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Mini-Hints for Improved Spatial Visualization Training

Abstract

The pedagogical approach of Zone of Proximal Development (ZPD) is based on the belief that
effective learning occurs when students are challenged just beyond the level they can do on their
own. An expert teacher looking over the shoulder of a student would give just the right amount
of help or hints; too much hinting gives away the solution which deprives the student of the
productive struggle that is needed for learning new concepts. Alternatively, no hinting may leave
the student frustrated to the point where they give up. A key challenge with developing software
for independent learning is generating the proper level of hinting, similar to what an expert
teacher would provide in the classroom. This paper describes the evolution of hints for spatial
visualization training using a mobile app. Students sketch orthographic and isometric figures,
which are automatically graded by the app. In an early version of the app, when a student draws
an assignment incorrectly, they were provided with the option of taking a hint or peeking at the
solution. In order to encourage persistence, gamification was added to the app which rewarded
students to try solving the problem on their own before asking for a hint. This paper describes the
unintended consequence of gamification, and how some students avoided using a hint even when
simple guidance would be more effective. This behavior motivated the development of smaller
hints, which we refer to as mini-hints that could be provided to the students without them asking
for a hint. These, mini-hints are presented as free hints that do not cost gamification points and
are meant to mimic an expert teacher standing over the shoulder of a student. This paper
discusses the types of mini-hints that have been developed, and how their effectiveness will be
assessed in an upcoming trial.

Background

Use of electronic tools for education, referred to as eLearning, presents unique challenges and
opportunities. This paper presents work in progress for applying eLearning to Spatial
Visualization (SV) training specifically in the area of providing feedback hints to students when
performing freehand sketching exercises on touchscreen devices.

SV is the ability to visualize and manipulate 2D and 3D shapes in one’s mind. This skill has been
tied to success in many careers, yet this skill is undertaught or not typically taught in most K-12
and engineering curricula. A seminal study by Sorby [1] showed that SV skills can be taught and
can result in a significant increase in GPAs and graduation rates. 7000 students were tracked for
over 15 years showing similar results [2]. The increase in graduation rates is especially
significant for women and other underrepresented minorities in STEM [3], who may have had
less experience in playing with building toys as children.

An important part of SV training is freehand sketching of shapes such as orthographic and
isometric views. As stated by Sorby [1], “The importance of sketching in developing

3-D spatial skills cannot be understated.” A number of curricula have been developed to teach
SV based on sketching on paper [4], and the NSF has funded an initiative to promote SV training



in Science Technology Engineering and Math (STEM) programs [5]. However, it is challenging
to add additional material to an already full curriculum and there are a wide range of students’
SV ability, with some students needing much more training time than others. Accordingly, there
is a benefit to make SV training easier to teach and allow students to work independently on their
own schedule. Furthermore, it is desirable to reduce the amount of time that students spend on
SV training, as their curriculum is already very full.

To make it easier to incorporate SV training into educational curriculum, a number of software
programs have been developed. The authors have developed a touchscreen sketching-based app
with automatic grading for SV training [6]-[10]. Other software developed for SV training
include a sketching-based tool [11] and an Augmented Reality (AR) tool [12].

The field of pedagogy has had numerous studies relating to learning effectiveness. One approach
by Ermeling [13] advocates keeping students in a Zone of Proximal Development (ZPD). A good
teacher will engage students in a productive struggle that challenges but does not frustrate them.
Effective activities need to stretch students’ thinking and performance just beyond the level they
can do on their own, i.e. keep them in the ZPD. Effective learning occurs when students struggle
to tackle novel problems—ones they have not seen before and are just beyond what they have
already learned and mastered. Roll et. al [14] studied online problem-solving environments and
concluded that students asking for help on challenging steps is associated with productive
learning, and overusing help is associated with poorer learning. Designing challenging tasks that
do not frustrate students but require just enough stretch takes refined and continuing teacher
assessment and judgment. In designing an eLearning system, it is desirable for such a system to
behave like an expert teacher and to keep students in the ZPD by providing small hints when
necessary to avoid frustration, but not too much of a hint that would give away the solution and
remove the meaningful struggle.

Prior Work

The authors have developed SV training software in which students sketch on touchscreens, and
an algorithm automatically grades the student’s sketches. In addition to removing the teacher’s
task of grading, this software allows students to work independently at their own pace. However,
when a student makes a mistake on a sketching assignment, they need some type of assistance to
move forward. In the first iteration of the software, students were provided with the option to
peek at the solution if their sketch was incorrect. Some students avoided peeking at the solution
and kept trying to solve the assignment on their own, while other students quickly peeked at the
solution after their first attempt [6]. Pre and post testing showed that the students who were more
persistent and tried assignments multiple times before peeking at the solution had significantly
higher gains in SV skills.

In order to increase student persistence, two changes were made to the Spatial Vis™ app. An
intermediate hint was added, which was made available for a student to look at before peeking at
the solution. The hint showed the student the portion of their sketch that was correct, but not the
complete sketch solution. With this approach, each student could receive a personalized hint
based upon the work that they had completed up to that point. Figure 1 shows a simple 2D
rotation assignment in which the students are asked to draw a rectangle rotated by 90 degrees
counter-clockwise.



Mentally rotate the given object +90 degrees
(counterclockwise) about the reference dot.

Draw the rotated object on the grid below.
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Figure 1. Simple 2D Rotation Assignment

Figure 2 shows the hint and peek feedback when a student makes a mistake on this assignment.
Figure 2A shows a partially completed rectangle with the mistake of the line extending too far
from the base of the rectangle. Figure 2B shows the hint, which presents in green to the students
their portion of their sketch which is correct but does not show the missing portion of the
solution or the incorrectly drawn portion. In the current version of the app, the hint feedback
algorithm sometimes unintentionally and mistakenly shows short line segments that are
incorrect, such as the small vertical stub on the top right of Figure 2B. However, future
embodiments will reduce these artifacts to provide more clear graphical feedback to the student.
Figure 2C shows the feedback provided to the student when they peek at the solution which
shoes correctly drawn lines in green, incorrectly drawn lines in red, and missing portions of the
solution in blue.

2A: Sketch as Drawn 2B: Hint 2C: Peek at Solution

Figure 2. Hint and Peek at Solution

The second change to the Spatial Vis app was to add gamification to encourage students to try to
solve assignments on their own before asking for either the hint or peek. A star reward system



provides students with 3 stars if they solve the assignment on their own (regardless of the
number of attempts), 2 stars if they use a hint, and 1 star if they peek at the solution. In all cases,
students must correctly draw the sketch in order to get credit for it.

A metric was created to quantify persistence based upon the number of times a student retries an
assignment on their own before selecting the option to peek at the solution. Prior studies [10]
have shown that students with higher persistence achieved a higher gain in SV skills as measured
by the PSVT:R test [15] administered at the beginning and end of the class.

Adding gamification had a significant impact on student behavior and performance. Among
students who entered the class with low PSVT:R scores (less than or equal to 70%), the number
of students who were able to increase their PSVT:R post-test scores to above the 70% threshold
increased from 46% to 82% once gamification was added. The average score improvement in the
PSVT:R rose from 18% to 39% [10]. Accordingly, gamification has a significant positive effect
on student learning, but as described below, it resulted in other effects as well.

Mini-Hints for Improved Spatial Visualization Training

The purpose of a hint is to provide some guidance to the student without showing them the
solution. For example, a very generic hint could be providing a link to tutorial material about the
lesson. Indeed, tutorial content is provided at the beginning of each lesson in the Spatial Vis app.
However, observations of an early version of the app that provided a link back to the tutorial
material found these hints too general, often leaving students stuck. The challenge with
developing hints is to provide guidance that allows students to solve the assignments, while also
promoting the effective learning of new concepts while avoiding making repeated mistakes.

There was an unintended consequence of gamification in the Spatial Vis app that relates to the
use of hints. Students became very aware of the number of stars they were earning, to the point
where many refused to use the existing hint or peek features to avoid losing stars. While
persistence is laudable, these students often remained stuck on an assignment. A small hint could
have informed the students where to focus their efforts. But instead these students became
frustrated and spent much more time on the app than needed.

Through data mining and observations, it was found that sometimes students had sloppily drawn
lines that were causing errors in their sketches, while other times they had fundamental
conceptual errors with the shape of their sketch. Sometimes a single line was missing in the
sketch, while other times the sketch had a single additional line. Under such circumstances a
student may spend a lot of time working in the wrong area. They may work on cleaning up their
lines, when in fact the error was conceptual, or vice versa. When a student was either missing or
had an additional single line, the student might be convinced that their sketch was correct, and
the grading algorithm was in error. In essence, these students had moved out of the ZPD and
away from effective learning.

An expert teacher looking over the shoulder of a student struggling on an assignment will often
give a small hint to the student, even before the student raises their hand for help. This small hint
will keep the student in the ZPD by reducing frustration, but still eliciting effective struggle to
solve a difficult assignment. Accordingly, there is value for creating hints that provide only a



small amount of help. Below is a discussion of the mini-hints that have been developed for the
Spatial Vis app. These hints will be provided to students as “free hints” without the loss of stars
whenever they submit a sketch for grading that has an error. If these free mini-hints are not
sufficient, a student will still have the option of looking at the original hint and peek options that
were shown in Figure 2, albeit with loss of stars. The challenge was to create mini-hints that
would help move a student forward, but still require them to actively engage and struggle to
solve an assignment. The following sections provide descriptions of the mini-hints that have
been developed to improve the SV learning experience.

Progress Indicators Mini-Hints

The first mini-hint is a progress indicator such as a progress bar or percentage numbers
indicating the amount completed in different categories. When a student’s sketch is graded there
are three categories of lines; correct, incorrect, and missing, as was previously shown in Figure
2. The progress indicator hint can quantify to the student how much of the various categories of
lines are present. Figure 3 shows an example of a progress indicator.

Grading Results
___________ 10%

incorrect lines

Let’s try
that again.

Figure 3: Mini-Hint Progress Indicator with Three Line Categories

The length of the correct line indicator correlates to the length of the correct lines drawn relative
to the total length of the solution lines. The length of the missing line indicator is also relative to
the total length of the solution. Accordingly, when the solution is correct, the correct line
indicator will be full, and the missing line indicator will shrink towards zero. However, there is
not a limit on the amount of incorrect lines that a sketch can contain. Accordingly, the length of
the incorrect progress bar can be defined in a number of ways. Here, we define the length of the
incorrect lines relative to the length of solution but limit its maximum length.

By viewing the progress indicator, a student will get a sense of how close they are to finishing
the sketch but will not be provided with specific graphical information as to what part of the
sketch is correct or what the actual solution is. If a student sees that their initial lines are correct,
then they will know that they are on the right track and feel encouraged to continue.
Alternatively, a student may see early on that much of their approach is incorrect which may
encouraged them to start over. In the middle of a sketch when a student is stuck, they may select
an approach of drawing one line at a time and receiving an additional free hint. But even with
this approach the student will be forced to make decisions about the sketch and attempt to draw
correct lines in order to get meaningful hint feedback. The fact that it takes a bit of time to



submit a sketch and wait a few seconds for grading results, is further incentive for students to
attempt more of a solution on their own.

These mini-hint progress indicators can provide even smaller hints by displaying progress for
only a portion of the line categories. Figure 4 shows a single progress bar, in this case for just the
correctly drawn lines. Drawing an incorrect line would not change the progress bar one way or
the other. This more limited hint would provide less information to the student and thus require
that they solve more of the challenge on their own. If a student becomes over reliant on the free
hints, then the hint could be adjusted in this fashion to provide less information. In the
assessment section in this paper, determining the appropriate level of hints will discussed.

Grading Results

Figure 4: Mini-Hint Progress Indicator with 1 Line Category

Text Mini-Hints

Another type of mini-hint are specific textual messages. Students have been using the Spatial Vis
training app for four years, and through data mining of student sketches it was possible to
identify areas of repeated student mistakes. For example, it was observed that students often had
difficulty noticing when a single line was missing. Figure 5A shows an example sketch of a
single line missing. A single 30-degree line is missing near the left inner corner of the sketch, but
many students miss this error. This has led to student frustration were they repeatedly resubmit
the same sketch or redraw the same exact lines but trying to draw them straighter. Students
ultimately would realize what their error was or resort to a peek at the solution. We believe that a
simple text message such as that shown in the center of the progress ring in Figure 5B would not
only be more time efficient but would result in the same amount of learning.



Grading Results
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Figure 5SA: Sketch with Missing Figure 5B: Free Hint Message Provided to Student in
Line Center of Progress Ring
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Figure 5: Text Mini-Hint for Missing a Line

In other cases, students draw an additional line but have difficulty seeing their error. Figure 6A
shows an example where an additional line is drawn in the middle of the sketch on the face
between the two towers. Figure 6B shows the corresponding text mini-hint. Note, in both Figures
5 and 6, students are provided with buttons of Retry, Hint, or Peek. These buttons lead to the
previously available “larger hints” that are used in the gamification of the app. Use of the hint or
peek buttons result in a loss of stars. In order for the student to receive any credit for the
assignment, they must draw the sketch 100% correct (within the grading tolerance of line
accuracy). Accordingly, even a small percentage of error as shown in Figures 5 and 6 will
prevent the student from getting credit for the assignment. These small errors can be especially
frustrating to a student because they may feel that their answer is correct, and then begin to lose
faith in the grading algorithm. The mini-hints provide the push to show the student that they need
to focus on a few missing details, which is often all they need to do to find their error.



Grading Results
2% =======-= \

incorrect lines ‘
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Figure 6A: Sketch with Additional Figure 6B: Free Hint Message Provided to Student in
Line Center of Progress Ring
Figure 6: Text Mini-Hint for Additional Line

Other types of free hint textual messages are:
e Try drawing your lines more carefully
e Shape is drawn correctly but in the wrong location
e The object is rotated incorrectly
e Error in side (or top, front, etc.) view
e Specific hints that are based on repeated mistakes student make, such as “Object is mirror
image of solution”

The algorithm for generating these text hints is based on the grading algorithm and on data
mining the database of repeated student mistakes.

Image Region Mini-Hints

The “larger hints” that were originally shown in Figure 2 present specific graphical information
about the correctness and errors of the sketch submitted. In order to reduce the size of the hint,
the prior two approaches for providing mini-hints did not provide graphical information to the
user, relying instead on progress indicators and text messages. However, it is possible to provide
a graphical hint without revealing the exact location of the error. A highlighted region could
indicate the general location of an error, without revealing exactly where it is. To prevent
students from always looking at the center of the region for the error, the location of the region
could be centered in a random location as long as the actual error remains within the hint region.
Figure 7 shows a mini-hint region highlighted in yellow (the error is a missing rectangle in the
Right view).
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Figure 7. Highlighted Mini-Hint Region Showing Approximate Location of Error

Proposed Assessment Methods

The effectiveness of the proposed mini-hints will be assessed in future classes. A primary
assessment method will be pre and post testing with the PSVT:R. Our hope is that the SV gains
will be at least as high as a previous year that the class was taught without mini-hints. Key
objectives of the mini-hints are that they will save student time and reduce frustration.
Accordingly, we will track the time spent on each assignment as well as the overall time. We
will measure frustration through a survey and add questions about the impact of the regular vs
mini-hints. In addition, we will track how many extra credit assignments are done, with the
hypothesis that reduced frustration will lead to students completing more extra credit
assignments.

We would like to determine the appropriate amount of information that a hint should provide,
and if a given hint is too large or too small. We will compare the number of overall hints used for
each assignment. If students use a single hint and then immediately get the sketch right, it could
indicate that the hint is too large and gives away the solution. If students use a large number of
mini-hints, but then still need a large hint, it could indicate that the mini-hints are not helping
enough.

A key goal with the use of hints is that students will truly learn, not just complete the
assignments. Accordingly, we will look at assignments that follow those where hints are used. If
the students repeat the same mistakes, then this will indicate that learning the concept is not
complete. But if the student is able to tackle similar tasks without the use of hints, then this will
indicate effective learning. For example, we will look at repeated errors, such as those that were
shown in Figures 5 and 6.



Another option we may explore is adding a setting in the app that would turn on or off the mini-
hints. If some students elect to turn these hints off, it would be an indication that the mini-hints
are seen as an unwelcome intrusion on the learning process of persistent students.

Summary

Expert teachers will never be completely replaced by software algorithms. However, eLearning
environments can be created that include some of the capabilities of expert teachers and allow
students to work independently with a virtual teacher looking over their shoulder. Feedback to a
student in an educational software program can have significant and sometimes unintended
consequences that impact learning effectiveness and persistence. The proposed mini-hints
presented here are an attempt to improve the learning environment in the Spatial Vis training
app, and have been developed using guidance from pedagogical theory. This is a Work in
Progress, and the actual effectiveness of the mini-hints will have to be assessed through
educational trials.
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