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Abstract—Recent advances in program synthesis offer means
to automatically debug student submissions and generate per-
sonalized feedback in massive programming classrooms. When
automatically generating feedback for programming assignments,
a key challenge is designing pedagogically useful hints that are as
effective as the manual feedback given by teachers. Through an
analysis of teachers’ hint-giving practices in 132 online Q&A
posts, we establish three design guidelines that an effective
feedback design should follow. Based on these guidelines, we
develop a feedback system that leverages both program synthesis
and visualization techniques. Our system compares the dynamic
code execution of both incorrect and fixed code and highlights
how the error leads to a difference in behavior and where the
incorrect code trace diverges from the expected solution. Results
from our study suggest that our system enables students to detect
and fix bugs that are not caught by students using another
existing visual debugging tool.

I. INTRODUCTION

Personalized, timely feedback from teachers can help stu-
dents get unstuck and correct their misconceptions [1], [2].
However, personalized attention does not easily scale to mas-
sive programming classes [3], [4]. In lieu of feedback, it is
common for teachers in large classes to only provide test case
suites, against which students can test their submissions.

This substitution has some drawbacks. While a teacher
might look at the student’s submission and recommend re-
viewing a particularly relevant lesson or attempt to reteach an
important concept, test case feedback can only point out how
the student submission does not return the right answer. It can
be difficult for a student to map failed test results back to a
specific error in their code.

Recent advances in program synthesis promise to provide
more specific personalized feedback at scale for programming
assignments [5], [6], [7], [8], [9]. These systems use program
synthesis to learn code transformations that fix incorrect
student submissions. These transformations can then be turned
into a hint sequence that begins with pointing hints (e.g., where
the bug is) and ends with bottom-out hints (e.g., how to fix
the bug) [7], [9]. For example, consider the following edit to
fix an incorrect program:

def accumulate (combiner,
— if n == 1:
+ if n == 0:
return base
else:

base, n, term):

978-1-5386-0443-4/17/$31.00 ©2017 IEEE

Result

accumulate(add, 0, 5, identity)

Incorrect
Submission a < : ‘C:‘\L‘ar:(umu\ato{add, 0, 5, identity)
> total = 2
(2] (3)
o . ‘ Execute & Filter & Highlight
Synthesis Record Trace Trace Difference

Expected

V accumulate(add, 0, 5, identity)
>>>
P < v call accumulate(add, 0, 5, identity)

v total =
> total =1

Closest correct
program

Fig. 1. Our system finds the closest correct program to an incorrect student
program, executes both correct and incorrect programs, and shows where the
traces of the two programs begin to diverge.

This edit can be mapped to a series of hints such as point-
ing out the location of the bug (e.g., “Line 2 needs to be
changed.”) and suggesting the exact changes that the student
needs to make (e.g., “In the expression 1f n == 1 in line
2, replace the value 1 with 0.”).

However, appropriate strategies for turning fixes into more
pedagogically useful programming feedback remain an open
research problem. Well-designed feedback not only instructs
how to fix the bug, but also facilitates conceptual understand-
ing of the underlying cause of the problem [10], [11]. In
our observations, 80% of the time, teachers employ at least
one the following hint-giving strategies: reminding students
of relevant resources, explaining incorrect state or behavior,
and diagnosing the cause of the problem. Automatic pointing
and bottom-out hints do not reflect these hint-giving strategies.
Although some of these hint-giving strategies may be difficult
to automate, we hypothesize that automatic synthesized feed-
back can be improved such that it provides high-level hints
that explain why the student-written code is wrong and how
the synthesized code fix affects code behavior [12].

In this paper, we present TraceDiff, an automatic feedback
system that leverages both program synthesis and program vi-
sualization techniques to provide interactive personalized hints
for introductory programming assignments (see Figure 1).
Given the student’s incorrect code and a synthesized code
fix, our system first performs dynamic program analysis to
capture the execution of both the incorrect and fixed code,
comparing internal states and runtime behaviors. Then, the
system highlights how and where the trace of the incorrect
code diverges from the trace of the fixed code. To enable
users to interactively explore the behavior of the code, we



incorporate Python Tutor [13], an existing visual debugging
tool frequently used in introductory classes, into our interface.
Our system is based on the following strategies:

1) Highlight behavior that diverges from the nearest
solution: It compares the executions of incorrect and
fixed code and highlights the point when their control
flows diverge.

2) Focus attention by extracting important steps: It
filters the execution traces which are only relevant to
the student’s mistake to focus attention.

3) Explore behavior through interactive program visu-
alization: It integrates Python Tutor to allow interactive
exploration of collected code traces.

4) Map erroneous concrete values to their cause by
abstracting expressions: It enables the student to in-
teractively map a concrete value (e.g., sum = 3 and
return 11) back to the expressions that computed
these values, such as variables and function calls (e.g.,
sum = add(l, 2) and return total ) to help
locate the cause of a test case failure.

Our system design is informed by a formative study where
we analyzed 132 Q&A posts from a discussion forum from
an introductory programming class. We also interviewed a
teaching assistant from this class. Based on the strategies the
TAs employ to answer student questions, we first identified
three high-level design guidelines that effective feedback sys-
tems should follow: (1) encourage students to explore code
execution with a visual debugger, (2) describe how actual
behavior differs from expected behavior, (3) refer to concrete
code locations and behavior to provide a starting point for
exploration. We then investigated how these strategies could be
automated in a feedback interface. Based on these guidelines,
we designed the features of a system and integrated these
features with an interactive debugging interface.

To evaluate if our system enables a more efficient debug-
ging experience than current interactive debugging tools, we
conducted a controlled experiment with 17 students where
participants were asked to debug incorrect student code from
introductory Python programming assignments and compare
TraceDiff with the Python Tutor interface. During a 60-minute
session, each participant was asked to perform two bug-fixing
tasks for each incorrect code: (1) locate the bug and (2) fix the
bug. We evaluated whether or not each participant correctly
answered these questions and measured the time spent to
complete these tasks. The result shows that, for one of the
incorrect code, only participants using TraceDiff were able to
fix it (5 out of 9), while none of the 8 participants using Python
Tutor could fix it. Although we have not found statistically
significant differences in the quantitative measures of the two
groups, 64.7% of the participants believed that TraceDiff was
the more valuable to identify and fix the bugs and 29.4%
thought that both tools were equally important (only 5.9%
preferred Python Tutor). In response to 7-point Likert scale
questions, participants significantly preferred TraceDiff over
Python Tutor in four out of five dimensions: overall usefulness,

usefulness to identify, understand, and fix the bugs.
In summary, in this work, we contribute:

a characterization of key design guidelines for effective
programming feedback that can be generated by state-
of-the-art synthesis techniques, informed by a formative
study.

the implementation of hints in an interactive debugging
interface, appropriate for deployment and evaluation in a
massive programming classroom.

quantitative and qualitative results of a controlled experi-
ment with 17 students where we compare TraceDiff with
Python Tutor interface.

II. RELATED WORK
A. Automated Feedback for Programming Assignments

Intelligent tutoring systems (ITSs) often supply a sequence
of hints that descend from high-level pointers down to specific,
bottom-out hints that spell out exactly how to generate the
correct solution. For example, in the Andes Physics Tutoring
System, hints were delivered in a sequence: pointing, teaching,
and bottom-out [14]. ITSs have been historically expensive and
time-consuming to build because they rely heavily on experts
to construct hints.

Recently, researchers have demonstrated how program syn-
thesis can generate some of the personalized and automatic
feedback typically found in ITSs (e.g., [6], [7], [8], [9]). For
example, AutoGrader [9] can identify and fix a bug in an
incorrect code submission, and then automatically generate
sequences of increasingly specific hints about where the bug
is and what a student needs to change to fix it.

High-level hints that point to relevant class materials or
attempt to reteach a concept can be difficult to automatically
generate because they require more context or the deep do-
main knowledge of a teacher. To leverage the teacher’s high-
level feedback at scale, CodeOpticon [2] provides a tutoring
interface that helps teachers provide synchronous feedback for
multiple students at once. Recent work has also demonstrated
how program analysis and synthesis can be used as an aid
for a teacher to scale feedback grounded in their deep domain
knowledge [4], [S]. While scaling the return on teacher effort,
these systems still require teachers to manually review and
write hints for incorrect student work.

In contrast to prior work on scaling up teacher-written
feedback, this paper focuses on fully automated approaches
to provide high-level hints, specifically for the context of
writing code. D’ Antoni et al. have explored the similar design
challenge of automatically generated hints for the domain of
finite automata [3]. Taking inspiration from this work, we
aim to generate high-level hints in the domain of introductory
programming assignments.

B. Design of Interactive Debugging Tools

One of the major challenges in learning to program is to
relate code to the dynamics of program execution [15]. In an
introductory programming course, many novice students have
difficulties and misconceptions due to a lack of understanding



of dynamic program execution [16]. One practical way to
alleviate this cognitive difficulty is to visualize execution. Re-
cently, researchers have proposed many program visualization
tools (see [17] for a comprehensive review). These tools
typically execute the program, store a snapshot of internal
states at each execution step, and show a visual representation
of runtime states such as stack frames, heap objects, and data
structures [13]. Recent studies have found that using these
program visualization tools can be pedagogically effective if
students actively engage with the tool [18], [19].

However, as program complexity increases, such visualiza-
tions can become confusing [20], and navigating the traces
may become-time consuming. Alternatively, recent debugging
interfaces like Whyline [21] and Theseus [22] provide an
overview of execution behavior and let a user find the cause
of a bug through interactive question-answering or retroactive
logging. Inspired by this prior work, this paper aims to
augment program visualization to enable more efficient review
of program traces. One design challenge is how to focus
a student’s attention on the differences between what the
code does and what it is expected to do. Previous work has
demonstrated that important divergent runtime behavior can
be detected and highlighted in the domain of web application
debugging [23], [24], [25]. To apply similar design insights
debugging programming assignments, we leverage a program
synthesis technique [8] that identifies potential corrections to
programming assignments; with a corrected version of code,
we extract traces that highlight the difference in the code’s
current and expected behavior.

III. FORMATIVE STUDY

To understand the current limitations of automatic hint
delivery and opportunities to improve it, we observed the hint-
giving practices of teachers in a local introductory CS course
as they helped students debug incorrect code for programming
assignments. We analyzed 132 Q&A posts from the CS
course’s online discussion forum where instructors answered
students’ debugging questions. Additionally, we conducted a
semi-structured interview with a teaching assistant from the
same course to gain insight into the patterns of hint-giving
that we observed in the online discussions. This analysis
yielded three design guidelines that motivated the design of
TraceDiff’s hint-giving affordances.

A. Procedure

We collected 132 posts from the discussion board that
pertained to one assignment from a recent course offering.
One author performed open coding on all posts, eliciting
common themes in the structure and content of teachers’
hints. Two authors reviewed the themes together, refining
the themes into types of hints, and deciding on definitions
and concrete examples for each of type of hint. The two
authors performed axial coding independently, tagging the
types of hints they observed in each teacher response. These
two authors resolved all discrepancies in tagging results by
reviewing each tag until they reached consensus. Then, the two

authors identified three design guidelines by reviewing high-
level common strategies that share among the themes. After
that, we had a 30-minute semi-structured interview where we
asked what kind of questions the students frequently ask to the
TAs, how TAs answer these questions, and what the high-level
strategy is for appropriate feedback.

B. Design Guidelines

Based on the observation and analysis of teachers’ hint-
giving strategies, we describe three design guidelines, which
motivated our interface design of TraceDiff.

DI: Encourage students to explore code execution with a
visual debugger: For novice learners, it is difficult to under-
stand complex code executions without visual aids. Program
visualization tools help with this problem: we observed one
of the most common feedback (19 times) was to tell students
to run their code in Python Tutor [13], an interactive code
visualization tool. Hence the decision of integration the other
hint strategies with the Python Tutor interface.

D2: Describe how actual behavior differs from expected
behavior: Well-designed feedback facilitates productive de-
bugging by illustrating the relationship between the symptoms
and the cause of the error [21], [26]. TAs often diagnose the
student error through abstracting the suggestion or providing
the high-level description of the cause of error (19 times).
““Runtime Error - Maximum recursion depth exceeded in
comparison” message means that you do not have a base case
that can stop the program from running your recursive calls
” (post 60). Although it can be difficult to automate hints
that provide a conceptual description of the student error, TAs
diagnose these kinds of errors by comparing what the code
does with what it is expected to do. “In your n == 1 base
case, you should be calling term(1) and not term(0).
Remember that the term function is only defined from 1 to n
inclusive ” (post 82). Hence the decision to provide feedback
by highlighting behavior that diverges from the closest solution
obtained using a program synthesis back-end.

D3: Refer to concrete code locations and behavior to
provide a starting point for exploration: As the program
becomes large and complex, a visual code execution can be
confusing and difficult to track [20]. To give students focus,
some TAs pointed to specific locations or provided scaffolding
questions (3 times) along with suggesting Python Tutor. “Try
to examine the code in Python Tutor. What happens when you
call accumulate? Is the combiner that you're passing on to
accumulate making a decision based on the predicate for every
number in the sequence? ” (post 74)

In addition to a position in code, TAs also pointed out a
particular code structure or a specific point in the behavior:
“Look carefully at your else case and also the condition of
your 1F. Is it doing what you expect it to? ” (post 50) TAs
provided data and behavior hints to help illuminate why a
student’s code fails. “Think about what the counter value is,
and what the total value is. Is this correct? Remember, ping
pong looks like:
total = 123456 [7] 65






