fact, in cases where a randomized
design is not possible, an RD design is the recommended alternative
to quasi-experimental and associational designs because it allows for
an unbiased detection of treatment effects (Cook, 2008; Institute of
Educational Sciences (IES), Technical Methods Report, 2008; Shadish,
Galindo,Wong, Steiner, & Cook, 2011). The RD design is based on a pre-
test–posttest treatment-comparison group design, in which individuals
are assigned to a treatment condition based on a cutoff score from a
pre-intervention measure. Participants scoring on one side of the cutoff
receive the intervention while participants scoring on the other side of
the cutoff do not receive the intervention. As long as assignment to the
intervention and comparison conditions strictly follows the cutoff crite-
rion, any selection effects correlatedwith the impact of the intervention
are also perfectly correlated with the pre-intervention measure, which,
when held constant in the statistical analysis, allows for an unbiased
estimate of the intervention impact on a post-intervention measure
(Shadish, Cook, & Campbell, 2001; Thistlethwaite & Campbell, 1960;
Trochim & Cappelleri, 1992). Consequently, researchers are starting to
use the RD design to obtain unbiased impact estimates of education-
related interventions when random assignment is not possible, as
recommended by recent IES requests for proposals (U.S. Department
of Education & Institute of Education Sciences, 2008). Like the experi-
mental design, the logic underlying the RD design supports statistically
valid conclusions, as evidenced by statistical proofs (Cappelleri, 1991;
Rubin, 1977).

The RD design in the present study used a MR test pretest as the as-
signment variable, with students scoring 18 or lower receiving the inter-
vention, and those scoring 19 or higher not receiving the intervention.
Therefore, only the students who needed the intervention actually
received it, based on the pretest cutoff and in linewith the RDdesign as-
signment protocol. TheMRmeasurewas also administered to all partic-
ipants at posttest, following completion of the intervention. To estimate
the intervention impact, posttest scores can be regressed on pretest
scores and on a dichotomous intervention group membership variable.
The pretest assignment variable must be centered at the cutoff score in
the model, which allows for an estimate of the intervention impact at
the cutoff score by detecting a discontinuity in the regression line be-
tween the intervention and comparison groups. If there were no effect
of the intervention, then the regression line for the group scoring at or
below the pretest cutoff (the intervention group) would be the same
as the regression line for the group above the cutoff (the comparison
group). A treatment effect is documented when there is a discontinuity
or jump in the regression intercepts at the cutoff score of the pretest
variable.

The present study utilized this RD analysis to determinewhether the
spatial intervention course would be effective in improving the spatial
skills of freshmen engineering students who initially failed the spatial
test administered at freshman orientation. We also used the RD ap-
proach to determine whether there was an interaction effect between
gender and the intervention. (A detailed discussion of the RD design
and analysis is described in the Research design and analytic approach
section (Section 2.4) of this article).

A second series of questions in the present study relates to gender
differences in spatial performance at pretest and posttest: First, do the
female engineering students perform more poorly than the males on
the pretest? Second, do the low spatial females benefit more from the
intervention than the low spatial males?

A further purpose of the present study was to examine whether
the benefits of the spatial intervention course for the low spatial skills
students had any wider transfer of learning effects beyond its specific
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impact on their spatial performance. As is typical of most engineering
programs, all students are required to take calculus in their under-
graduate program at Michigan Tech. Many components of calculus
depend on reasoning with visual representations. Bremigan (2005)
has pointed out that “understanding fundamental calculus concepts
(e.g., limits, derivatives, and integrals) requires the use of visual repre-
sentations” (p. 249), while Zimmerman (1991) identified prerequisites
for visual thinking in calculus, which include the ability to extract spe-
cific information from diagrams, an understanding of algebra and ge-
ometry as alternative languages for the expression of mathematical
ideas, and knowledge of the rules and conventions associated with
mathematical graphics. Thus, another question of interest in the present
study is whether the students who received the spatial intervention
would receive better calculus grades than would be expected by their
initial low level of functioning on the spatial pretest. We conducted a
second RD analysis using the same cutoff on the spatial pretest, but
using calculus grades, rather than posttest spatial performance, as the
dependent measure.

2. Material and methods

2.1. Participants

At Michigan Tech, orientation for first year students occurs during
the week prior to the start of the academic year. Students who had de-
clared a major in engineering were administered the PSVT: R during
freshman orientation and at the end of the first semester. As part of in-
formed consent, all students who chose to participate in the study had
agreed to let these tests be included as group data in a research study.
A total of 675 students (542males; 133 females; 20% females) complet-
ed the test and signed the consent form during orientation.

Students who scored 60% or lower on the spatial pretest were re-
quired to enroll in a 1-credit course designed to help them improve
their 3-D spatial skills. The course is described in a subsequent section
of this paper. The spatial skills course has been in existence at Michigan
Tech since 1993; however, prior to 2009, students who scored 60% or
lower elected to take the course rather than being required to take the
course. Thus, it is important to note that the students below the RD
cut-off did not consider the spatial course to be part of a research
study. Instead, they correctly assumed that this was part of the Engi-
neering Program requirements for those who did not pass the test. In
the fall 2009 semester, there were 87 students who enrolled in the spa-
tial skills course and completed the pretest and post-test (46 males; 38
females).

2.2. Design

The study consisted of an intervention group and a comparison
group. The intervention group included the students who scored at 18
or lower (60% or lower on the PSVT: R during orientation; in contrast
to previous years at Michigan Tech, these students were required to
enroll in the spatial skills intervention course. Participants in the com-
parison group scored 19 or higher on the PSVT: R during orientation.

2.2.1. Description of spatial intervention course
The 1-credit spatial skills intervention course met for one 1.5-hour

session each week. The course materials consisted of a workbook and
multimedia software developed by Sorby andWysocki (2003). The ses-
sion beganwith a short mini-lecture on the topic for the day. Following
the mini-lecture, students worked through the software module either
individually or in groups of two to three. Students finished the session
by completing several assigned workbook pages. The software and
workbook consisted of nine separate modules. Each module contained
a background section as well as several exercises. The exercises in the
software modules are primarily fill in the blank or multiple-choice.
The exercises in the workbook require students to complete sketches
of simple objects in addition to fill-in-the-blank or multiple-choice ex-
ercises similar to those in the software. A tenth module is included in
the course instruction with materials provided by the faculty teaching
the course. The following list comprises the modules for the course:

• Surfaces and Solids of Revolution. In this module, 2-D shapes are re-
volved about an axis to form a 3-D surface or a 3-D solid.

• Combining Objects. Creating new objects by cutting, joining, or
intersecting two objects is covered in this module.

• Isometric Sketching. Students learn about how coded plans are used
to define objects constructed of cubes and blocks and are then re-
quired to sketch them from several corner views.

• Orthographic Projection with Normal Surfaces. In this module, stu-
dents learn how to construct the top, front, and right side views of
objects. Hidden features of objects are also discussed.

• Orthographic Projection with Inclined and Curved Surfaces. In this
module, students learn how to construct the top, front, and right
side views of objects that include inclined or curved surfaces.

• Flat Pattern Developments. This module covers the transformation
from 2-D to 3-D for flat patterns that are folded up to create 3-D ob-
jects.

• Rotation of Objects about One Axis. In this module, students learn
about object rotation and sketch objects as they are rotated about
a single axis.

• Rotation of Objects about Two or More Axes. Continuing from the les-
sons learned in the previous module, students now rotate objects
about two or more axes and sketch the result from this transforma-
tion.

• Object Reflection and Symmetry. This module covers the concept of
reflecting an object across a plane. Also covered is the concept of
object symmetry.

• Cross-sections. In this module, students imagine a cutting plane pass-
ing through an object to determine what the cross-section would
look-like.

2.3. Measures

2.3.1. The pretest and posttest measures of mental rotation ability
The PSVT: R was the test used to measure spatial ability (30 items).

The pretestwas initially administered tofirst-year engineering students
during freshman orientation in August to measure mental rotation
(MR) ability (Guay, 1977). The posttest was administered near the
end of the first semester in the 13th or 14th week. It is a time-limited
paper-and-pencil test that requires the 3-D mental rotation of objects
in space. In this task, the students are asked to: (1) study how the object
in the top line of the question is rotated, (2) picture in your mind what
the object shown in the middle line of the question looks like when ro-
tated in exactly the same manner, and (3) select from among the five
drawings (A, B, C, D, or E) given in the bottom line of the question, the
one that looks like the object rotated in the correct position (Bodner &
Guay, 1997). A sample problem from the PSVT: R is shown in Fig. 1.

Within Computer Science, Engineering, and Technology educa-
tion, the PSVT: R is considered the “gold standard” of spatial assess-
ments (Waller & Lourenco, 2010). The test has good reliability and
validity with spilt-half reliabilities of .78–.85, indicting good internal
consistency. Criterion validity was shown by a correlation of .61 be-
tween the PVST: R and the Vandenberg Mental Rotation Test, another
widely used measure of mental rotation ability. It has also been
shown to predict problem-solving skills in chemistry, physics, and en-
gineering (Gimmestad, 1989; Small &Morton, 1983; Taasoobshirazi &
Carr, 2008).

2.3.2. The ACT math test
The American College Testing (ACT) math test is a standardized test

used in college admissions (ACT, 2007). The math test is a 60-minute,
60-questionmath test covering algebra, plane and coordinate geometry,



Fig. 1. Sample problem from the Purdue Spatial Visualization Test: Rotations (PSVT: R).
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and elementary trigonometry. Students took the exam as part of their
admissions into the Engineering program at Michigan Tech. The ACT
Technical Manual (ACT, 2007), reports internal reliability coefficients
between .87 and .92. Validity was assessed using multiple regression
analysis, and the model for the ACT mathematics subtest score showed
the greatest prediction accuracy (R2 = .65), compared to models for
ACT scores in other content areas.

2.3.3. Calculus grades
The Calculus with Technology I courses are offered in the Fall and

Spring semesters of the freshmen year for the Michigan Tech Engineer-
ing students. The content is an introduction to single-variable calculus,
which includes a computer laboratory. Topics include trigonometric,
exponential, and logarithmic functions, differentiation and its uses, and
basic integration; it integrates symbolic tools, graphical concepts, data
and numerical calculations. The grade range include: A (4), AB (3.5),
B (3), BC (2.5), C (2), CD (1.5), D (1), F (0). For all students in the
study, the percent of students who received each grade consisted of:
A = 19.8%, AB = 14.9%, B = 13.4%, BC = 11%, C = 12.2%, CD = 6.8%,
D = 6.4%, F = 15.5%.

2.4. Research design and analytic approach

It was not possible to randomly assign participants to intervention
and control conditions in the present study. However, as discussed pre-
viously, a standard quasi-experimental design is problematic because it
presents selection bias. To address this issue, the present study used an
RD design. Accordingly, group assignment was strictly determined by
the pretest cutoff, without any participant crossover between groups.
The PSVT: R served as the pretest assignment variable, with 18 as the
cutoff score, and students were unaware of the assignment criterion
for the intervention course. As a result, it was possible to completely ac-
count for differences between groups by statistically controlling for the
pretest variable in the analysis.

This cutoff score was chosen based on the university's pass-fail
criteria of spatial skills for incoming freshman. Often, the cutoff score
for an RD design is the mean of the pretest measure because the high
distribution of scores at the mean maximizes statistical power, but
this is not a requirement. The pretest cutoff score in the present study
is not far from the sample mean (M = 23.97, range = 29–11) and
holds the potential for more meaningful university policy implications.
Students who fail the MR pretest demonstrate a weakness in skills cru-
cial for their success in the engineering program, and, therefore, require
remediation of these skills. A significant intervention impact estimated
at the MR test cutoff provides an empirically-based solution for this
targeted population of students that aligns with university policy.
Approaches to obtaining counterfactual evidence of an intervention
impact and to ruling out selection bias differ between the RDdesign and
a typical (cross-sectional) quasi-experimental design. Accordingly, the
present study calls for a different analytic approach than that typically
used in a cross-sectional design. While the latter could detect an inter-
vention effect by comparing themeans of the intervention and compar-
ison groups on the posttest (e.g., with a t-test or ANOVA), this analysis
would not be effective for an RD design. This is because the mean post-
test score of the intervention group is not expected to be higher than
themean of the comparison group; after all, participants were assigned
to the intervention group based on their lowpretest scores in relation to
the cutoff. Instead, linear regression is used to determine if, at the cutoff
score, the predicted outcomeof the intervention group is expected to be
higher than the predicted outcome of the comparison group.

The cross-sectional quasi-experimental design attempts to maxi-
mize the equivalence of the intervention and comparison groups on
the pretest measure—as is done in randomized experiments—in order
to rule out alternative explanations of between-group differences on
the posttest. In other words, group equivalence on the pretest provides
counterfactual evidence. However, in an RD design, intervention and
comparison groups are not intended to be equivalent on the pretest—
in fact, group differences on the pretest measure are maximized. This
is because the counterfactual evidence in the RD design is found in the
predicted outcome for the comparison group at the cutoff, where, with-
out the intervention, the predicted posttest scores would be linearly
continuouswith those of participants in the intervention group. In addi-
tion, when a quasi-experimental design is used, selection bias must be
controlled by measuring any participant characteristics known to bias
the detection of the intervention impact, and statistically holding
these variables constant in the analysis. However, in the RD design, as
previously discussed, potential bias of the intervention impact estimate
is captured solely by the pretest variable used to assign participants to
groups. Therefore, this variable must be held constant when estimating
the intervention impact, which makes OLS regression and ANCOVA
better-suited analyses for the RD design than a t-test or ANOVA.

In addition to eliminating selection bias, the RD design also avoids
problems of regression to themean presented by a cross-sectional anal-
ysis, because regression to the mean is expected across the range of the
pretest scores, and is described by the regression line itself. While re-
gression to the mean influences the slope of the pretest variable, it
does not influence the estimate of the regression intercepts at the cutoff
score (Shadish et al., 2001). Therefore, without selection effects and re-
gression to the mean, the RD design avoids threats to internal validity
that are inevitably posed by the cross-sectional design, making it the
best approach for the present study (for a complete discussion of the
RD design and internal validity, see Shadish et al., 2001).

To detect an unbiased treatment effect under this design, scores of a
post-intervention measure are regressed both on the pretest assign-
ment variable—with observed scores centered at the cutoff score—and
a dummy-coded intervention assignment variable. Covariates of the
assignment variable can also be included in the model but are not re-
quired for reducing selection bias, unless they also co-vary with inter-
vention group membership; in this study, there are no covariates of
intervention group membership other than the pre-test assignment
variable. By centering the assignment variable at the cutoff score, and
including this variable as a predictor in the regression equation, the re-
gression coefficient for the intervention group-membership predictor is
estimated at the cutoff score, rather than at X = 0. Consequently, the
regression coefficient for the intervention variable becomes statistically
synonymous with measuring a discontinuity in the regression line at
the cutoff score. Thus, a treatment effect is documented when there is
a statistically significant regression coefficient for the intervention
group-membership variable (Thistlethwaite & Campbell, 1960).

In the present study, a regression model that approaches the cut-
off (X = 18) from the left corresponds to the intervention group,
while the regression model that approaches the cutoff from the right
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corresponds to the comparison group. If no intervention had been ad-
ministered, or if the intervention has no impact, predicted outcomes
would be linearly continuous for values above and below X = 18;
conversely, an effective intervention results in significantly different
predicted outcomes at X = 18 between the intervention and compar-
ison groups.

3. Results

3.1. Preliminary analyses

Descriptive statistics for participants' scores on the pretest and post-
test measures of MR, as well as calculus grades, split by intervention
group membership and gender, are provided in Table 1. The effect
sizes relating to gender differences, as measured by Cohen's d-statistic,
was d = .78, favoring males, for the pretest mental rotation score, and
d = .40, favoring males, for the post-test mental rotation scores. Thus,
the effect size was large for the pretest and moderate for the post-test.
For the calculus grades, there were no meaningful gender differences,
with an effect size of d = .12, favoring females. It should be noted
that 28% of the freshmen engineering females failed the spatial pre-
test, while only 7% of the females failed the posttest (MR score below
19); 9% of males failed the pre-test, and 2% of males failed the posttest.

3.2. Meeting evidence standards for a regression discontinuity analysis

In order for the RD analysis to yield unbiased intervention impact es-
timates, certain evidence standards must bemet (Schochet et al., 2010;
Shadish et al., 2001). The analyses reported in this section are a prereq-
uisite to conducting the main analysis, reported in Section 3.3. The first
standard is the institutional and statistical integrity of the assignment
variable, which prohibits any systematic manipulation of the assign-
ment variable. This standard parallels pretest equivalence of assign-
ment groups in a randomized controlled trial. Second, the study
should not have high overall or differential levels of attrition. Third,
the functional form of the assignment-outcome variable relationship
must be properly specified in the statistical model used to test the
impact of the intervention, and the bandwidth of the assignment vari-
able must be appropriate for sample selection. These standards are
addressed in sequence below.

The integrity of the assignment variable was determined using a
chi-square goodness-of-fit analysis, which tested for a statistically sig-
nificant difference in the frequency of scores just above and below the
pre-test cutoff score. A non-significant difference provides evidence
that participant pre-test scores were not manipulated in order to allow
or deny any individuals assignment to a particular condition; a sta-
tistically higher density of scores either just above or below the cutoff
would suggest that individual scores had been manipulated. Here, a
Table 1
Descriptive statistics for pretest assignment variable and posttest measures by gender and

Comparison Intervention

Measure n Min Max M SD n Min

PSVT-R pretest
Females 96 19 29 23.67 2.85 38 11
Males 496 19 30 25.37 3.07 46 11
Total 592 19 30 25.09 3.10 84 11

PSVT-R posttest
Females 96 18 30 25.99 2.66 38 14
Males 496 17 30 26.68 2.89 46 16
Total 592 17 30 26.56 2.86 84 14

Calculus grade
Females 60 0 4 2.67 1.36 27 0
Males 364 0 4 2.41 1.43 37 0
Total 424 0 4 2.52 1.29 64 0

Note. PSVT-R = Purdue Spatial Visualization Test: Rotations. PVST-R pretest scores served
scores and calculus grades were dependent measures.
null finding indicates that there are a statistically equal number of
participants scoring just below the cutoff (at score 18) and just above
the cutoff (at score 19). The results of this analysis were, indeed, non-
significant, χ2 (1,77) = 1.57, p > .05, thereby showing that the data
fit this criterion.

Overall and differential attrition of the sample was assessed by cre-
ating a dummy variable for participant dropout (0 = completed pre-
test and posttest and 1 = dropped out), and conducting a chi-square
test of association. The overall attrition rate for the sample of 742 partic-
ipants who completed the MR pre-test was low at 9.4%. This analysis
found a non-significant difference in dropout frequency between the in-
tervention (10%) and comparison groups (5%), χ2 (1, 742) = 2.72,
p > .05. This finding demonstrates that the evidence standard for attri-
tion has been satisfied in the present study.

Third, the functional form and bandwidth standard was assessed
using a systematic RD model over-specification procedure. This pro-
cess began with over-specifying the regression model used for the
main analysis of the intervention impact, followed by paring down
of non-significant terms in subsequent models. This process aids in
determining the functional form of the data and is a prudent approach,
as it ensures limited bias in the final parameter estimates. Over-
specification is typically used to test for effects of higher order polyno-
mials and their interaction with the pretest MR scores (Shadish et al.,
2001). This can help in determining whether the final model is prop-
erly specified.

The over-specification procedure started with a visual inspection of
a scatterplot with the pretest and outcome variables, with regression
lines fitted separately for each intervention group. If there is a visual in-
dication that the functional form of the data may be cubic or quadratic,
these terms should be included in the initial models along with their
corresponding terms for an interactionwith the intervention group var-
iable. If the visual inspection of the data is not suggestive of a non-linear
relation, then the prudent approach for determining the proper model
specification is to include a term for the interaction between the inter-
vention variable and the centered pretest variable.

The visual inspection of the bivariate scatterplots (Figs. 1 and 2)
indicated that a linear relation was most appropriate. Therefore, the
proper specification of the regression models was determined by ini-
tially including the basic interaction terms. Thus, two regression analy-
ses were run for the over-specification procedure: one with posttest
MR scores as the outcome and once with Calculus grades as the out-
come. Table 2 displays equations for these models. When MR posttest
scores were the dependent variable, the term for the interaction be-
tween the pretest variable and the intervention group variable was
non-significant, β = 0.05, t(671) = 1.17, p > .05. This was also the
case for the model with calculus grades as the outcome variable, β =
0.02, t(484) = 0.19, p > .05. Thus, the over-specification procedure in-
dicated that the functional form of the assignment-outcome variable
intervention group.

Total

Max M SD n Min Max M SD

18 15.39 2.27 134 11 29 21.32 4.61
18 16.57 1.82 542 11 30 24.62 3.86
18 16.04 2.11 676 11 30 23.97 4.23

30 22.42 4.23 134 14 30 24.98 3.56
30 22.59 3.19 542 16 30 26.33 3.13
30 22.51 3.67 676 14 30 26.06 3.26

4 2.41 1.31 87 0 4 2.59 1.38
4 2.66 1.36 401 0 4 2.43 1.31
4 2.62 1.35 490 0 4 2.46 1.33

as the assignment variable for intervention condition (cutoff = 18). PSVT-R posttest



Fig. 2. Regression discontinuity of posttest mental rotation scores as a function of centered mental rotation pretest assignment variable and intervention group.
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relationship is linear and that the impact of the intervention does not
vary with different levels of the pretest variable (i.e., the intervention
impact is uniform for all levels ofX). Further, Fig. 2 reveals that this func-
tional form applied to the complete bandwidth of the assignment
variable.

In addition, we examined evidence that if an intervention had not
been implemented, there would be a linearly continuous relationship
between the outcome and assignment variables through the cutoff
score. This preliminary analysis was conducted to confirm that there
would have been no regression discontinuity if the intervention had
not occurred; this is good practice for meeting evidence standards,
but is not the main analysis for determining the intervention impact.
This analysis provided evidence that there would not have been a dis-
continuity in the outcome variable without the intervention.1

3.3. Main analyses

Given that the evidence standards for unbiased intervention impact
estimatesweremet, two RD analyseswere conducted to test the impact
of the spatial intervention course on posttest MR scores and Calculus
grades. This analysis was conducted with the total sample of freshmen
1 Since it is impossible to eliminate the intervention to evaluate this standard, a recom-
mendation is to see if an alternative baseline measure (related to the dependent mea-
sures) is continuous (i.e., does not show a discontinuity) at the cutoff (Schochet et al.,
2010). In the present study, the students' Math Subtest ACT scores, assessed prior to the
intervention, were selected as the alternative baseline measure. Math ACT scores were
significantly correlated with posttest MR scores, r = .33, p b .001 and with calculus
grades, r = .24, p b 0.001. Therefore, this served as a reasonable alternative baseline
measure. Next, Math ACT scores were regressed on the dummy coded intervention vari-
able and the centeredpre-test variable. Holding pre-testMR scores constant, the interven-
tion condition variable did not significantly predict Math ACT scores, b = −0.29,
t(674) = −0.29, p > .05, indicating no impact of the intervention on this baseline covar-
iate. In otherwords, the relation betweenMath ACT scores and the posttestMR scoreswas
continuous at the cutoff (i.e., there was no discontinuity).
engineering students who gave permission to participate in the study,
and who were available to take the posttest at the end of the Fall
semester.
3.3.1. Posttest MR scores as the dependent variable
First, pretest MR scores were centered at the cutoff score (X = 18)

by subtracting observed scores from the cutoff. Next, using multiple
OLS regression, a series of regression models were estimated with a
dummy coded intervention condition variable (0 = no intervention,
1 = intervention) as the primary predictor variable, pre-test MR
scores and a dummy coded gender variable (0 = females, 1 = males)
as covariates, and posttest MR scores as the outcome variable. In addi-
tion, a dummy variable for gender (0 = female, 1 = male) and a
term for the interaction between gender and intervention condition
were included as predictors, in order to determine if the intervention
impact on posttest mental rotation differed for males and females.
However, the interaction term did not significantly predict students'
MR posttest scores, β = −0.02, t(671) = − .39, p > .05. This result in-
dicates that influence of the intervention on posttest mental rotation
scores did not differ between the males and females in the sample.
Table 2
Regression model equations estimating impact of spatial skills intervention course on
posttest MR scores and calculus course grades.

Model Equation

2. Linear Yij ¼ β̂0 þ β̂1Zi þ β̂2 X2i−X2Cð Þ þ Eij

1. Linear with interaction Yij ¼ β̂0 þ β̂1Zi þ β̂2 X2i−X2Cð Þ þ β̂3Zi X2i−X2Cð Þ þ Eij

Note. Each equation includes an estimate of the y-intercept, represented by β̂0; estimates
of the regression coefficients of the predictors, represented by β̂1−3; a dummy variable
representing individual assignment to treatment and comparison conditions, represented
by Zi; a calculation centering individual pre-test scores around the pre-test cutoff score (so
that the y-intercepts for both groups are at the cutoff score, facilitating the detection of a
regression discontinuity), represented by (X2i − X2C); and an estimate of random error,
represented by Eij.

image of Fig.�2
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The final model testing the intervention impact on posttest MR
scores included intervention condition and centered MR pretest scores
as predictors. Intervention course significantly predicted students'
posttest MR scores when holding constant centered pretest MR scores,
β = 0.12, t(673) = 2.85, p b .01. The effect size for this predictor was
r = .11, which is equal to Cohen's d = .22, a small but meaningful ef-
fect size. In other words, after partitioning variance for the assignment
variable, and thus completely accounting for selection effects, a signifi-
cant impact of the spatial skills intervention course on posttest MR
scores was observed. This was indicated by a regression discontinuity
at the MR pretest cutoff score. Thus, as predicted, the intervention
was effective in raising posttest mental rotation scores, significantly
above scores that would have been predicted if no intervention had oc-
curred. As would be expected, the centered pretest variable (although
not the predictor of interest) also significantly predicted posttest MR
scores, β = 0.75, t(673) = 18.55, p b .001. As can be seen in Fig. 2,
which displays a bivariate scatterplot of centered pretest variable and
MR posttest scores, the regression line is higher for the intervention
group than the comparison group at the cutoff.
3.3.2. Calculus scores as the dependent variable
Next, a parallel analysis was conducted with students' calculus

course grades as the dependent variable. The centered pretest MR
scores were also used as a covariate in this analysis. Since doing calcu-
lus depends, in part, on spatial reasoning, participants were assigned
to intervention groups based on this skill. This allowed us to examine
whether the spatial skills intervention for low spatial students might
help to improve these students' calculus grades. Further, by including
pretest MR scores in the model, the impact of the intervention on cal-
culus grades was calculated at the cutoff score, allowing for selection
effects to be controlled. As with the analysis of MR posttest scores, the
interaction term for gender and intervention course did not significant-
ly predict calculus grades, β = 0.12, t(483) = 1.43, p > .05, indicating
that the impact of the intervention did not differ for males and females.
Consequently, gender and the interaction term were dropped from the
model.
Fig. 3. Regression discontinuity of calculus grades as a function of centered
Subsequently, the final analysis of calculus grades included the in-
tervention course variable and centered pretest variable as predictors.
As expected, the intervention course variable was statistically signifi-
cant, β = .14, t(487) = 2.24, p b .05. The effect size was small but
meaningful at r = .10, which is equivalent to Cohen's d = .20. When
holding constant the centered pretest MR scores. In other words,
therewas a regression discontinuity of calculus grades at theMRpretest
cutoff score. Fig. 3 displays the regression discontinuity of calculus
grades as a function of intervention condition and centered MR pretest
scores. Thus, the analysis of calculus grades yielded findings parallel to
those of the first analysis. The intervention had a positive impact on
both posttestMR scores and calculus grades. Similar to the first analysis,
the centered pretest variable was also a significant predictor of calculus
grades, β = .16, t(487) = 2.51, p b .05.
4. Discussion

There is substantial evidence that spatial skills are a major compo-
nent of the underlying abilities contributing to the development of ex-
pertise in science, technology, engineering, and mathematics (STEM).
A recent longitudinal study following 400,000 high school students
11+ years later, investigated both their choice of college major and ca-
reer, 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 (Wai, Lubinski, & Benbow, 2009). Based on
their findings and prior research, they concluded that for decades, spa-
tial ability assessed during adolescence has surfaced as a salient psycho-
logical attribute among those adolescents who subsequently go on to
achieve advanced educational credentials and occupations in STEM. Un-
fortunately, the importance of this skill as a major factor in predicting
success in STEM fields has been ignored in favor of focusing primarily
on math and verbal skills. Based on this longitudinal research, the im-
portance of spatial reasoning as an alternate route to success in STEM
is finally becoming clearer to policy makers at the national level, along
with the recognition that level of spatial ability is critical in structuring
students' educational and occupational choices and -outcomes—either
mental rotation pretest assignment variable and intervention group.

image of Fig.�3
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towards or away from STEM fields (National Science Foundation &
National Science Board, 2010).

The major contribution of the present results is to confirm and vali-
date prior findings on spatial skills previously conducted at the sameEn-
gineering Program at Michigan Tech—by applying a more statistically
sophisticated approach. One problem interpreting the prior results
from this Program is that there might have been a selection bias, since
students who failed the initial spatial test could decide to either take
the intervention or serve as the comparison group. Thus, the students
choosing to take the interventionmayhave hadhighermotivation levels
than the students not taking it.

In the Fall of 2009, we obtained permission from the school to re-
quire all failing students to take the intervention course. We compared
their progress to students who just passed the cutoff on the spatial task.
By using this higher performing comparison group, we set the bar
higher than just randomly assigning failing students to the two condi-
tions. Nevertheless, we confirmed the findings of the previous research
from the Michigan Tech Engineering Program—spatial training is effec-
tive in improving engineering students' spatial skills. Future research
will need to specify which aspects of the intervention provide the
most benefit. For example, the requirement to complete sketches of ob-
jects visualized in different orientations may have been more effective
than the fill-in-the-blank or multiple-choice exercises. Even having to
take this additional course, and receiving the extra attention that being
in the class entails, could lead students to pay more attention, and
could have contributed to students' improvement.

Another key contribution of the present findingswas that the spatial
training of the low spatial students was not limited to improving their
spatial skills alone; transfer of learning effects were also shown through
the significant impact of spatial training on students' success in a calcu-
lus math course. These transfer results are particularly encouraging
when compared to a prior study,which did not find any benefit of a spa-
tial training program on either spatial visualization or calculus perfor-
mance (Ferrini-Mundy, 1987). This prior study provided a much less
intensive spatial training program andwas provided to college students
across a range of majors. The present training was based on a spatial in-
tervention programdeveloped over 15 years, and designed explicitly to
develop spatial reasoning skills in engineering students.

There are a number of possible mechanisms by which spatial train-
ing could lead to improvement in calculus performance. A lot of calculus
problems involve visualizing slopes and areas under curves. Students
must also understand inflection points and how they relate to maxi-
mum and minimum slopes. Frequently, students will be shown a 2-D
graph on the board and asked to visualize it as a 3-D function. In physics,
it's been found that expertsmake sketches tofirst visualize the problem,
while novices, in contrast, focus solely on representing the problem as a
set of equations (Taasoobshirazi & Carr, 2008). Just having extra prac-
tice visualizing and sketching objects in 3-D space may have increased
the intervention students' capacity to use visualization when solving
calculus problems.

4.1. Implications for remediating spatial skills

The present findings suggest that students with initially poor spatial
skills should be identified at the outset of their engineering programs
and provided with remediation and spatial content should be included
in first year engineering courses. It is likely that a subset of engineering
students may need more time to develop and practice spatial skills, es-
pecially as these types of skills have not been identified or taught previ-
ously in the large majority of elementary and high school educational
systems within the US.

These findings also have implications for other STEM fields as well.
They suggest that researchers in these disciplines should explore the
potential advantages of early identification of students with poorer spa-
tial skills, and to follow up with spatial interventions to improve these
skills. This would be advantageous for elementary and middle school
students as well; it has been found that having more advanced spatial
skills is linked to better mathematics achievement (Casey, Nuttall, &
Pezaris, 1997; Casey et al., 1995; Geary, Saults, Liu, & Hoard, 2000),
and in a recent longitudinal study, it was found that spatial skills in
kindergarten were stronger predictors of ninth grade math school
achievement than fourth grade math achievement scores (Krajewski
& Ennemoser, 2009).

4.2. Gender differences in spatial skills

Individual differences in spatial skills have implications for gender
equity as well. Research has shown large gender differences favoring
males on key types of spatial skills found in children as young as four
years of age (Levine et al., 1999; Voyer et al., 1995). The effect sizes
for gender differences in mental rotation skills in particular has been
found to be close to 1 standard deviation,withmales performing higher
than females on average. This pattern of findings was confirmed in the
present study, with large gender effect sizes favoring males found on
the pretest and moderate effect sizes occurring on the post-test. It is
clear that even engineering females come to engineering programs
at the outset of their training with lower spatial abilities compared to
males in engineering.

Nevertheless, both the low spatial performing males and females
on the pretest showed significant improvement from the spatial in-
tervention course at post-test. Thus, the intervention did not have dif-
ferential effects as a function of gender, but instead, both low spatial
ability gender groups benefited from the intensive spatial interven-
tion. The fact that the gender differences were not eliminated through
the intervention is consistent with prior training research. Although it
has been shown that spatial skills are highly malleable for both males
and females, a recent meta-analysis found that gender differences are
not eliminated as a result of training (Uttal, 2009).

Most of the prior research on gender differences has involved rela-
tively short mental rotation training sessions (Uttal, 2009). Thus, the
present study contributes to the relatively small group of studies that
has examined the effects of extended spatial training on male and fe-
male performance (Terlecki, Newcombe, & Little, 2008). In the present
study, although 28% of the female engineering students failed the initial
spatial pretest compared to 9% of the males, by the end of the year only
7% of the females and 2% of the males were still failing the spatial test.

One key point to be made is that gender differences in spatial skills
do not need to be eliminated to achieve gender equity. In order for fe-
male engineering students to succeed at spatial problem solving in en-
gineering, they simply need to be proficient at the types of spatial
reasoning skills that are necessary for completing a range of engineering
problems. It is also important to recognize that there is wide variability
within genders as well as between genders, and there are substantial
numbers of females with high spatial skills, especially those entering
STEM fields.

5. Conclusions

Spatial skills are critical to success inmost STEM fields, including en-
gineering. However, there is little guarantee that students who gradu-
ate from high school in the US have developed these critical skills. The
present study shows that spatial skills among engineering students
are malleable, and that spatial interventions for students majoring in
STEM fields can substantially improve the performance of students
who initially showed poor spatial skills. Specifically, we found that spa-
tial interventions are effective in raising spatial skills for the engineering
students who failed the spatial test at the outset of their freshman year.
It also was shown that improvements in spatial skills resulted in im-
proved grades in an introductory calculus course. These findings could
have far-reaching implications as we strive to increase the number of
people who earn STEM degrees.
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