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You may have noticed that I did not type
“Arizona State University” on ty Message from
the Editor. That is because I have accepted a posi-
tion as Associate Professor of Computer Graphic
Technology at Purdue University and T am in
transit. The one thing I have learned in my life
is that you do not always have control over much
of what happens in your life, but you do have
control of your attitude. So today I am telling
you to get an attitude! -- a creative and innova-
tive attitude.

In today’s world it is not enough to be graphic
specialists. We must be graphic visionaries. We
must embrace transcending disciplines. We must

proaches to problem solving. We must have atti-
tude. Creative and innovative attitude is open to
possibilitics, accepting of change, and continually
striving for improvement. With practice and a re-
newed sense of shedding suppressive learned be-
havior, everyone is capable of thinking creatively
and innovatively. To improve creative thinking,
one must learn how to accept change, be more
flexible, be more playful with possibilities, be ap-
preciative of the good things in life, and always
want improvement.

Often when we are faced with crisis, we go into
survival mode, but that’s when we need to change
our approach and make an attitude adjustment.
There is an Asian symbol for crisis that many be-
lieve is the same symbol for danger plus oppor-
tunity. When faced with a problem, look at it as
being confronted with an opportunity. Holding
up the white flag before you begin is a self-fulfill-

ing prophecy.

The world is full of skeptics and they have
their role as devil’s advocate in problem solving.
But without being open to all the possibilides,

Message from the Editor

Get an Attitude!

By La Verne Abe Harris, Ph.D.
Purdue University

no imaginative innovation will occur. If creative
thinking appears childish or beyond your person-
al reach, think again. If problem solving appears
to be out of your realm of expertise, think again.
'The Wright brothers, inventors of the airplane,
were bicycle mechanics, not aviation engineers.

[ am very pleased to present in this volume
of the Enginecering Design Graphics Journal
three innovative articles focusing on visualiza-
tion and geometric thinking. Marie Planchard,
the Director of World Education Markets from
SolidWorks Corporation, is our recipient of the
Oppenheimer Award. This award is for the out-

standing presentation of the Midyear Conference
in San Diego, California in January 2007. Her

paper 3D CAD: A Plus for STEM Edycation con-
centrates on the merging of science, technology,
engineering, and mathematics principles through
three dimensional computer-aided design soft-
wate across engineering curricula at all levels.

Jianping Yue writes about spatial visualiza-
tion by isometric drawing. Spatial visualization
is a fundamental skill in technical graphics and
engincering design. Yue discovers in his research
how a popular spatial visualization test is used to
show mistakes in isometric views and offers rec-
ommendations to improve the tests.

And our last ardicle focuses on a mathematical
approach to thinking through cubic symmerry,
classic geometry, and elementary vector algebra.
Paul Zsombor-Murray’s article Platonic Symmetry
and Geometric Thinking conveys a creative ap-
proach to geometric construction.

There is an old time country song that chants,
“I may be an old chunk of coal, but I'll be a dia-
mond someday.” So to all you future diamonds ...
Get an artitude!

Engineering Design Graphics Journai -

Y




v ol u me 71
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The one thing I have learned over the last twenty-
one years of teaching is that I have a lot more to
learn. Like many of my students, I sometimes as-
sume that my experiences are unique and that no
one before me or somewhere else has had similar
experiences.

In May I gave a talk on the State of Engineering
Design Graphics in the United States at the 40¢h
Anniversary of the Japan Society for Graphics
Science in Tokyo. Also invited were Bing-Shu
Tong from Tsinghua University in Beijing, China
and Hellmuth Stachel from the Vienna University
of Technology in Vienna, Austria. Qur talks took
place on the morning of May 12. T went first,

- followed by Professor “Tong and-then Professor

Stachel. I gave an overview of the types of graph-
ics students might sce in middle school, high
school, community or technical colleges, and
universities. 1 then highlighted the Engineering
Design Graphics Division of ASEE and talked
about commonalities and differences between our
programs around the country. Thanks o many of
you, [ was able to give examples of student work
and faculty research activitics from around the
country. Professor Tong's talk was very similar to
mine. The types of actividies Chinese students are
doing look much like the activities we plan for
our engineering and technology students. They
have a focus on engineering design using 3D
modeling within the context of product lifecy-
cle management. As a mathematician, Professor
Stachel’s talk was a little different. He began by
giving a short history and definition of descriptive
geometry and then talked about its importance
in the development of 3D spaiial visualization.
He concluded by summarizing what he believes
is obsolete and what is still necessary in modern
descriptive geometry education.

Message from the Chair

The World Just Got
Smaller for Ted Branoff

Ted Branoff, Ph.D.
North Carolina Stafe University

On Sunday morning [ attended a sympo-
sium where five individuals from various areas
gave their- philosophies on the role descriptive
geometry plays in their fields. The talks were
all in Japanese, so Emiko Tsutsumi and Kenjiro
Suzuki translated key comments in English for
me. What I learned is that the Jupan Society
Jor Graphic Science is a little different than our
EDGD. Their Society is made up of faculty and
industry professionals from engineering, tech-
nology, mathematics, graphic arts, architecture,
and fine arts. The common thread through all of
these areas is descriptive geometry. Descriptive
geometry is treated as a general education topic
in Japan, and most students at the university level

Japanese colleagues are great hosts. I don't think 1
have ever been treated so well.

I'm guessing that those of you who have
been involved in the International Society for
Geometry and Graphics and have attended the
International Conference already knew these
things. I will say that after browsing through
the conference proceedings, many of the papers
looked similar to those in our EDGD conference
proceedings. T believe Japanese educators are also
feeling pressure to reduce the amount of descrip-
tive geometry that is being offered in favor of
what is more popular with students — computer
graphics.

So, what did I learn from my trip to Japan?

® First, I have been truly blessed during my
life. Many people have helped me personally
and professionally to make me who [ am. As
the current chair of the Engineering Design
Graphics Division, 1 realize that I was very
fortunate to be in the right place at the right
time to be asked to make the trip to Japan.

Branoff - vii
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The Schroff Participation Grant (SPG) en-
courages graduate students and new faculty
in engineering graphics and related disciplines
to attend and present a paper at the ASEE
Engineering Design Graphics Division (EDGID)
Mid-Year Conference. ‘The granc is open to
graduate students or new faculty, in their first
or second year of teaching, in graphics-related
programs or courses (for example, Engineering
Graphics, Technical Graphics, and Computer
Graphics) and have not yet attended an ASEE/
EDGD Mid-Year Conference. The gran,
funded by Schroff Development Corporation
(SDC), provides a maximum of $500 to at-
tend the ASEE/EDGD Mid-Year Conference.
The grant must be used for travel, accommoda-
tions, and/or conference registration. Deadline
Jfor applications is August 24, 2007, See hup://

www.eded.org/Awards/Schroff/default.aspx for
decails.



Az some point in their education, pre-engineering studenis will take physics andfor calculus. For many
freshmen who aren’t certain about their carcer paths, taking these courses is a litmus test to determine
whether they have the aptitude or desire to pursue an engineering degree.

Therein lies the challenge for many students in the U.S. Science, technology, engineering and math
(STEM) curricula are typically steeped in traditional textbook methods for demonstrating, for example, the
velocity of a free-falling object. 2D computer-generated graphs only go so far in showing what forces deter-
mine the speed of a calculus textbook dropped out of a third story dorm window. 1o change the dynamic
and increase the chances of piguing student intevest in STEM, teachers from middle school through college

3D CAD: A Plus for STEM Education

Marie Planchard
Director of World Education Market
SolidWorks Corporation

yuadd

o

ABSTRACT

1

are starting to use 3D CAD tools in their lesson planning.

|

|

i

Visualizing a wave tank in 3D might help physics students better understand the many different [
[

[

Jorces that affect surface wave motion. They might also better see the quadratic formula at work, or how

they can get the maximum distance from a catapult. Bringing physics, calculus, trigonometry and related

subjects to life is a critical step in convincing students of how their knowledge of these subjects will help

them in their engineering careers. Additionally, exposing students to 3D CAD technology early will help |

them begin honing the design skills theyll need in their professional careers. i
In this session, attendees will learn how to use 3D CAD technology to fuel student interest in
STEM, and potentially grow the pool of skilled engineers in the U.S.

Attendees will learn how to:

identify courses where 3D CAD software can help students better understand STEM concepts;

use 3D CAD software to demonstrate practical examples of these concepts in physics, caleubus and
other subjects;

demaonstrate how students can visualize math and science problems more easily in 3D;
show students how they can apply STEM concepts to engineering;

expose students to the engineering fundamentals they will use professionally.

Planchard - 1 |
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iINTRODUCTION

At some point in their education, pre-engineering
students will take physics and calculus base class-
es. For many freshmen who aren’t certain about
their career paths, taking thesc courses is a litmus
test to determine whether they have the aptitude
or desire to pursue an engineering degree.

Therein lies the challenge for many students
in the U.S. Science, technology, engineering and
math (STEM) curricula are typically steeped in
traditional textbook methods for demonstrating,
for example, the velocity of a free-falling object.
2D computer-gencrated graphs only go so far in
showing what forces determine the speed of a cal-
culus textbook dropped out of a third story dorm
window. To change the dynamic and increase the
chances of piquing student interesc in STEM,
teachers from middle school through college are
utilizing 3D CAD tools in their lesson planning,

OBJECTIVES

‘The objective of this project was to improve the
understanding of STEM principles through 3D
CAD software across engineering curricula. In
addition, the project’s intent was to enhance in-
structors’ skills sets in utilizing 3D CAD to il-
lustrate theory and to provide a community to
share resources for STEM related courses across
not only college and university levels but also in
middle school, high school and technical voca-
tional school,

LESSON CATEGORIES SELECTED

Post-secondary instructors developed  lessons
for Calculus, Physics, Engincering Graphics,

Introduction to Engineering, Engineering
Mechanics — Statics, Strength of Materials,
Manufacturing, and  Fracture  Mechanics.

Secondaryinstructors providedlessonsfor Algebra,
Art, Biology, Calculus, Chemistry, Geometry,
Robotics, Technology, and Trigonometry. The
lesson outline included: the STEM Concepts
Addressed, Instructional Period, Grade Level,
Objectives, Materials, Procedure, Assessment,
Resources Used and Reference to Copyright
Materials.

Z - Enginsering Lesign Graphics Journal

Example 1:

The first example, developed by Professor Herbert
Crosby, University of Maine, “Determining Beam
Stress and Deflection with COSMOSXpress.”
explores the theoretical problem of determining
stress and deflection for a simply loaded canti-
lever beam. The results were first found utiliz-
ing analytical methods and then found using
COSMOSXpress (finite element analysis}. The
objectives of the lesson were as follows:

Objectives:

1. Learn to calcutate maximum stress for a sim-
ply loaded cantilever beam.

2. Learn to calculate factor of safety for the
same beam.

3. Learn to calculate maximum deflection for
the same beam.

4, Learn to determine the same results using
COSMOSXpress.

5. Learn the effects of changing beam
dimensions.

Engineers often need to determine maximum
stress in patts to find if they are safe. Maximum
stress is compared with material strength to de-
termine factor of safety. Engineers also need to
determine maximum part deflection under load.
As an example, consider a simply loaded cantile-
ver beam:

4 -
Al
4

The rectangular cross section cantilever beam is
fixed at the wall and has a load P at the right end.
Maximum stress occurs at the wall at the top and
bottom beam surfaces. The top surface is in ten-
sion and the bottom surface is in compression.
Maximum beam deflection occurs ar the right
end of the beam. We can calculate these values
for the above case with the following equations:
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6Pl
max bhz

putey

_4prP
Ebh’

P =load appled at the end of beam. pounds
[ = beam length,inches
© b o= beam base, inches
h = heam height ( parallel to load), inches
F. = factor of safety
o, = material yeild strength, psi
3 = deflection at end of beam, inches

L = material modulus of elastisity, psi

rectangular cross scction, rotated 90 degrees.

Example 2

The second example, developed by Professor
Ric Baugher, Southwestern Oklahoma State
University , “Revolving shapes around and axis,
creating circular patterns”  The objectives of the
lesson were to create a wheel by revolving a pro-
file about an axis and wdlizing circular patterns
in order to locate cuts and holes. The student
researches standard dimension required when
designing wheels to fit a particular actomobile.

Eriiphasis was also placed on developing a pro-

duction drawing with the correct dimensions.

In a corresponding example, the “Parabola
from Algebra to Calculus”, students determine
the area bounded by the x axis, center of mass and
volume of a solid in revolution that is explored in
both Calculus I and Engineering Mechanics.

Planchard - 3
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CHALLENGE

"To develop a STEM teacher community with the
lesson plans faced many challenges. Instructors
not only developed text based lessons, but also
submitted model files, picture files and movie
files.  As a result, instead of developing a for-
mal web site, a blog, was created. Because of web
security issues, cach lesson must be manually re-
viewed which slows the posting process down.

LESSONS LEARNED

The project grew beyond just physics and calcu-
lus and more categories needed to be established.
Even for instructors that had no formal 3D CAD
training, they were able to follow eLearning ex-
ercises and video. With the large number of re-
sponses, the lesson submission process needs to
become automated in the future.

CONCLUSION

For both. instructors and students 3D CAD soft-
ware ptovides a powerful complement that makes
science, technology, engineering, and math more
understandable. Industry must work with aca-
demia to use technology to make STEM engag-
ing for students considering engineering careers.
The instructor must be given the tools and train-
ing to develop their 3D skill sets. With their own
curricula, instructors develop the virtual illustra-
tions of the theoretical concepts for their own
students.

FUTURE DIRECTION

For the engineering and technology instruc-
tors and students another goal is to raise the

level of 3D CAD competency with the Certified

SolidWorlks Associate (CSWA} exam. The CSWA
exam proves industry readiness focused both on

4 - Enginsering Design Graphics Journal

3D CAD skills and STEM competencies by cre-
ating a model from a detailed illustration, apply-
ing material to a component, understanding en-
gineering practices, and determining the volume
and center of mass.

REFERENCES
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Spatial Visualization by Isometric View

Jianping Yue, Ph.D.

Division of Engineering Technologies & Computer Sciences
Essex County College, Newark, NJ 07102
ABSTRACT

Spatial visualization is a fundamental skill in technical graphics and engineering designs. From conventional multi-

view drawing to modern solid modeling using computer-aided design, visualization skills have abways been essential

Jor representing three-dimensional objects and assemblies. Researchers have developed varions types of tesis to measure

students’ spatial visualization abilities, in which most pictorial views of three-dimensional objects ave represented by

isometric views. lometric views bave many advaniages such as being simple to draw, and equally representing the front,

top, and side surfaces. However, they are also susceptible to drawing misiakes in spite of their relatively simple construc-

tion. This paper discusses the typical styles of visualization tests designed for engineering and technology students. Three

Jormars for spatial visualization tests (developiments, rotations, and isometvic views) ave discussed. A popular spatial

visualization test is used as example to show some mistakes in its isometric views. Recommendations are made to improve

pictorial views i spaial visializavion s,

INTRODUCTION

Spatial visualization ability has played an impor-
tant role in civilization, from ancient architectural
wonders to modern space exploration. Spatial
visualization skills are especially important in
engineering and technology fields, From the tra-
ditional board drawings of multiviews, sections,
and assemblies, to modern solid modeling using
computer aided design (CAD) tools, almost all
product designs require the visualization of three
dimensional (3D) objects. Spatial visualization
ability is equally vital in some hot technologies
such as geographic information systems (GIS),
biomedical information technology, and robotics.

Spatial visualization has long been considered
fundamental in engineering graphics courses. In

the 1980s, along with the development of micro-
computers, CAD was introduced into classrooms.
Since then, both computer hardware and software
have significantly improved, such that 3D solid
modeling CAD has become ubiquitous in indus-
trial applications. Therefore, spatial visualization
has become a required skill for engineering and
technology students. These developments have re-
vitalized educators’ interest in spatial visualization
(Miller & Berroline, 1991; Miller, 1996). In re-
cent decades, many formats have been developed
for testing spatial visualization skills. Psychologists
have intensively studied spatial visualization from
the perspective of cognition and perception. In the
carly 1970s, Shepard and Metzler (1971) designed
a test to investigate the reaction time of visualiz-
ing rotated 3D objects. Vandenberg and Kuse

Yue - B
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(1978) later developed a test, based on Shepard
and Metzler's model, known as the mental rota-
tion test (MRT). Ekstrom, French, and Harman
(1976) also included spadial visualization in a set
of cognitive tests, which were included in the
Educational Testing Service’s (ETS) catalog of
standardized tests. In the late 1970s, engineering
and technology educators also investigated the
relationship between spatial visualization ability
and technical graphics skills. Among these edu-
cators, Guay (1976) developed a test called the
Purdue Spadal Visualization Test (PSVT). The
PSVT is a multiple-choice test. The test origi-
nally consisted of three sections (developments,
rotations, and views), each containing twelve
problems. The first section is developments (fold-
ing 2D flat patterns along fold lines) into 3D
objects (surface models). The second section is
the orthogonal rotations of 3D objects about
the axes of the Cartesian coordinate system. The
third section is the isometric views of 3D objects.
By adding 18 new problems o the original 12
problems in the second section (rotations) of the
PSVT test, Guay {1977) extended it into a 30-
problem test on spatial visualization of rotations
(PSV'T-R). The PSVT-R was included in the ETS
test collection and has since been widely used by
researchers in engineering and technology fields.
An excerpt of the PSVT test was also included
in a textbook (Bertoline & Wiebe, 2007), con-
raining the first five problems from each of the
three sections of the PSV'T' test for a total of 15
problems. Sorby (2003) developed a workbook
on 3D spatial visualization, which contains a to-
tal of 513 problems involving a variety of testing
formats in spatial visualization (not counting ad-
ditional exercises in the bundled software pack-
age}. Most of the problems are variations of the
basic formats in the PSVT test and textbooks.
For example, there are 135 problems on orthogo-
nal rotations in the workbook. In addition to the
traditional multiple-choice questdons on rotated
views, there are also multiple-choice and free-
form questions relating to degree, direction, and
sequence of rotations. Some problems require
students to sketch the isometric views after speci-
fied orthogonal rotations.

i

§ - Enginsering Design Graphics Journal

Spatial visualization tests have been used by
educators as both teaching and research tools at
many colleges. Textbooks include various for-
mats of spatial visualization exercises, quizzes
and tests on spatial visualization (Sorby, 2003;
Bertoline & Wiebe, 2007). Spatial visualization
tests have been commonly used by educators as
pre-test and post-test assessments to diagnose and
improve students’ visualization skills in graphics
and CAD courses (Sorby & Baartmans, 1996;
Branoff & Connolly, 1999; Yue & Chen, 2001;
Czapka, Moeinszdeh, & Leake, 2002; and Study,
2004, 20006). Spatial visualization tests have also
been frequently used to assess and improve the
retention rate of freshmen, women, and minor-
ity engineering and technology students (Sorby
& Baartmans, 1996, 2000; Sorby, 2001a; Study,
2004, 2006; Brus, Zhao, & Jessop, 2004; Kinsey,
Towle, Hwang, (’Brien, & Bauer, 2000).
Educators have used spatial visualization tests
to study human visualization bchaviors in the
context of age, gender, education, training, etc.
(Guay, 1978; Sotby & Baartmans, 1996; Sorby,
1999, 2001b; Yue, 2000, 2002a, b; Yue & Chen,
2001). Research has also been done to improve
the testing tools for spatial visualization. For ex-
ample, to help students visualize 3D objects from
the approximate and simplified views in visual-
ization tests, some researchers have added refer-
ence axes and grids to the views. Branoft (1998a,
b} added the Cartesian coordinate axes to the
PSVT-R test to highlight the visual relationship
between the object and the axes it rotates about.
Sorby et al. (1998, 2003) exploded variations of
the conventional test formats of pictorial views
and used isometric grids to provide dimensions
to the features of an object. Recently, educators
have used CAD software to create solid models
in spatial visualization tests for more realistic 3D
views (Sorby, 2003; Ardebili, 2006; Kinsey et al.,
2006; Yue, 2007).

Usually, spatial visualization tests represent 3D
objects in 2D pictorial views on paper or screen.
Due to their simplicity, axonometric views have
been dominantly used in spatial visualization tests.
Isometric views, a sub set of axonometric views,
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have been particularly favored by engineering
and technology instructors in developing spatial
visualization tests. The MRT test (Vandenberg
and Kuse, 1978) problems are all axonometric
views. The PSVT test (Guay, 1976) consists of
36 problems evenly distributed among develop-
ments, rotations, and isometric views. However,
all of the problems show pictorial views in iso-
metric. All of the 30 questions in the PSVI-R
test (Guay, 1977) are also exclusively in isometric
views. Sotby’s workbook (2003} has a total of 513
questions involving pictorial views (not counting
additional pictorial views in the bundled software
package.) All of the views are axonometric and
the majority of them (457 or 89%) are in isomet-
ric views. This paper discusses the role of the iso-
metric view, especially its pros and cons, in spatial
visualization tests. The PSVT-R test is popular in
engineering schools. This is probably partly due
to the fact that the test uses isometric views for
spatial visualization, a simple orthogonal pro-
jection method taught in engineering graphics
courses. Thousands of engineering and technolo-

gy students in'many colleges and universitics kave

taken the PSVT-R test (Guay, 1978 Match, June,
1980; Guay & McDaniel, 1978; Battista, 1981;
Sorby & Baartmans, 1996; Branoff, 1998a, b;
Branoff & Connolly, 1999; Sorby, 1999, 2001b;
Yue, 2000, 2002a, b; Yue & Chen, 2001; Czapka,
Mocinszdeh, & Leake, 2002; Study, 2004,
2006; Brus, et al., 2004; Towle, Mann, Kinsey,
O’Brien, Bauer, & Champoux, 2005; Ardebili,
2006; Hamlin, Boersma, & Sotby, 2006; Kinsey,
et al., 2006;). Due to its popularity and the use
of isometric views, this paper will primarily use
examples from the PSVT-R test for the discussion
of spatial visualization by isometric view.

ISOMETRIC VIEWS IN SPATIAL
VISUALIZATION TESTS

Due to its simplicity in displaying 3D objects,
isometric view has been predominant among en-
gineering and technology educators in designing
tests for spatial visualizations (Guay, 1976; Sotby,
2003). In the three formats of the PSVT test
(Guay, 1976), isometric views were the only pic-
torial views used to show 3D objects. They were

used not only in the format of isometric views,
but also to illustrate the rotations and develop-
ments. In the variety of spatial visualization tests
in Sorby’s workbook (2003), isometric view was
also the format for pictorial views in almost all
formats except for the intersected solids, in which
other axonometric views were used to avoid over-

lapping of edges.

‘The PSVT and PSVT-R tests (Guay, 1976,
1977} arc popular and representative. An
abridged PSVT test is readily accessible in a text-
book (Bertoline 8 Wiebe, 2007), and many in-
structors and students are familiar with the tests.
A variety of test formats (Sorby, 2003) may be
derived from the PSVT test. Because all pictorial
views in the tests arc also exclusively in isomet-
ric views, this paper introduces the three formats
of the PSVT test to discuss the use of isometric
views in testing spatial visualization ability.

SPATIAL VISUALIZATION
BY DEVELOPMENTS

True development is an un-stretched forming pro-

cess that bends sheet metals into various shapes.
Spatial visualization by developments takes the
formar of folding a 2D flat pattern into a 3D sur-
face model. As shown in an example with the
same format as the PSVT test (Figure 2.1), a 2D
flat pattern and five isometric views are given.
The five views represent different 3D objects, and
only one of them can be developed from the flat
pattern. In Figure 2.1, the correct choice is D.
To help students visualize the developments, fold
lines are usually provided. A suggested base sur-
face, around which adjacent surfaces are folded,
is also marked. The marked base surface may be
viewed as the bottom of the developed 3D model
in contact with the tabletop or ground. In a 2D
flat pattern, all interior lines must be fold lines,
and all boundary lines must be seam lines. The
flat pattern must be folded along the fold lines
and then sealed along the scam lines to form the
correct choice of the surface model. It is also as-
sumed that the flat pattern is folded upward. The
correct answer in Figure 2.1 would be B if it is

folded downward.
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Figure 2.1: Spatial visualization by
developments of folding a 2D flat
attern into _a 3D surface model

L

>
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The test of developments may also take the
reverse format of unfolding a 3D surface model
into its flat patterns. In this case, there is no need
to mark the base surface because it is the botrom
of the object as it is placed. The seam lines now
become cut lines on the 3D surface model along
which the edges are cut open and the surfaces are
unfolded into the flat pattern. Normally, the edg-
es corresponding to the cut lines are left for the
students to figure out, and are not indicated on
the 3D surface model. Usually, a surface model
may be unfolded into multiple flat patterns. On
the other hand, the cut lines must be carefully
chosen on the 3D models to form a contdnuous
boundary of a 2D flar pattern. The flat pattern
can be made clearer for visualization by using the
dashed line type instead of continuous lines for
the fold lines. The developments of simple objects
are usually fairly easy. For example, a rectangular
box requires no more than a maximum of three
consecutive folds and all fold lines can be aligned
with hotizontal or vertical lines on a flat pattern.
However, the fold lines for oblique surfaces gen-
erally do not follow horizontal or vertical lines on
flat patterns. The developments of some complex
and embedded surfaces may also require a con-
siderable number of consecutive folds. In these
situations, spatial visualization of mentally fold-
ing flat patterns into a surface model could be a
challenging task.

8 - Engineering Design Graphics Journal

SPATIAL VISUALIZATION
BY ROTATIONS

Another very popular formart in spatial visualiza-
tion tests is rotating a 3D object in its axonomet-
ric views. Examples of spatial visualization by
rotations include the MRT test (Vandenberg &
Kuse, 1978} and the PSVI-R west (Guay, 1977).
In the MRT test, students are to recognize an
object of ten face-to-face connected cubes after
rotating it at an arbitrary angle in axonometric
views. In the PSVT-R test, students are to visual-
ize orthogonal (single or multiple 909} rotations
ofa 3D object about the Cartesian coordinate axes
in isometric views. Figure 2.2 shows an example
with the same format as the rotation problems in
the PSVT-R test. An object and its rotated view
are given as a sample, and then another object is
presented with its five different views after vari-
ous rotations. Students are to choose one view
that is resulted from the same manner of rotation
as the given example. In Figure 2.2, the correct
choice is B. All of the views in the PSVT-R test
are regular isometric views, and the five choices
(A through E) are rotated views of the same ob-
ject. The rotations are orthogonal, i.e. multiples
of 90° about a single Cartesian axis or multiple
axes in sequence.

Figure 2.2: Spatial visualization by
orthogonal rofations

31@““@
an @ is rotated to

6oL

Due to the controllability of limited number
of isometric views, as well as due to their simplic-
ity, the format of orthogonal rotations of isomet-
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ric views has been chosen by many engineering
and technology educators.

SPATIAL VISUALIZATION
BY ISOMETRIC VIEWS

Another format of applying isometric views in
spatial visualization test is to identify the isomet-
ric view of a 3D object at a given vertex of its
confining rectangular box. Figure 2.3 shows an
example with the same format as the isometric
view problems in the PSVT test (Guay, 1976).
An object is placed inside a confining cube and
the point of view is denoted by a dot at one of
the vertices of the cube. Then five isometric views
of the object are given, and students are to choose
one that represents the view from the given point
of view. The right choice is C in Figure 2.3.

Figure 2.3: Spatial visualization by
isomeftric views

This format of spatial visualization requires a
prior knowledge in engineering graphics, such as
the concepts of point of view and isometric pro-
jection. Therefore, it may not be appropriate for
testing a general audience. There are also some
problems with the application of the formart in
spadial visualization. As discussed later, multiple
isometric views may exist at cach vertex and the
available isometric views are limited by imposing
constraints to avoid possible ambiguities.

AVAILABLE ISOMETRIC VIEWS
FOR SPATIAL VISUALIZATION

Theoretically, there are an infinite number of
isometric views. By rotating either the object or

the eyes (or camera lens) about the line of view,
different isometric views are generated at vari-
ous orientations. However, due to certain prac-
tical constraints, only a very limited number of
isometric views are available and have been used
in spatial visualization tests. Real objects have
various shapes, but any object can be confined
in a rectangular box with its size matching the
overall width, depth, and height of the object.
Therefore, we may use a generic rectangular or
cubic object in our discussion of isometric views.
If we place a cube on tabletop or ground, keep
our heads upright, and look slantwise downward
through a diagonal of the cube, we will see a regu-
lar bird’s-eye isometric view. When the sides of an
object or its confining cube are aligned with the
axes of a fixed Cartesian coordinate system, there
are only a total of 24 bird’s-eye isometric views
{(Figure 3.1). In other words, there are 3 possible
isometric views at each vertex of the cube (Figure
3.2) and 8 vertices resuit in 24 isometric views.
In Figure 3.1, each view is denoted by a subscript
composed of a letter and a number. The letters

—.indicate.the. .surfaces.as.an ()[jginal...top. sutface. o

(1) rotated to bottom (B}, front (F), back or rear
(R), left side (L), and right side (S). The number
in the subscript indicates the number of positive
orthogonal rotations about the axis along the sur-
face vector of the specified surface (0 is 0 x 90°
=00, 1is 1 x 90° =900, 2 is 2 x 90° = 1800, and
3 is 3 x 90° = 2709°). For example, the T3 view
is obtained by rotating the T0 view 270° about
the Z-axis.

Other types of isometric views are also possible.
For example, if one craws under a table and looks
diagonally upwards at an object on the tabletop
(the tabletop must be transparent), a wornis-eye
isometric view would be obtained, which shows
the bottom and two side surfaces of the object
(Figure 3.3b). Similarly, there are also a total
of 24 worm’s-eye isometric views of any object.
However, even if a tabletop is made of glass so
that it would not block the sight of the worm’s-
eye view, people normally would still prefer the
bird’s-eye views than the worm’s-cyc views, i.c.,
stand up rather than craw down. Consequently,

Yue

i
i
i
i
!
i
{




|
i
i
!
i
t
!
!
i
!
t
i
[
[
i
i
|
|
|
|
!
|
I
!
i
i
!
i
!
i
i
|
!

v ol u me 71

if people’s viewing preferences or habits are taken
into consideration and the object does not move,
there are only four practical isometric views at the
top vertices of a fixed object (Figure 3.3a). For ex-
ample, AutoCAD (2006) provides only the four
isometric views at the top vertices as direct view
options or toolbar buttons, and calls them SV,
SE, NE, and NW isometric views.

Figure 3.1: 24 bird’s-eye isometric views

¥

99T 9P
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Figure 3.2: Three possible bird's-eye
isometric

BSpN SR

Figure 3.3: Bird’'s-eye and worm’s-gye
isometlric

OISO
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REPRESENTATION OF
ISOMETRIC VIEWS IN
SPATIAL VISUALIZATION
BY ROTATIONS

The 24 available bird's-eye isometric views (Figure
3.1} may be formed by rotating the object about
the Cartesian axes orthogonally, i.e. with 90° an-
gles. 'Their difficulties of rotation vary depending
on the number of axes involved and the degrees
of rotations. A well designed visualization test
makes an effort to represent all available views and
across the spectrum of the difficulty of rotations.
Let us look at the PSVT-R test as an example.

REPRESENTATION OF

THE ISOMETRIC VIEWS IN
EXAMPLE ROTATIONS

In the PSVT-R test (Guay, 1977}, two very simi-

lar objects are used in the exemplary rotations of
all 30 problems to show the rotations you must
visualize when selecting the right choice which
follows the same rotations. The two objects are
both cubes with a central slot on one surface and
a cut on one side wall of the slot (one left cut and
the other right cut) with a total of 48 isometric
views (Figure 4.1.1 and Figure 4.1.2.) If each of
the initial and rotated views in the examples of
a 30-problem test uses a unique view, it needs
a total of 60 different views. There is a shortage
of 12 views. Therefore, either some views will
be repeated or an additional object is required.
Alternately, we may use the same inidal view for
as many problems as possible and different views
or rotations from problem to problem. For ex-
ample, one object can provide the same initial
view and different rotated views for 23 problems,
which cover all 24 avajlable isometric views. Two
objects would provide 46 problems with different
rotations for each object, more than enough for
a 30-problem test. Therefore, a 30-problem test
with two sample objects is capable of represent-
ing all possible isometric views.

Table 4.1 lists the views used in the 30 prob-
lems of the PSVT-R test. From Table 4.1, some

of the available bird’s-eye isometric views are not
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represented in the PSVI-R test. Only 15 of the 24 (63%) available isometric views have been used for
object A, and 12 of the 24 (50%) views for object B. On the other hand, some other views have been used
multiple times. The S2 view and F1 view have been used 9 and 6 times respectively for object A, and the
TO view and S1 view 6 and 5 times respectively for object B. In the PSV'I-R test, there are also repeated
rotations (the same original and rotated views) in two problems (#8 and #10) for object A, and another
two problems (#7 and #9) for object B. An improvement is possible in the future design of visualization
tests to include more views and to have a better representation of the available isometric views.

Figure 4.1.1: Twenty-four isometric views by orthogonal rotations for the object A
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Figure 4.1.2: Twenty-four isometric views by orthogonal rotfations for the object B
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! Table 4.1: Isometric views in the example rotations of the PSVT-R fest

; To | T {12 | T | B | B [B [B | K [ F |FE{F R |R [R | Ry (Lo | |T.]Ts]8 |8 |8 [8
i Ay 3 6 8
: A, 1 1 |1 1 1 2 1 1 |1 |2 1 2 1 |1
; B, | 6 3

B, 1|1 1 1 |1 3 |3 I |1

; Note: Ab and Aa indicate the object A before and after rotations (similar meanings for Bb and Ba.)
[ 10, T1, etc. are the possible isometric views in Figure 4.1.1 and Figure 4.1.2.

r REPRESENTATION OF THE DIFFICULTY OF ROTATIONS

The total of 24 bird’s-eye isometric views of an object (Figure 3.1) is obtained by orthogonal rotations
about the Cartesian axes. 'They may be sorted into four types of rotations based on the degree of difficulty
(Yue, 2004). Each orthogonal or 90° rotation about an axis is a basic unit of rotation. The degree of dif-
ficulty is dependent on two factors: the number of axes involved and the number of orthogonal rotations.
The four types are Type I: 90° rotation about one axis, Type II: 180° rotation about one axis, Type III:
90° rotation about one axis and 90° rotation about another axis, and Type IV: 90° rotation about one axis
and 1800 rotation about another axis (Table 4.2.) Clockwise and counterclockwise rotations are treated as
the same degree of difficulty. For example, the view T'1 is rotated 90° counterclockwise about the Z axis
from the initial view T0, and T3 clockwise. Both of them are Type I rotations. Each of the views may be
obtained by a number of different combinations of rotations. For example, the view SO may be obtained
from TO by rotadng 90° clockwise about the X axis and then 180° clockwise about the Z axis; or 90°
counterclockwise about the X axis and then 180¢ clockwise abour the Y axis; or 90° clockwise about the Y
axis and then 90° clockwise about the X axis and finally 90° clockwise about the Z axis; etc. These are the
Type IV rotations. If more than one type of rotation produces the same view, the simplest type of rotation
always has precedence. The rotations in the PSV'I-R test do not represent all 24 available isometric views
(Table 4.1.) Therefore, they do not include some rotations. However, they do represent all four types of
rotations (Table 4.2.)

Table 4.2: Types of Orthaogonal Rofations

! Type of Rotation Isometric Views Number of PSVT-R
) Views Views

! Type 0 Initial view i 1

r Type I: 90° one axis T1, T5, F5, R1, Ly, S 6 6

; Type I. 180° one axis T,, By, B 3 3

| Type ITL: 90° one axis & 90° another[Fy, F2, Ry, Ra, Ly, L, 8 8

] axis S1, S3

f Type IV: 90° one axis & 180° B, Ba, Fi, Rs, Lo, So 6 8

1 another axis '

; PROBLEMS OF USING ISOMETRIC VIEWS IN
! SPATIAL VISUALIZATION TESTS

Due to its simplicity, isometric view has not only been favored to illustrate pictorial views in engineet-
ing and technology textbooks, but also been chosen in designing spatial visualization tests (Guay, 1976,
. 1977; Sorby, 2003). However, the oversimplifications of the isometric view could also cause problems in
! its application in spatial visualization tests.
1
i
{
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LACK OF 3D FEATURES
IN ISOMETRIC VIEWS

Isometric views in technical graphics are far
from true or realistic isometric views. A realistic
view of a 3D object is composed of many nec-
essary features. These features include dimen-
sions, colors, external lighting and shades, light
transmission, surface textures, and perspectives.
The dimensions of a 3D object include overall
sizes in widdh, height, and depth, as well as fea-
ture sizes and locations. The lighting and shad-
ing are affected by the luminance (brightness) of
the light sources, whether point or ambient, and
their colors (warm or cold). The light transmis-
sion may be transparent, translucent, or opaque.
The surface textures reflect material properties
and finishes such as wood grain, polished metal,
and cloth fiber. Obviously, isometric view lacks
many of these 3D features. Most importantly,
it lacks the perspective effect. The visual rays or
projection lines of an isometric view are paral-
lel to each other. As a result, isometric views are

distorted and distant features appear significandy

chlargéd.."isome.tric view also shows only the un-
blocked edges or boundary lines of a 3D view
without surface features and light effects. An iso-
metric view is constructed with an adjusted pro-
portional ratio. In an isometric projection of a
rectangular box, its edges are foreshortened into
approximately 82% of their original length. In
an isometric view, though, they are usually still
drawn as their original length for convenience.
Sometimes, the depth dimensions are drawn as

half of the original length, known as the cabinet

view as opposed to the full length cavalier view. -

‘Therefore, isometric views are also distorted in
size dimensions. As a matter of fact, isometric
view has so many approximations that it may be
the simplest to construct among all types of pic-
torial views. In a spatial visualization test, though,
it is necessary to display, as much as possible, re-
alistic pictorial views to help visualize 3D objects.
Therefore, the weaknesses of isometric view may
impose certain limits on its application in spatial
visualization tests.

MISINTERPRETATIONS
OF [SOMETRIC VIEWS

Since the hidden lines are not shown in isometric
views, blocked rear features are not fully speci-
fied and left to the interpretation of the viewer.
For example, Figure 5.2.1a shows two intersected
cubes from four different points of view. In the
first three views, it is very hard to tell whether the
blocked portion extends half way or all the way
unless we know its size. The fourth view shows a
worst-case scenario in which the rear portion is
entirely blocked and the object appears as though
it were a single cube. In order to clarify rear fea-
tures, hidden lines are sometimes drawn in iso-
metric views (Figure 5.2.2a.) However, because
the parallel edges of an object may overlap, this
may cause even more confusion and misinterpre-
tation. In both cases, general axonometric views,
such as the trimetric views as shown in Figure
5.2.1b and Figure 5.2.2b, usually can avoid the
ovetlapping and give a much clearer picture. For
example, in Sorby’s workbook (2003), a small
number of problems (approximately 10% of the

els, such as revolution, union, subtraction, and
intersection. In order to make the intersections
clearer, hidden lines are drawn in some of the
objects, and general axonometric views are also
used whenever necessary. In Sorby’s workbook,
all edges of each individual object shown as con-
tinuous lines as if they are visible and the objects
are overlapping each other and the intersections
of solids are not shown no matter visible or invis-
ible. Figure 5.2.2 illustrates the continuous hid-
den lines and missing intersection lines similar
to the workbook problems. This treatment may
highlight features on individual objects, but does
not represent realistic joined solids. When it is
necessary to show hidden lines in an axonometric
view to make the drawing clear, it is still better to
draw the hidden lines in dashes as usual.
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Figure 52 Two intersected cubes with
hidden lines invisible (1. top) and shown
{2. boftom)
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AMBIGUITIES IN SPATIAL
VISUALIZATION BY
ISOMETRIC VIEWS

One format for applying isometric views in spa-
tial visualization test is to identify the isometric
view of 2 3D object, seen from a given vertex of
its confining rectangular box (Guay, 1976). There
ate two major problems with this format of spa-
tial visvalization. First, multiple isometric views
exist at each vertex. Second, when constraints
are imposed to avoid the ambiguity, only limited
isometric views are available. As discussed above,
theoretically there are 3 bird’s-eye isometric views
possible at each vertex (Figure 3.2), and a total
of 24 bird’s-eye isometric views (Figure 3.1.) If
we include all views in the spatial visualization by
isometric views, it would be ambiguous to choose
one of the three views at a vertex. For cxample,
an object and its three views at the indicated ver-
tex are shown in Figure 5.3a. If these three views
were included in the multiple choices in a test
problem, such as the C, D, and E as shown in
Figure 5.3b, which one should we choose from?
‘This problem may be solved by adding some con-

straints to clarify the ambiguity. For example, we
could allow only the isometric views for fixed
object (Figure 3.3) in this formart of spatial vi-
sualization test. With this constrain added, there
are only a total of 8 regular isometric views, 4
bird’s-eye views and 4 worm’s-eye views (Figure
5.3¢c, TO - T3 and BO - B3 respectively), available
for spatial visualization by isometric views. Back
to Figure 5.3b again, the correct choice now is C.
Because choices D and E are not isomettic views
for fixed object, they are no longer valid and can
not be used in the test as options. This solution
seems to have solved the problem, but it naturally
brings up another problem: there are now only
very limited views left for use as answer choices.

Figure 5.3: An eoexample of spatial
visualization by isomefric views

- 8 ead

L NEY

2

- Seod ceds

LIMITED CHOICES OF
ISOMETRIC VIEWS

In order to avoid the ambiguity of multiple iso-
mettic views at each vertex, we have limited our
views to the 8 isometric views for fixed object
(Figure 3.3) in spatial visualization by isometric
views. Among the 8 views, the 4 bird's-eye views
are more popular than the 4 worm's-eye views
due to their similarity to natural human vision.
If we limit the isometric views to bird’s-eye views,
only 4 views are left. After one of the views is
used for the initial view, there are only 3 views
left for choices, not even enough o make up five
multiple choice answers. It seems that we have
no choice but to include the worm’s-eye views.
Even so, we still only have 7 views available for
choices. The limited choices available for spatial

|
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visualization by isometric views hinder the possi-
ble variations of this test format. For example, in
the 12 isometric view problems of the PSVT test
{(Guay, 1976), worm’s-eye views are included to
boost the number of choices. Except for two view
point (TFS and BES), all other six view points
(TRS, TFL, TRL, BRS, BFL, and BRL) are pre-
sented in the test both as specified view points
and in the multiple choices. Here the three letters
denote the surfaces that form the vertex or point
of view. The initial views in the PSVT test are all
bird’s-eye views of TFS, thus can not be used for
choices, The BES is a worm’s-eye view and not
used in the PSVT test, neither as the initial view
nor as multiple choices. In the 5 isometric view
problems of the abridged PSVT test (Bertoline
& Wiebe, 2007), all specified views are bird’s-eye
views (TRS, TFL, and TRL).

NECESSARY TRAINING IN
VISUALIZING ISOMETRIC VIEWS

An isometric view itself is merely the simplest ap-

...proximation.of. a.pictotial view.of a. 3. object.......

People usually are able to easily visualize isomet-
ric views. Most spatial visualization tests choose
isometric or axonometric views (Shepard &
Metzler, 1971; Vandenberg, & Kuse, 1978; Guay,
1976, 1977; Sorby, 2003). However, because of
oversimplifications, some isometric views could
be very confusing even to professionals (as dis-
cussed in the section below). The test of spatial
visualization by isometric view (Figure 2.3) asks
students to choose the isometric view that is cre-
ated by viewing at the given point of view. This
formar involves more than just looking at isomet-
tic views. It addresses several concepts in engi-
neeting graphics. The students need to know the
concepts of the confining “glass box”, the projec-
tion plane, the lines of projection, and the point
of view. They also need to have some familiarity
with the creation of an isometric view. Therefore,
the test of spatial visualization by isometric views
may not be appropriate for a general audience.

CASE STUDY OF ISOMETRIC
DRAWING ERRORS IN SPATIAL
VISUALIZATION TEST

Due to its misrepresentation and distortion of a
true 3D view, isometric view is prone to drawing
errors. For example, in the widely used PSVI-R
test (Guay, 1977), the isometric views in seven
out of the thirty test questions conmin errors
(23% error rate), Fach of them had at least one
ot more etrors, which accounted for 10 rotated
views (with two of them the same object and ro-
tation in the exemplary rotations.) These errors
include missing features, misrepresented features,
and the inclusion of extra features (Table 6).

Table 6: Summary of Errors in the PSVT-R
Test

[temQuestion| Drawing Error
Number| Number
1 g* Example Missing features
rotation
21 10* Example Missing features
rotation
TFTE T Exaniple | Missing featires
rotation
4 13 A Extra features
5 13 D Missing features
6 14 A Missing features
7 14 E Missing features
8 15 C Extra features
9 17 Example Missing features
rotation
107 25 B Misrepresented
feature

* Questions #8 and #10 share the same exemplary object
and its rotations.

Question #14 of the PSVT-R test is also the
question #17 in the original PSVT test (Guay,
1976}, and included in a textbook (Bertoline &
Wiebe, 2007. Figure 5.169, p.301, Question E in
the part of visualization by rotations). Since ques-
tion #14 of the PSVT-R test is readily available,
it has been chosen as an example to show some
decails of the errors (Figure 6.1). In question #14
of the PSVT-R test, both the original isometric
views of the choices A and E missed some features
in the rear part of the views. As shown in Figure
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6.1, 140 is rotated to 14A2 and 14E2 in the test,
as compared to the correct isometric views 14A1
and 14E1 respectively. Along a particular line of
view and at a specific orientation, there is one and
only one isomettic view of an object, while an
isometric view could be the result of different ob-
jects even along the same line of view and orien-
tation. As shown in Figure 6.1a and Figure 6.1b,
the given object can only be rotated to the correct
isometric views 14A1 and 14E1. The erroneous
view 14E2 could be the projections of various
objects such as the examples shown in Figure
6.1c3 and Figure 6.1c4. The views cI through c4
in Figure 6.1 show the effects of the change of
angle or size of the small wedge to their rotated
views. The widths of the wedge change from the
full width W to 0.75W, 0.50W, and 0.25W (the
views ¢l through ¢4). Through the progressively
larger change, we see that different objects can
produce the same isometric views as shown in the
views 14E1 and ¢1, and ¢3 and ¢4 in Figure 6.1.

Figure 6.1: Errors in the question #14 of
the PSVT-R test

m &uumm@mﬂm@

140
V)] &hmm@n&u&m@
(c1) @umw

(o3) &umu@

(c3) &hmm
(ot) &nmw

In the 30 problems of the PSVT-R test, each prob-
lem provides a rotation example. Students follow
these exemplary rotations to visualize and select
from multiple choices the view that has the same
manner of rotatons. Their errors are criical in
that they are likely to lead to student selection of
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erroncous answer choices and therefore are wor-
thy of discussion. There are two similar objects in
the exemplary rotations (A and B in Figure 4.1.1
and Figure 4.1.2), Among the 30 exemplary rota-
tions, 17 of them are object A and 13 are object
B. Also among the total of 24 available bird’s-eye
isometric views for each object (Yue, 2004), 15
views are represented for object A and 12 views
for object B. Some of the initial views and/or ro-
tated views are used more than once (Figure 6.2b
and 6.2c.) Among the thirty exemplary views,
four of them have errors (two for each object),
and the error rate is more than 13%. The errors
for object A are in the problems #8 and #10 (they
share the same exemplary object and rotations),
and for object B are in the problems #13 and #17
(Figures 6.2a through 6.2¢). In Figure 6.2, the
views 8EG1, 13EG1, and 17EGT are the correct
views that should replace the incorrect views of
8EG2, 13EG2, and 17EG2 respectively as given
in the PSVT-R test. All errors in exemplary rota-
tions are missing features in the rear part.

Figure 6.2: FErrors in the exemplary
rotations of the PSVT-R test
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CONCLUSION

Isometric views have been widely used in spatial
visualization tests, especially those tests designed
forengineeringand technology students. Isometric
views may be the simplest of all graphic represen-
tations or realistic views of 3D objects. They are
usually easy to draw and visualize, However, due
to the over simplification and lack of many 3D
features in isometric views, they can sometimes
also be confusing and prone to drawing errors. As
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examples, this paper discussed errors occurring in
the isometric views of a widely used spatial visual-
ization test, the Purdue Spatial Visualization Test
— Visualization of Rotations (PSVT-R}. In the
total of 30 problems, 7 of them contain errors,
an astonishing 23% error rate. These errors are
mostly missing features and some are extra fea-
tures or misrepresented features. Each of the tesc
problems first provides an example of rotations of
an object, then gives another object and asks the
students to select a view from 5 multiple-choice
answets, resulting from the same rotations as the
example. Even 4 exemplary rotations have errors.
The most erroncous problem contains 3 drawing
errors, one in the exemplary view and two in the
multiple-choice views. The PSVT-R test was de-
signed in late 1970s and probably drawn by hand,
without the precession of today’s CAD hardware
and software. The discussions of the errors in the
PSVT-R test ate only intended to show the cons
of isometric view that it is prone to drawing er-
rors. With modern computing technology and
insights of spatial visualization, we should rede-
..sign. the testing.tools. for. spatial .visualization.in
order to avoid confusion and better help students
to improve their skills in spatial visualization. For
example, many CAD software packages are ca-
pable of 3D solid modeling, We may avoid po-
tential isometric drawing errors by first creating a
3D solid model and then obtaining its isometric
view, rather than using the conventional method
of constructing isometric views on a 2D plane
with lines. 3D solid models can also provide more
realistic views. Therefore, they should be applied
in spatial visualization tests to improve the visual
effects. Many features of realistic 3D views, such
as color, lighting, shading, perspective effect, and
surface textures, are also available through ren-
dering solid models. Other supplemental effects,
such as animation and audio-visual, may also be

included using CAD and multimedia software.
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Platonic Symmetry and Geometric Thinking
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ABSTRACT

Cibic symmetry is used 1o build the other four Platonic solids and some formalism from classical geometvy is introduced,

Initially, the approach is via geometric construction, e, & the " golden ratio” is necessary to construct an icosahedron with

pentagonal faces. Then conventional elementary vector algebra is used to extract quantitative relations among angles and

length ratios pertaining to planes and lines as solid boundaries and the relations of these 1o planes and axes of symmetry

Simple bus general and far-reaching notions of symmetry in analysis are mentioned.

INTRODUCTION

Symmetry is the central idea behind all branches
of modern applied mathematics, especially engi-
neering math. Its foundations spring from Euclid’s
Platonic solids. However discussion of these geo-
metric objects, if it appears at all, is restricted, in
modern texts on engineering design graphics, e.g.,
Bertoline & Wicbe (2005), to a brief description
and their pictorial illustration. Sometimes a litdle
analysis is included, e.g., Bohne & Klix (1995}). In
order to pursue the study of more advanced, even
multidimensional, geometric notions of symme-
try, these five classical polytopes constitute a nse-
ful starting point e.g., Coxcter {1973). The follow-
ing discussion in this article is meant to serve as a
reminder concerning the roots of solid modeling
and the algebraic geometry upon which they are
built.

THE CUBE MODEL

Imagine a cube in front clevation and label the
front face near corners counterclockwise from
lower left as ABCD. Respectively coincident on

b e e e e e it 7 o et et e et
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the far back face but viewed ftom the front are the
corresponding corners EFGH. Consider the cube
is origin centered on a Cartesian frame with edges
AB, DC, HG, EF pointing in the positive x-direc-
tion, AE, DH, CG and BF pointing in the posi-
dve y-direction and AD, EH, FG and BC point-
ing in the positive z-direction. Furthermore these
edges are taken to be 2 units in length. The fa-
miliar symmetries of the cube can be conveniently
used to build the other four, possibly less familiar,
Platonic solids and to analyze their symmetries.
Furthermore, by using elementary lincar algebra
to extract quantitative invariant properties of these
solids the student may learn how to use geometric
thinking to gain understanding in many areas of
engineering math that he or she is compelled to
master, In what follows the Platonics will be con-
structed on the cube, mathematical duality will be
introduced and, finally, a systematic procedure to
find the angle between the edge of a regular tet-
rahedron and an axis from a vertex, common to
that edge, to the center of the opposite face will be
investigated and described.
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BUILDING FOUR
PLATONIC SOLIDS

TETRAHEDRON

Referring to the cube model, take the face diago-
nals DG and BE whose ends form the four verti-
ces. Join D and G to both B and E to complete all
six edges and to define the four faces with vertex
triplets in right-hand outward-pointing screw se-
quence BDE, BEG, BGD and DGE. This figure
will be recalled later.

OCTAHEDRON

With the cube model in mind, choose points
LKLM,N,P each at the center of respective
faces, designated in the same manner of outward
screw circulation, ABFE, BFEGC, EHGE ADHE,
ABCD and CGHD. Now form the twelve edge
segments by connecting every one of these face
centered points to ncighbors on four adjacent
faces. 'The cube with its eight vertices and six
face centers, labeled as described above, appear
in Figl,

Flgure1 Octahedron

DUALITY AND SCHLAFLI
SYMBOLS

A cube has six faces (planes) and eight verti-
ces (points) while octahedrons have eight faces
(planes) and six vertices (points). These two
are dual configurations because mathematical-
ly points and planes are dual elements in three

dimensional space because any theorem stat-
ing some relation between points and planes is
equally valid if the role of these elements is inter-
changed. No proof is necessary except to invoke
the principle of duality. The octahedron and cube
are designated by their respective Schlifli symbols
as {4:3} and {3:4} where the first number states
how many edges (lines) meet at a corner (point)
and the second, how many edges (lines) bound a
face (plane). Applying this to the tetrahedron, it
is discovered to be self dual, i.e., {3:3}.

ICOSAHEDRON

An icosahedron has ewelve faces. Its Schlifli sym-
bol is {3:5} so its faces are regular pentagons.
To construct one it is necessary to construct a
pentagon. To do that side and diagonal lengths
arc needed. The ratio of side to diagonal length
is known as the golden ratio, a number that has
aesthetic properties and is found in nature and
has been often used to select dimensional pro-
portions in architectural and artistic design. If a
fength is chosen to be the length of a pentagon

~-side-one forms-a triangle whose normal-sides-are; -

respectively, this length and twice this length. The
hypotenuse is extended by this length and this
augmented length is bisected. The golden ratio is
the ratio of the pentagon side length to half the
augmented length. The construction is shown in
Fig.2. If the pentagon side is assigned unit length

the ratio is given below.

1
(5 +1)/2

Figure 2: lcosahedron
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|
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Let twelve pentagons of side length and diagonal
length 2 be placed to cortespond to the twelve
edges of the cube model and presto, the icosahe-
dron is complete.

DODECAHMEDRON

By placing a point at the center of cach icosahe-
dral face one may define the vertices of a dodeca-
hedron. Each point is then joined with line seg-
ments to five neighboring points on pentagons
adjacent to the face containing that point. This
dualization is similar to the one used to trans-
form a cube into an octahedron by interchanging
the role of point and plane. The Schlifli symbol
representing the dodecahedron with 20 faces is,
of conrse, {5:3}.

ANGLE BETWEEN TETRAHEDRON
EDGE AND “TENT-POLE"

'The cube model is applied to stmulate a lictle
“geometric thinking” and spatial visualization to
find the angle between an edge of a regular tetra-
hedron and a line that extends, from a vertex that
belongs to that edge, to the center of the opposite
triangular base; a “tent-pole”. This sort of prob-
lem is somewhat different than finding the angle
between, say, adjacent face planes or berween a
pair of intersecting edges. Furthermore the intent
will be to solve the problem with vectors in space
rather than with a sequence of exercises in planar
trigonometry. To this end, consider the so-called
parametric equation of a line segment between
two given points.

PARAMETRIC EQUATION
OF A LINE

The position vector q locates a given point Q.
Similarly, r locates R. Now any point S on that
line, before Q, between Q and R or beyond Q
can be located by s with a single scalar parameter
t, using Eq. 1.

s=q+t(r-q)
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‘This can be expanded to three simultaneous
equations in Cartesian point coordinates.

Ao
] 19

This gives one an immediate “feel” for where
S is located, relative to Q and R, at any specified
value of t. If t = 0.5 then S is mid-way between Q
and R. If t = -1, § is before Q by a distance equal
to that between QQ and R, and so on.

) q,
50= 142
53 qs J

CUBE CORNERS AND
FACE MIDPOINTS

It is not necessary to draw a picture to write the
following Cartesian coordinates.

A(1,-1,-1), B(1,-1,-1), C(1,-1,1), D(-1,-1,1),
E(-1,1,-1), F(1,1,-1), G(1,1,1), H(-1,1,1}, J(0,0,-
1), K(1,0,0), L(0,1,0), M(-1,0,0}, N(0,-1,0),
P(0,0,1)

If these were written in column-wise triplets,
between square brackets, they would be point
position vectors. ] and K will be used to get X
the midpoint of the tetrahedron face BEG and
thereby form the tent-pole DX and hence to ob-
in the required angle GDX with vertex D.

FACE MIDPOINT

Line segments GJ and EK, since they both bisect
the face BEG, intersect on X. Since X is on both
lines

x=g+glj-g=c+ek—rc)

which becomes

AR LB
J =) B D) o) )
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21 =11 [=2] 9]
0+g—1%+e|1 {=|O|
S I Rt R

Regardless that all point position and dif-
ference vectors are spatial, this line intersection
problem is planar, hence there are only two un-
known parameters, g and e, and only two of the
three simultancous equations, represented in Eq.
2 are required.

Choosing the first two
2-g-2e=0
—gt+e=0

'The result g =€ = 2/3 is obuained. Of course,
this satisfies the third simultaneous equation 2-
2g-e=0 and one can proceed to find x on line seg-

ment GJ with Eq.2.

: - /
; _m -11 [1/3

= |+§{_, alis |

x| |1

ANGLE COSINE VIA INNER
PRODUCT OF UNIT VECTORS

Consider vectors g — d and x — d along DG and
DX, respectively, divided by their magnitudes

Hg_d” =‘\/6’?1 _dl)z +(g2 _dz)z +(g3 ‘d3)2

[—2J ~-1/3

b

==y ~d) + (5, =) + (5 - )’

to obeain the unit vectors uDG and uDX,

H -1 127
g-d=1l-|-1|=|2|/g-4d]|=2v2

/3 {—1] [4/3 1
x-d=\1/3 |-]-1 x-dH=i
-1/3 {1

Uy = !]/\/—2—

1/42 [1/«/5 w
lo U = JI

The angle ¢ desired is given by Eq.3.
¢ =08 (s Uy )

so ¢ is about 35.26°

CONCLUSION

“Geometric thinking” was used to visualize the
familiar cube and label its features in order to
discuss symmetry in terms of the five Platonic
solids. The tetrahedron and octahedron were im-
mediately detived from the cube using these fea-
tures. Constructing the icosahedron required the
construction of a regular pentagon and this led
to the introduction of the golden ratio. The fifth
Platonic, the dodecahedron was then formed as
the dual of the icosahedron. Symmetries of poly-

topes were discussed in terms of Schlafli symbol _—

notation. An exercise to find the angle between
an edge of a tetrahedron and its intersecting axis
of symmetry was performed to show how three
dimensional visualization is used to formulate
vector algebra problems. This provided oppor-
tunity to introduce the paramerric equation of a
line in space and to relate any point on it to two
points that were used to define that line.

OBSERVATIONS

Engineering design graphics is about more than
just learning to use various popular CAD soft-
wates to help students, by being “industry-user-
ready,” to find summer employment or a fitst job
after graduation. Notwithstanding that students
generally enjoy the CAD learning experience and
those, talented with spatial visualization ability,
quickly develop impressive CAD drafting skill, it
is our primary job to enhance inherent ability by
augmenting it with tools that the student is un-
likely to acquire unaided. Furthermore “geometric
thinking” is more than an aid to interpreting and
creating intricate aesthetic and useful shape. It is

Zsaombor-Murray -
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a means by which mathematics may be learned
! and applied more fully. It gives life and intuitive
meaning, --dare one say beauty?-- to ugly things
like basis sets, null spaces and cigenvectors, via
notions like symmetry and duality, not necessar-
r ily among the restricted set of Platonic solids, be-
tween points and planes and between a line on a
\ plane pair and a line on a point pair.

Bertoline, G.R. & Wiebe, EN. (2003).
Fundaments of graphics communication.
Chicago: McGraw-Hill.

Bohne, E, & Klix, W.D. (1995). Geometrie:
Grundlagen fur anwendung. Cologne,
Germany: Fachbuchverlag Leipzig.
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York: Dover Publications.
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PAPER GUIDELINES

The Engineering Design Graphics Journal is
published by the Engineering Design Graphics
(EDG) Division of the American Society for
Engineering Education (ASEE). Papers submit-
ted are reviewed by an Editorial Review Board
for their contribution to Engineering Graphics,
Technical Graphics, Graphics Education and ap-
peal to the readership of graphics educators.

By submitting a manuscript, the authors agree
that the copyright for their article is transferred to
the publisher if and when their article is accepted
for publication. The author retains rights to the
fair use of the paper, such as in teaching and oth-
er nonprofit uses. Membership in EDGD-ASEE
does not influence acceptance of papers. APA
Style is required.

Material submitted should not have been pub-
[ished elsewhere and not be under consideration
by another publication. Submit an electronic
Microsoft Word document, including an ab-
stract, figures, tables, etc., with an e-mail to the
EDG Journal Associate Editor at the following
address:

Dr. Nancy Study, Ph.D.
Associate FEditor

Engineering and Technology
Virginia State University
Petersburg, VA 23806
nstudy@vsw.edu

Ph: 804.524.5686

E-mail should include your complete mailing
address, phone and fax numbers. A complete ad-
dress should be provided for each co-author.

Clearly identify all figures, graphs, tables, etc.
All figures, graphs, tables, etc. must be accompa-
nied by a caption and labels.
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The editorial staff may edit manuscripts
for publication after return from the Board of
Review. Upon acceptance, the author or authors
will be asked to review comments, make neces-
saty changes and submit both a paper copy and a
digital text file.

Page charges will apply for all papers printed in
the EDG Journal. The rate is determined by the
status of the first author listed on the paper at the
time the paper is received by the Editor. The rates
are as follows:

No charge for EDGD members .
$10 per page for ASEE, but not EDGD
members

$25 per page for non-ASEE members

This charge is necessitated solely to help offset
the increasing costs of publication. Page charges
are due upon notification by the Editor and are
payable to the Engineering Design Graphics
Division.

Send check to:

Kathryn Holliday-Darr,

Circulation Manager and Treasurer
Penn State Erie, the Behrend College
Station Rd., Erie, PA 16563
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| Call for Papers

ASEE Engineering Design Graphics Division
‘ 63rd MidYear Conference
ﬁ Nov. 4-6, 2007
Virginia Beach, VA

i Graphics in a Global World

Authors are invited to submit abstracts for presentation at the conference and inclusion in the conference
proceedings. Papers addressing the session topics listed below will have first priority.

! ® Graphics in a Global World + ® Graphics and the Web

® International Collaboration Technology and Graphics

* Visualization

‘ Product Life cycle Management
1 ® Visual Graphics

Content & Tools

S e Grashies Cutrietlim

The World is Flat. What are the implications for engineering education and, specifically, for engineer-
ing graphics? In a flat world, is graphics more or less important? What are the implications for web-page
‘ design? How can we teach graphics via distance learning technologies? What does the graphics curricu-
lum look like in places other than the US?

Authors may, however, address other topics dealing with instructional methodology, curricula issues,
outcomes assessment, research and graduate programs, technology in the classroom, accreditation,
retention, capstone design courses and projects, distance education, continuing engineering education
and other topics of interest to the engineering graphics education community.

This is a peer-reviewed conference. Papers will be accepted on the basis of abstract content. Authors of
f accepted papers must present their papers at the conference.

/ The schedule for submission of papers and abstracts is:

August 15, 2007 - 300 — 400 word abstract due
Seprember 1, 2007 Notification of abstract acceptance
October 5, 2007 Final paper due

Authors should electronically submit abstracts and papers to:

Sheryl Sorby, Program co-chair, email: sheryl@mtu.edu
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SCOPE OF THE JOURNAL
The scope of the Journal is devoted to the ad-

vancement of engineering design graphics, com-
puter graphics, and subjects related to engineer-
ing design graphics in an effort to:

1. Encourage research, development, and re-
finement of theory and applications of en-
gineering design graphics for understanding
and practice.

2. Encourage teachers of engineering design
graphics to experiment with and test appro-
priate teaching techniques and topics to fur-
ther improve the quality and modernization
of instruction and courses.

3. Stimulate the preparation for articles
and papers on topics of interest to the
membership.

JOURNAL INFORMATION

The EDGD publishes reviewed technical papers
in the Journal, which are submitted to the editor,
as well as presentations of national interest from
EDGD conferences. Current texts on graphic
software products are reviewed, jobs posted, calls
for papers issued, Division award winners are an-
nounced, and the results of educational research
disseminated.

Acceptance of submitted papers will de-
pend upon the resuls of a review process
and upon the judgment of the editors as to
the importance of the papers to the member-
ship. Papers must be written in a style appro-
priate for archival purposes. CONFERENCES

CONFERENCES

'The Division has two major conferences each
year. An annual conference is held concurrently
with that of the parent society. The agenda usual-
ly includes a dinner meeting, one or more confer-
ence sessions and a luncheon business meeting.
Joint meetings are also held with other Divisions
of the Society. The annual conference program is
planned to include areas of interest to instructors
in university education as well as those instruct-
ing at the junior and senior college levels.

A separate national mid-year conference spe-
cifically for engineering design graphics, simi-
lar in format to the annual conference, is held
by the Division each year between October 1st
and January 31st. ASEE is divided geographically
into 12 sections. Members of the Society, as well
as the Division, are members of the section in
which they reside. Section or regional conferenc-
es are frequently held, and since they are almost
always within a short driving distance, members
are encouraged to attend. "These conferences pro-
vide a means for every member to contribute and
to benefit from the educational activides of the
Engineering Design Graphics Division.

2007 ASEE 114TH ANNUAL
CONFERENCE & EXPOSITION

June 24-27, 2007 - Honolulu, Hawaii

Hilfon Hawaiian Village - ASEE
Hotel Headquarters

Hawaii Convention Center - ASEE
Conference and Exposition Headquarters

2007 ASEE-EDGD Conference Program Chair,
Mike Stewart, Georgia Institute of Technology
at mike.stewart@gatech.edu.
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