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ABSTRACT

Engineering students need practical, open-ended problems to help
them build their problem-solving skills and design abilities. How-
ever, large class sizes create a grading challenge for instructors as
there is simply not enough time nor support to provide adequate
feedback on many design problems. In this work, we describe an
intelligent user interface to provide automated real-time feedback
on hand-drawn free body diagrams that is capable of analyzing the
internal forces of a sketched truss to evaluate open-ended design
problems. The system is driven by sketch recognition algorithms
developed for recognizing trusses and a robust linear algebra ap-
proach for analyzing trusses. Students in an introductory statics
course were assigned a truss design problem as a homework as-
signment using either paper or our software. We used conventional
content analysis on four focus groups totaling 16 students to iden-
tify key aspects of their experiences with the design problem and
our software. We found that the software correctly analyzed all
student submissions, students enjoyed the problem compared to
typical homework assignments, and students found the problem to
be good practice. Additionally, students using our software reported
less difficulty understanding the problem, and the majority of all
students said they would prefer the software approach over pencil
and paper. We also evaluated the recognition performance on a
set of 3000 sketches resulting in an f-score of 0.997. We manually
reviewed the submitted student work which showed the handful
of student complaints about recognition were largely due to user
error.
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1 INTRODUCTION

On March 15, 2018, a pedestrian bridge by Florida International
University (FIU) collapsed onto the road below, killing six and injur-
ing nine [3, 66]. The investigation determined this deadly collapse
was due to faulty design and failure to properly analyze nodes of
the trusses under appropriate loads [6]. The FIU accident is not
an isolated incident; such errors are surprisingly common. In fact,
studies examining hundreds of bridge collapses have determined
natural events (e.g., flooding) and human error as the two main
sources of bridge failure [11, 65], and others have stated a lack of
knowledge and/or carelessness as a contributing factor to many, if
not most, of all such collapses [5, 13, 48].

It is critical that engineers have practical experience with core
concepts [54], yet there is some disconnect between engineering ed-
ucation and the typical skills engineers will be using on the job [12].
One survey of professional engineers found that around 25% of par-
ticipants relied on on-the-job experience to overcome weaknesses in
their formal educations [16]. Educators and researchers are aware of
the need to tie industry-related experience into engineering course-
work [38], and many approaches have been developed to update
curricula and programs to encourage more hands-on problems and
creative thinking [9, 41, 56, 67].
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Unfortunately, it can be difficult for teachers and schools to pro-
vide sufficient resources for more hands-on approaches as large
class sizes and the time necessary to provide feedback can be bur-
densome [7]. As an example, consider free body diagrams, a concept
integral to many fields of engineering and the basis of problems
related to bridge design. These diagrams are illustrations used to
visualize how forces and reactions occur on a given body. Stu-
dents should have thorough feedback about their diagrams in entry
classes so that they do not form misconceptions and unnecessarily
struggle with future classes or worse, graduate into a job for which
they are unprepared [32]. However, many university courses can
be quite large, especially at the introductory level. The increased
number of students and homework submissions lead to difficulty
for those grading to provide the necessary feedback as even sim-
ple problems can require substantial work, and a class may have
over one hundred students solving five such problems per week as
homework.

To provide more timely feedback, some instructors have turned
to web-based homework systems. These automated tools can help
reduce reliance on instructor feedback by giving students their
scores immediately [44], but typically, they only check the final
answers and do not require diagrams. Feedback on diagrams is
particularly important [4]. Furthermore, most online learning soft-
ware lacks adaptability [63] and relies on instructors to design each
assignment which adds another resource limitation.

To bridge the gap between enhancing engineering students’
knowledge through more practical exercises while decreasing the
burden for instructors and assistants, we turn to the adaptability
of intelligent tutoring systems. These systems combine principles
of machine learning into educational interfaces to provide stu-
dents with more intelligent interactions than typical online learn-
ing tools [1, 24, 47]. Our solution is a web application that utilizes
sketch-recognition algorithms to assess a sketched free body di-
agram and automatically grade student responses to homework
questions. Returning to our discussion of bridge design, the soft-
ware includes a Creative Design mode in which instructors only
specify a few constraints. For example, they may ask students to
design a bridge of a certain length capable of bearing a given load.
From these constraints, students are encouraged to interact with
the canvas freely, trying different approaches and getting feedback
on their designs. The system is able to automatically grade their
answers, even though there are numerous answers which can sat-
isfy all the requirements. This allows instructors to assign these
problems which would normally be too time-intensive to grade
by hand, thus giving students the opportunity to apply their core
knowledge to a scenario which is more applicable to the problem
solving they would see in engineering jobs.

2 RELATED WORK

2.1 Creativity and Problem-Solving

From a pedagogical perspective, instilling the ability to critically
think about problems and create solutions is an essential aspect of
engineering education [10, 67]. Employers agree, as studies have
shown that imagination and creativity are the most desired qualities
they seek in candidates [35]. Moreover, the widely-used Bloom’s
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Taxonomy positions creativity as the pinnacle of learning, placing
it higher than skills like analysis and evaluation [26, 33].

The main finding regarding the FIU bridge incident was that the
design was flawed [6]. In conjunction with the widely-recognized
disconnect between what is taught in classrooms and what engi-
neers need to know on the job [12, 16], these types of accidents
illustrate the need for more open-ended and creative design prob-
lems in engineering coursework. Accordingly, efforts have been
made to update curricula to account for job relevance and hands-on
experience [38, 41, 56], but assessing this type of learning can be
difficult and time-consuming [23]. Online tools, especially intelli-
gent tutoring systems, are an appealing solution to these issues
because they can incorporate elements of human intelligence into
automated tools [1].

2.2 Existing Statics Grading Systems

Several major textbook publishers provide commercial online grad-
ing systems for statics problems; these include Mastering Engineer-
ing, WileyPlus, and McGraw-Hill Connect. However, they typically
evaluate based on the final answer of a problem, with limited or
no support for diagrams and the algebraic comparisons in some
problems [18, 53], but these aspects are an important part of the
learning process [28]. On the other hand, some systems may sup-
port diagrams, but do not typically involve numbers. Examples of
such tools include the Andes physics tutoring system [58], the Free-
Body Diagram Assistant [49], and the Conceptual Helper [2]. Their
interactions are more similar to computer-aided drawing (CAD)
systems, which is also different from freehand drawing. Similarly,
SkyCiv is a powerful online bridge construction and analysis tool
that combines diagramming and numeric solving, but it is built
around a restrictive coordinate system and CAD-style interface.! A
fairly comprehensive survey of common online homework systems
is presented by Wilson and Kennedy [63]. In general, they find dis-
tinct advantages to online tools, although these options lag behind
human teaching in areas of adaptation and intelligence, which is
especially problematic in terms of supporting open-ended design
questions.

2.3 Sketch Recognition

In this work, we seek to apply the natural interaction of sketching
to creative design problems and focus on sketch recognition as the
basis for an intelligent tutoring system. The selection of sketching
is advantageous for design problems because sketch interaction has
been strongly linked to creativity and learning [19, 42, 45, 59, 62].
Furthermore, sketch-based algorithms have been developed for a
variety of applications related to gesture and diagram recognition.
The seminal work in gesture recognition was produced by Rubine
[50] in which he defined 13 important drawing features. These
have been expanded to primitive shape recognition tools like Pale-
oSketch [46] and geometric systems such as LADDER [20] which
uses domain-specific knowledge to define shape relationships and
complex shapes by breaking them into combinations of primitive
shapes. Another domain-specific tool is nuSketch [14], focusing
on the geometric relationships between shapes such as “above” or
“below.” This was extended to COGSketch [15] to provide a tutoring
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Figure 1: The user interface for creative design. (A) Instructions. (B) Step-by-step guidance. (C) Toggle for edge lengths and

angles. (D) Sketch surface. (E) Numerical answer input.

system for students that can grade relationship-based problems,
such as plate tectonics [17].

Sketch recognition is an important tool for intelligent tutoring
systems as the natural form of interaction is supported by multiple
studies that demonstrate students learn more and retain knowledge
better when drawing and writing versus using a keyboard [40, 61].
Some related examples are Newton’s Pen [31] and Mechanix [43, 57]
which utilize early digital stylus computers to allow students to
sketch diagrams and equations in physics problems while providing
some feedback about their diagrams. Tools like Newton’s Pen II have
sought to overcome the technical limitations of the original New-
ton’s Pen with wider support and capability [30]. A very interesting
sketching systems for physics-based problems is Physics Book by
Cheema and LaViola [8]. Both systems are well-rated, and while
they are good options for specific kinds of FBD problems, such as
those involving springs and pulleys, our system is focused around
supporting creative design for trusses.

3 SYSTEM OVERVIEW

The system is a web-based tool for completing an open-ended
truss design problem. Students are tasked with designing a bridge
that meets the instructor’s specifications. The instructor sets the
minimum load the bridge must support, maximum tension and
compression allowed for the beams, and distance range for the
straight path from one side to the other. An example of the interface
is shown in Figure 1.

Unlike generic truss problems, and distinct from most other
online learning tools, these questions have no single answer. Stu-
dents may come up with any number of solutions for a given set of
constraints, so the system must have a robust algorithm for auto-
matically analyzing submissions. Students must draw a valid truss
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which spans the gap, draw the applied load across the top of the
truss, label the lengths and angles of their beams, and provide the
maximum load their truss can support. The goal of this software is
to provide immediate feedback to students which can help them
learn through iterative design. We did not want to provide design
recommendations since students are learning how to design around
constraints; rather, we prefer to validate the student’s solution and
provide them with some general feedback such as where the truss
will fail.

While the system can recognize trusses live, there is an added
“Recognize” button for students to mark the state at which the full
truss has been entered. This avoids providing unnecessary feedback
to students as sometimes a truss may be recognized when it is a
substructure of a larger system.

After the truss is complete, the students draw the applied forces
at the appropriate nodes. In the initial problem, forces are split
among the top chord of the truss, which we define as the nodes
within 30 pixels height of the highest node. This number was chosen
as it is the size of our feedback circles.

The next step is to input details about the lengths and angles of
the beams in the truss. It is true that some of the relationships could
be guessed from the sketched truss; however, drawing the truss to
exact specifications would be difficult if not nearly impossible, so
we choose to have user inputs to make the user experience better.
A separate toggle exists to control whether or not the lengths and
angles are shown so that students can determine how much detail
they want to see. Also, to further improve user experience at this
stage, the system auto-fills lengths and angles in a triangle once
sufficient values have been defined to calculate the rest. Typically
once three lengths/angles are provided in a triangle the other three
can be calculated.
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Figure 2: Three cases of substrokes intersecting

When students have completed their diagram, they enter their
maximum supported load and can submit for feedback. The system
combines recognition on the sketched elements with mathematical
analysis of the inputs to evaluate their solution. If there is a miscal-
culation, they will be informed. If some truss members would break
under the required load, the system returns a warning to report
which beams would fail. The system concurrently checks that the
other requirements of the problem are met such as minimum length
and minimum supported load. If all problem constraints are met
and the student analysis is correct, then the problem is marked
correct.

4 ALGORITHMS
4.1 Sketch Segmentation

The first step of recognition is to segment the stroke created be-
tween a single pen-down and subsequent pen-up action. This step
involves breaking the stroke into its separate substroke compo-
nents. In this application, we split strokes based on corners using
the Shortstraw corner finding method [64]. This method provides
the locations of the corners within the stroke. Including the first
and last points as the first and last corner, the points between each
pair of corners is then converted into a substroke.

For each substroke created, we check if it intersects any other
substrokes within a threshold of 30 pixels via Euclidean distance.
The 30 pixel value was selected based on the node graphical ele-
ment later drawn to the screen as visual feedback. If two endpoints
intersect, such as in Figure 2a then no additional steps are taken. If
one substroke intersects the middle section of another, such as in
Figure 2b, then the intersected substroke is split in two, resulting
in three substrokes. If the substrokes cross each other, such as in
Figure 2c, then each is split, resulting in four substrokes.

4.2 Truss Recognition

Trusses are an important topic for engineering students to learn due
to their strength, stability, and prevalence in structural design. The
definition of a truss is extremely broad and more complicated than
just a structure made of only triangles; any structure which has only
two-force members (i.e., along the axis of the member) is considered
atruss. This allows for trusses containing arcs or squares (e.g., queen
post truss). This system focuses on a specific subset of trusses called
planar trusses which occur in a two-dimensional space. Although
trusses can contain non-triangles, the problems explored in this
system and many introductory courses all contain only triangles,
so we limit the system to recognizing trusses composed solely of
triangles.
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Figure 3: (a) Example of a non-truss with all triangles, but
not all sharing a side. (b) Illustration of the triangles and
sharing edges in a truss

For the purposes of this project, we define a truss to have the
following properties:

(1) A connected graph

(2) Only made up of triangles

(3) Each triangle shares at least 1 side with another

A truss which follows this definition will need three external
reaction forces to be statically determinate. These are commonly
provided by a pin support (horizontal and vertical reaction force)
and a roller support (vertical reaction force). Trusses are recognized
in the following four steps:

4.2.1 Graph conversion. The first step in recognizing a truss is
to convert the substrokes into a graph. Each substroke end is a
possible node, and the substroke itself is an edge in the graph. If the
ends are within a threshold Euclidean distance of 30 pixels from an
existing node in the graph, then the substroke is considered to have
one end connected to the existing node. This threshold was chosen
to match the diameter of the circles shown to the user, so the visual
feedback matches the internal representation of the sketch.

4.2.2  Connected graph check. After the substrokes have been con-
verted to a graph, the next step is to check that the graph is con-
nected. This is achieved through a standard depth-first search start-
ing from any node while keeping track of the nodes visited. If
there are any disjointed sections, then the sketch cannot be a truss
because trusses are connected by definition.

4.2.3 Triangle check. The third step is to check that a path of
length 3 exists for traveling from each node to itself. This ensures
that each node is a component of a triangle. This is done via a
breadth-first search that tracks the number of steps taken from
the beginning node to the current node. We keep track of distinct
triangles based on their node labels in alphabetical order (e.g. the
triangle containing nodes A, B, and C is ABC, not BAC).

4.2.4  Adjacent triangle check. The final step is to check that all
triangles share an edge with at least one other triangle, unless there
is only one triangle. This prevents sketches that may be composed
entirely of triangles but are not trusses such as in Figure 3a. This
is achieved by counting the number of times each edge occurs
based on the distinct triangle names. Then, each distinct triangle is
checked to confirm at least one of its edges occurs in two triangles.

4.3 Internal Force Calculation

In order to verify the solution provided by the student, all of the
internal forces must be calculated. The following explanation will
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use the simple truss of a single, equilateral triangle with side length
3cm shown in Figure 4 to help illustrate the process.

4.3.1 Logical coordinates. The first step to calculating the internal
forces is converting the sketch into what we call the logical x-y
space. It would be nearly impossible to sketch the truss to perfect
scale, and such a requirement would make for a terrible user ex-
perience. As a result, we cannot use the coordinates of the sketch
canvas but instead must convert the relative positions, labeled side
lengths, and angles to create an accurate representation of the truss.

We start by assigning the coordinates (0, 0) to node AThen, the
edge with the angle closest to 0 is found, and that node is labeled
as horizontal from node A. The instructor specified that the truss
needed to have a horizontal path from A to B. Future problems can
support any style path by requesting students input the angle from
the x-axis to the nearest node if no node is horizontally across from
A. In the example, node B. is assigned the position (3, 0) based on
the length of AB.

Now that the coordinates of two nodes are determined, the re-
maining node coordinates can be found through a rotation matrix.
A node without logical coordinates is solvable is the other nodes
in the triangle already have coordinates. Starting with node A, we
perform a breadth-first search (BFS) where any solvable node with-
out logical coordinates is solved, and any node with coordinates is
added to the BFS queue. In the example, the coordinates for C can
be determined using the following equations where AB is the unit
vector from A to B and fpc is the labeled angle at node A. The
sign of the cross product of the two vectors is used to determine if
the angle is positive or negative.

~ _|cos(0) —sin(0)|
“ |sin(@)  cos(0)

0= Sign(A—B) X Z—C)) * 0pac

Once the unit vector is found for E, the coordinates are deter-
mined by the labeled length multiplied by the unit vector, and then
added to the coordinates of A as shown in the equation below. The
coordinates of C are (1.5, 2.6).

AN
Cy Ay
4.3.2  Matrix structural analysis. Now that the truss has logical
coordinates, the next step is to perform a matrix analysis to de-
termine if the truss will meet the loading requirements. Matrix
structural analysis is a broad topic which covers methods for an-
alyzing statically determinate trusses (the type in this problem)
by creating a matrix of equilibrium equations. Since the software
is used in introductory classes, the students are not performing
analysis of bending or materials, so a more complicated method
such as finite-element analysis is not needed and the simpler matrix
approach will calculate all internal forces. Our matrix approach is
a modification of those found in Matrix Structural Analysis [34].
The system of equations created will need to follow the format
Ax + B = 0 where A is a square coefficient matrix, x is a column

matrix of the unknown values, and B is a column matrix of any
externally applied forces on the system.

+ ||AC|| * AC
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Figure 4: Example of a simple truss with side lengths of 3cm

In order to create a system of equations, we use a method of
joints analysis on the truss. Each joint in the truss can provide two
static equilibrium equations: one in the x-direction and one in the
y-direction. In order to have a solvable system, we must have an
equal number of equations and unknowns. The first triangle in
the truss provides 3 nodes and thus 6 equations. The 6 unknowns
are the force within each of the 3 beam and the 3 reaction forces.
Every additional triangle added will add only 1 node to the truss.
This results in 2 additional equations to solve for the 2 additional
beams that were added. Therefore, there will always be an equal
number of equations and unknowns in the trusses accepted for this
problem.

Since the problem does not need the value of the reaction forces,
we ignore any of the three equations that have the reaction force
present. Then, at each node the static equilibrium equations are
added to a matrix. The logical coordinates are used to get the angle
for determining the components of each force at a node. In this
example, both equilibrium equations are skipped at A since they
involve support reaction forces. Then, the x-direction equilibrium
equation at B is added to the matrix. Finally, both equilibrium
equations at node C are added to the matrix, and the applied force,
P, is added to matrix B. The matrix for the equilibrium equations
in the example are shown below.

-1 —cos(60°) 0 FaB 0 0
0  cos(60°)  —cos(60°)| |Fgc|+| 0| =1|0
0 —sin(60°) —sin(60°)| |Fac -pP 0

We then move the constants to the right side and utilize lower-
upper (LU) decomposition and the superposition principle to solve.

The superposition principle is used to simplify solving any sys-
tems with multiple applied forces. Instead of solving in variable
terms, we solve the system once per externally applied force. When
solving for that force, we use the value 1 for it and 0 for any other
external forces. In this case, only P is applied, so we just substitute
1 for P and solve with LU decomposition.

The solution gives us the coefficients for how the applied force
affects each beam. Since statically determinate trusses are linear
systems which follow the principle of superposition, adding the
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solutions of the answers for each applied force gives the total force
in each beam. In this case, we get the following.

0.288 FuaB
—0.577| P = |Fgc
-0.577 Fac

Note that we would simply have an additional term added on
the left side for every applied force. Negative numbers indicate the
beam is in compression.

Now we can easily check if the system will meet the loading
requirements by finding the greatest positive and negative coef-
ficients in the equation to determine which beams are under the
largest tensile and compressive load. Then we can calculate the
value of P which creates the maximum allowed force in tension
and compression to determine the maximum allowable force.

5 METHODOLOGY
5.1 Study Design

The creative design problem was tested in an introductory stat-
ics course with a total of 58 students and was part of a larger
multi-university study evaluating different aspects of the software.
The students were randomly assigned to experimental and control
groups with an equal number of participants in each. Students were
given instructions to design a bridge with a range of acceptable
lengths, the maximum amount of tension and compression each
beam can hold, and a minimum amount of load that the bridge
should be able to support. The experimental group was given a
short demonstration on how to use the creative design mode soft-
ware, and students in the control group were required to use paper
and pencil since there were no existing systems used in classrooms
that support grading this type of problem with sketching.

In this paper, we examine the user experience and algorithmic
implementation of the creative design system. An analysis of stu-
dent scores on the homework showing that the software group
trended towards performing slightly better than the pencil and
paper group is discussed in [22], including other pedagogical impli-
cations. More detail about the broader multi-university study and
the software interface itself for more traditional, not open-ended
homework problems is discussed in [60] and [51].

5.2 Focus Groups

At the end of the semester, students were offered extra credit in
exchange for participating in a one hour focus group session. Focus
groups were selected to allow participants to share ideas among
each other and in an effort to gain more candid responses from
students than they may feel comfortable than in one-on-one in-
terviews [25, 29]. Overall, four focus groups were administered
containing four students each. Two of the groups contained only
students from the control group who did the problem with paper
and pencil, and two of the groups contained only students from
the experimental group who did the problem with our software.
The focus groups covered more topics than just the creative design
problem, and the questions specific for our analysis are listed below.

(1) What did you think about the creative design problem? Did
you find it useful? Why/why not?
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(2) What did you think about the creative design interface?
What did you like/dislike about it?

(3) Would you have preferred to use the opposite method (pa-
per/pencil or software) to complete the problem? Why/why
not?

5.3 Conventional Content Analysis

The student focus groups were transcribed using Otter.ai’ and an-
alyzed using conventional content analysis (CCA) on ATLAS.ti
Cloud®. CCA was conducted in three phases: 1) creating a hierar-
chy of codes, 2) confirming the hierarchy, and 3) finalizing it, as
detailed in [21]. In this context, a code is “a word or short phrase
that symbolically assigns a summative, salient, essence-capturing,
and/or evocative attribute” to the data [52]. In the first phase, two
trained coders individually skimmed all transcripts and identified
relevant keywords and phrases as potential codes [36, 37, 39, 55].
After meeting to reach consensus and organizing the codes into a
hierarchy of terms, two additional coders confirmed the hierarchy
by using it to apply codes to the transcripts themselves [39, 52]. In
the third phase, the four coders had one final meeting to discuss
any amendments and finalize the hierarchy.

6 RESULTS AND DISCUSSION

The focus groups yielded several important points of discussion,
which we have organized around three primary aspects: the de-
sign problem itself, a comparison of the assignment methods, and
concerns specific to our system. For simplicity, we will refer to the
paper and pencil group as P/P and those who used our software as
SW.

Table 1: Number of occurrences for codes related to student
experience with the design problem.

Reported Experiences [ Sw [ p/P
Solving the Problem
Iterative Design 12

Real-World Applications
Encouraged Critical Thinking
Encouraged Creativity
Encouraged Research

Good Practice

W[ =[] WD
=N = OO =0

Different from Homework
Thoughts on the Problem

Liked Problem 6 4
Problem was Helpful/Useful 14 1
Problem was Difficult 2 0
Problem was Frustrating 1 2
Problem was Not Helpful 1 6
Other Factors
Confusion Regarding Problem 0 7
Difficulty Reaching Professor 0 3
Used Point & Click Truss Analysis | 0 2
Time and Travel Interference 5 0

Zhttps://otter.ai/
Shttps://atlasti.com
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6.1 Student Experiences with the Design
Problem

When considering students’ experiences with the creative design
problem, we found that there were some similarities between the
reported experiences of those who used our system (SW) and those
using paper and pencil (P/P) (see Table 1 for detailed comparisons).
Here we report some key codes, along with illustrative quotes from
which we derived these codes.

Students from both experimental groups described using an iter-
ative design process. One student in SW said, “I feel like getting
to apply that knowledge [and ...] having to learn from the mistakes
that we’ve made in that design and improving it based on that, it
was pretty cool to apply a lot of the topics that we had taken rather
than just problem solving itself. I guess it felt like a breath of fresh
air compared to everything else”

Students in both groups mentioned that the problem was useful
to real-world applications. One student in P/P remarked, “I'm
studying engineering to be able to do design work like this [...]
Even though it was more work, [I...] actually enjoyed doing that
because I felt like I was actually applying what I learned. And I like
designing stuff. So yeah, that was interesting.”

We also found notable differences between the experiences of
those in SW and P/P. Students who used the software described the
problem as encouraging critical thinking and creativity. One
student shared, “I really like projects and stuff because it makes you
feel like more critically thinking about what you’re doing.” Another
noted that the problem “just exposed me to different designs and
[...] it gave me experience in solving other shaped designs besides
the normal triangle bridge. So that’s why I liked it

Additionally, more students in SW described the problem as
being helpful and good practice for truss analysis. One student
stated “we’re pretty much all studying to be engineers. The fact
that we were able to apply the knowledge that we had in a very
important engineering class in the class itself [...] rather than hav-
ing to wait to me was a pretty cool thing” Another student shared
this very positive thought: “At that time, I had been struggling
with using method of joints and methods of sections, with trusses.
And the fact that I had to do so many iterations, I guess, gave me
good practice for that. And so I feel like I can confidently say that
I became better at truss analysis and using method of joints and
sections because of that problem.”

6.2 Comparing Software to Paper and Pencil

Overall, 8 students reported that they preferred the software ap-
proach (5 in SW and 3 in P/P), 4 students preferred paper and pencil
(2 in SW and 2 in P/P), 4 students had no preference (1 in SW and
3 in P/P). Students in SW who preferred that method explained
that they valued the real-time feedback provided by the system.
Similarly, the students in P/P who would have liked to try the
software cited several reasons, including the desire for real-time
feedback, a perceived improvement in efficiency, and support for
iterative design. In fact, two students in P/P reported looking up
other online tools to help them approach the problem. Conversely,
those in P/P who did not want to switch explained that they did
not want to deal with a software learning curve, and students
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in SW who preferred P/P did not provide any particular reasons
beyond familiarity with using paper and pencil to solve their work.

Another critical point of comparison between these two ap-
proaches regarded external factors. Due to COVID-19, the stu-
dents involved in the study transitioned to online courses partway
through their semester. This was especially problematic to some
in P/P, as they felt confusing wording of the problem and lack
of professor availability during the transition made it difficult to
understand the task.

No one in SW cited such concerns, as the software provided them
instructions and feedback on-demand; however, they did remark on
the impacts of travel and time management during this period.
That contrast was particularly interesting to see; in a way, students
in P/P complained that their problems were beyond their control,
stemming from the assignment itself or their professor, while those
with access to an online tool recognized factors they can influence,
like time management.

6.3 Experiences with the Software

During the focus groups, students in SW were asked about their
experiences with the system. Three sub-categories of codes arose
from the data: a) advantages, b) constraints, and c) disadvantages.
Many of the students in SW reported that the real-time feedback
was a major advantage. One student explained that the program
“was really open-ended and it gave you specific feedback on your
open-ended design. So, I really liked the nature of it” This was
also the main cited advantaged for why students would prefer to
use the software again if they had more creative design problems.
Similarly, several students said that they felt using a specially-
designed interface such as this was a very efficient approach.

There were some challenges as well. The most commonly re-
ported technological constraint was intermittent recognition
issues, and on the side of disadvantages a few students felt that
the interface was less streamlined than paper, either because of
their familiarity with that approach or confusion using parts of the
interface: “I didn’t know that, that [the software] even gave like
feedback at that time”

It is worth noting that at least one student who had recognition
issues did not attend the class where a brief overview of the system
was given. Some of the issues may also have been related to the
students’ input devices (some only had trackpads for sketching).
We hope to address some potential issues with better canvas manip-
ulation tools, and the next section discusses algorithmic concerns
in more detail.

6.4 Recognition Considerations

A couple students reported encountering intermittent recognition
issues in the focus groups, and some students were concerned
about a software learning curve associated with moving to a digital
system from pencil and paper. This led us to examine common error
cases regarding truss and arrow recognition specific to the creative
design problem.

Of the students in the software group, we received 36 problem
submissions. To identify students who encountered recognition
issues, we searched for anyone who had to erase any parts of their
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Figure 5: Number of occurrences for codes related to the software experience

sketches. This resulted in 26 sketches, and a manual review showed
that only 9 of these had encountered some kind of issue.

We determined that most of the errors were the result of users
struggling with certain parts of the interface. For instance, one cause
of failed recognition was if a student drew an arrow for a force be-
fore marking the truss as complete. The software requires students
to mark the truss diagram complete before adding forces. This is
because students can enter any truss configuration, so although a
valid truss may be present, the student may still be modifying it.
We enforce this constraint because students will tend to take the
easiest path if the system automatically presents it [27], and it is
important that they be solving the problem and learning as much
as possible themselves.

The lack of multi-stroke support for single truss members also
affected a couple of students. The system assumes each stroke is
a beam rather than a partial beam. Users are given a visual cue
when this error occurs by the appearance of an erroneous node
along the member, but they still must correct it manually. Figure 6
demonstrates an example truss where the user indicated an extra
node but did not immediately realize it until after attempting to
correct the recognition by redrawing parts of the truss. In the future,
we may automatically combine strokes along a single member if
the nodes of multiple strokes are collinear; however, the choice is
not simple as there were multiple students who intentionally drew
several collinear members in a row so they could use the nodes to
align their truss.

Lastly, we noticed a couple cases involving thresholding. On
occasion, a student may have to redraw a truss member if the nodes
fall outside the threshold of the expected joint location; however,
they did not complain of these as a recognition issue because the
interface provides visual feedback of each node’s threshold with
a grey circle. Arrows were the other concern because the arrow
recognizer considers the length of the shaft versus the sides of the
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Figure 6: The student drew the bottom member in multi-
ple strokes, leading the system to expect a member attached
to the lower middle node. The student believed there was a

recognition error until they remembered to add the middle
support.

arrowhead when determining validity and orientation. The existing
algorithm rejected short, wide arrows which we believe was the
cause for some recognition complaints. We have addressed this by
relaxing constraints to allow for arrows with head lengths that are
almost as long as the shaft.

6.5 Algorithm Accuracy

To evaluate the performance of the truss recognition algorithm, we
applied the recognizer to a dataset of 3000 sketches. The majority
of these sketches came from a previous implementation of this
software which used different recognition algorithms. In total, with
1500 truss and 1500 non-truss examples, our recognition algorithm
correctly identified 1481 trusses and rejected all non-trusses. Upon
visual inspection of the missed trusses, we were surprised to find
mislabeled trusses in the dataset based on an older truss recognition
algorithm. This means that the new algorithm was actually more
correct; 10 of the trusses it rejected were not valid trusses despite
being in the larger collection of 1500 “truss" shapes. Of the 9 trusses
that were truly missed, they were found to contain squares, single
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members comprised of multiple strokes, or very messy linework.
Accounting for the mislabled trusses in the dataset, there were only
1490 truss shapes, yielding an overall f-score of 0.997.

7 FUTURE WORK

During focus group discussions, students identified a few techno-
logical issues they faced. In terms of user experience, it is vital that
the recognition be seamless and accurate, and we believe there are
several steps to take that will enhance the algorithm. First, pro-
viding the option to zoom or scale the canvas could help mitigate
space issues, especially on smaller screens.

There will always be some risk of misrecognition as student work
can be messy and sometimes the solutions may be difficult for even
a human grader to understand, but enhancements to the underlying
machine learning algorithms could improve recognition accuracy.
We could also enhance the visibility of errors and feedback, such as
the case where users have an invalid truss or non-truss elements
interfering with recognition, such as arrows.

We would also like to use the algorithms and interfaces developed
to improve general problem creation for instructors. Currently,
instructors who want to create their own problems for a regular
homework must calculate and validate their trusses before assigning
the problems. However, the algorithm which solves and checks
student work could be reversed to automatically do the calculations
for professors after they draw the truss they envisioned. This could
enable professors to deploy many custom problems while reducing
their workload and encouraging students to further practice core
concepts.

8 CONCLUSION

In this work, we present an online system for automatically grading
open-ended truss design problems. The system leverages novel
sketch recognition algorithms and a robust linear algebra approach
for analyzing the truss to accept custom solutions to constraints-
based homework questions. Instructors need not provide answers
when creating homeworks, only the requirements, and students
can create any number of designs to fulfill these requirements. Our
system helps fill the need for engineering students to receive more
real-world design experience in their courses through intelligent
tutoring, and reduces the workload on teachers while providing
students a deeper understanding of core concepts.

This paper considered qualitative results from four focus groups
including students in the paper and pencil control and software
experiment groups. Overall, students in both groups were able to
complete the problem and found that it encouraged iterative design
and critical thinking. Students using our software were more likely
to enjoy the problem and consider it helpful. Conversely, students
in the paper and pencil group complained of confusing wording
and difficulty reaching the professor, illustrating the hardship it
places on teachers to manually manage these types of problems for
large classes. The majority, including paper and pencil students,
said they would prefer to use the online system for these types of
problems while often citing the real-time feedback and efficiency
of iterating on the online system.

The user interface could be further improved through more
detailed feedback to the students; however, as an instructional tool
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we do not want to suggest design recommendations and instead
want to provide assessment of the design correctness. Reviewing the
recognizer performance, we found that the system performed very
well, surpassing even our previous generation of truss recognizers.
Intelligent user interfaces like this system have the potential to
enhance engineering curriculum at all levels by providing students
on-demand learning through applied exercises.
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