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Abstract. Research shows that expert-crafted worked examples can
have a positive eﬀect on student performance. To investigate the potential for data-driven worked examples to achieve similar results, we generated worked examples for the Deep Thought logic tutor, and conducted
an experiment to assess their impact on performance. Students who
received data-driven worked examples were much more likely to complete
the tutor, and completed the tutor in less time. This study demonstrates
that worked examples, automatically generated from student data, can
be used to improve student learning in tutoring systems.
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Introduction and Related Work

In this paper we describe our study on the impact of data-driven worked examples in Deep Thought (DT). DT is a data-driven tutoring system for propositional logic that provides automatic veriﬁcation of student proofs, and provides
high-or-low proﬁciency problem sets at level intervals based on a student’s performance [2].
Many intelligent tutors use pedagogical decision processes where the system
is responsible for selecting the next action to take [4]. Pedagogical strategies are
system-level policies that are used to decide what action to take when multiple options are available. We focus on one such decision: worked examples vs.
problem-solving. When a student begins a new problem, the system can decide
whether to ask them to complete it (problem solving); or provide them with a
completed solution for review (worked example).
While numerous laboratory studies have shown the beneﬁts of combining
worked examples with problem solving [1], it is not always clear how they should
be combined or how often each should be given. In a recent survey of the literature Najar et al. concluded that the research is still inconclusive on when worked
examples should be given, how they should be scaﬀolded, and how they should
be designed [3]. Consequently, most existing systems choose problem solving [5].
We investigated the impact of incorporating data-driven worked examples on
student performance in DT. While worked examples involved in prior research
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were either hand created by domain experts or using expert solutions generated
from expert systems, the worked examples in this study were extracted from prior
student data. We hypothesize that the addition of data-driven worked examples
will reduce the number of students who drop out of the tutor before completing
all problems. We also hypothesize that the ordering of worked examples versus
problem solving can have an impact on completion time and dropout. This is
the ﬁrst literature to investigate whether data-driven worked examples can be
used to improve student performance.

2

Methods

DT was designed to add worked examples to the existing problem set. We derived
a worked example for each problem in the DT student data corpus by selecting
the shortest student solution that contained all of the logic rules that the particular problem was constructed to illustrate. Annotations for worked example
steps were procedurally generated. In a worked example, students view sequential steps, one-by-one, until the complete solution has been constructed on the
screen using data from our corpus. Students can move backward and forward
between steps, using arrow keys, as needed.
Worked examples were assigned randomly on a per-problem basis. When students began a problem the system would decide whether to give a worked example or require them to work it themselves. This policy was balanced to ensure
that the students worked at least one problem per level. An additional problem
was added to the end of each level, which mirrored the rules and problem solving
strategies as the other problems in the respective levels. This problem provides
a built-in post-test on each level of the tutor, for comparison of performance of
the same problem set with and without worked examples.
DT with data-driven worked examples was tested to determine its eﬀect
on tutor completion, student dropout, and how the order of worked examples
aﬀects student performance. DT was used as a mandatory homework assignment
by students in two computer science discrete mathematics courses (WE group,
n = 261). This data was compared to data collected from the previous version
of DT with no worked examples for tutor completion and dropout comparison
(NoWE group, n = 47).

3

Results and Discussion

Our ﬁrst hypothesis is that data-driven worked examples would increase students’ completion rate. Table 1 shows the number of problems solved, worked
examples received, and total time spent in tutor for the WE and NoWE groups.
Students in both groups solved the same number of problems in the tutor on average with no signiﬁcant diﬀerence between them (p = 0.327, power = 1). However,
the WE group spent 27% less time in tutor on average than the NoWE, even
with the added worked examples. This was marginally signiﬁcant (p = 0.063).
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Table 1. The number of problems solved, number of worked examples received, and
total tutor time for the WE and NoWE groups
Group # Solved Problems # Worked Examples
Mean Median StDev Mean Median StDev
WE
14.12
13
5.09
7.53
8
1.35
13
4.94
–
–
–
NoWE 13.08

Total Tutor Time (mins)
Mean Median
StDev
224.4 97.7
346.5
307.2 244.4
263.4

We used percent completion as a measure of overall success for each group of
students. Percent completion is a measure of how far students progress through
the tutor, on average. Table 2(a) shows the average percentage of tutor completion by group. Student dropout is deﬁned as the termination of tutor activity
at any point in the tutor prior to completing all of the assigned problems. It
is a measure of how many students are using the system at any point in time.
Table 2(b) summarizes the number of students who completed and dropped out
of the tutor across both groups. Table 2(c) compares the retention trends for
the WE and NoWE groups at the end of each level. From these ﬁgures, it is evident that the worked examples are dramatically improving retention and tutor
completion.
Our results show that students using Deep Thought with worked examples
completed more of the assigned problems and were less likely to drop out. We
found a statistically signiﬁcant diﬀerence between the groups in terms of percent completion (one-way ANOVA: F (2, 308) = 6.38, p = 0.014). The average
percentage of tutor completion was signiﬁcantly greater for the WE group than
for NoWE (94% vs. 79.8%), an improvement of 14.2%. Thus adding worked
examples to Deep Thought enabled students to complete more of the tutor.
Additionally, the WE group was signiﬁcantly more likely than the NoWE group
to ﬁnish the tutor, as shown in Table 2(c). A much smaller percentage of the WE
group dropped out of the tutor (9.6%) compared to the NoWE group (44.7%).
Moreover the WE students who dropped out did so at a later point than the
dropouts in the NoWE group. This indicates that the addition of worked examples increases the chances that students will be able to ﬁnish the tutor, and
increases the percentage of problems they will complete.
Table 2. (a) Percentage of tutor completion by group. A * indicates signiﬁcance.
(b) Student completion of the tutor by group. Dropped indicates that the student did
not complete Deep Thought. (c) Percentage of students remaining in tutor at the end
of each level by group.
(a)
Mean StDev (b)
Completed
WE
94.02* 21.07 WE
236 (90.4%)
NoWE 79.79 29.88 NoWE 26 (55.3%)
Total 262
(c) Level 1 Level 2 Level 3 Level 4
WE 96.2
95.0
93.9
92.7
NoWE 93.6
87.2
87.2
78.7

Dropped Total
25 (9.6%) 261
21 (44.7%) 47
46
308
Level 5 Level 6
92.3
90.4
72.3
55.3
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Our second hypothesis is that the ordering of worked examples and problem solving will aﬀect student performance. We used the additional end-of-level
post-test problems in DT3 to study the eﬀect of the ordering of worked examples and problem solving practice in each level. We classiﬁed problem instances
into two groups, WE–PS (where students viewed worked examples and then
solved problems before the level’s post-test problem) and PS–WE (where students solved problems, then viewed a worked example before the level’s post-test
problem). Our initial results show no signiﬁcant diﬀerences between the WE–PS
and PS–WE groups for step count and elapsed time. However, in levels 3 and
4 of DT, students in the low-proﬁciency track took signiﬁcantly longer on each
step in the post-test problem in both levels 3 and 4 if they saw worked examples before attempting to solve problems in these levels. These results indicate
that there may be a disadvantage for low proﬁciency students to see eﬃcientlyworked examples chosen from our corpus, however, further analysis is required.
Therefore, our hypothesis that the ordering of worked examples versus problem
solving would impact student performance was not conﬁrmed.

4

Conclusions and Future Work

This study investigated the impact of data-driven worked examples on student
performance in the Deep Thought logic proof tutor. Our results show that students who received with worked examples completed more of the required problems and were less likely to drop out of the tutor than those who only engaged
in problem solving . Our results indicate that worked examples are very beneﬁcial in Deep Thought. Our overall analyses do not show signiﬁcant eﬀects
due to ordering of worked examples and problem solving across the tutor levels, however we found a diﬀerence in time per solution step in the ordering of
practice problem types in levels 3 and 4 of the tutor, warranting further investigation. In future work, we plan to further investigate the impact of worked
examples, and to apply machine learning to derive individualized pedagogical
policies to select worked examples when it would be most beneﬁcial for particular students.
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