
Figure 5.15: Walk-through after visiting u. Note that the student’s mistakes in the previous
step have been corrected. In this step, the student mistakenly visited vertex v instead of
vertex u. Vertex u should have been visited instead since it has a smaller cost than vertex
v. Additionally, the cost of vertex v should have been reduced to 9 since s-x-u-v is a shorter
path than the previous path s-x-y-v. As indicated by the red edges, edge u-v should have
been added to the shortest path and edge y-v should have been removed from the shortest
path.
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Figure 5.16: Walk-through after visiting v. Note that the student’s mistakes in the previous
step have been corrected. In this step, vertex v has been marked as visited, and now the
problem has been completed.
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5.5.2 Sample Session of the Instructor Tool for Network Flow

The next series of figures (Figures 5.17-5.27) shows a sample walk-through from beginning to
end of a session with the instructor tool working on a network flow problem. There are three
sets of finding the augmenting path and updating the flow and residual graphs. The first
updating of the flow and residual graphs is divided into substeps to give an idea of what the
process of demonstrating that step might be. In the second update of the flow and residual
graphs, the instructor only partially updates the graphs, thus the remaining components
of the graphs to be updated are highlighted in red upon clicking “Finish step”. They are
corrected when the user clicks “Next step”. Notice that the instructor adds explanations
to the notepad at each step and substep to explain what is occurring in the graphs as the
solution is being worked through.

Figure 5.17: Walk-through of a network flow problem in its initial state. The instructor is
about to mark the augmenting path in the residual graph.
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Figure 5.18: Walk-through after the instructor marks the first augmenting path, but before
the instructor clicks “Finish step”. In the residual graph, edges a-c and c-d are marked to
be on the augmenting path since that path has the maximal flow of 6.
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Figure 5.19: Walk-through after finding the first augmenting path and after clicking the
“Finish step” and “Next step” buttons. In the residual graph, edges a-c and c-d are marked to
be on the augmenting path since that path has the maximal flow of 6. All graph components
that need to be updated, as well as the augmenting path itself, are highlighted in magenta
in the flow and residual graphs. All of these graph components are along the augmenting
path.
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Figure 5.20: Walk-through after updating the flow graph for the first augmenting path. The
flow of the augmenting path is 6, so the flow for edges a-c and c-d in the flow graph have
been updated to 6.
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Figure 5.21: Walk-through during updating the residual graph for the first augmenting path.
Backedge c-a has been added to the residual graph and assigned capacity 6 since 6 is the
flow along the augmenting path. The capacity of a-c is reduced by the flow of 6 units to 2.
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Figure 5.22: Walk-through after updating the residual graph for the first augmenting path.
Edge c-d has been flipped to become edge d-c since all of the flow has been used up and is
now a back flow.
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Figure 5.23: Walk-through after finding the second augmenting path. The instructor has
marked edges a-b and b-d to be on the augmenting path. The instructor is about to update
the flow and residual graphs.
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Figure 5.24: Walk-through after only partially updating the flow and residual graphs for the
second augmenting path. The instructor only updated the flow and residual graphs for the
edge a-b before clicking “Finish step”. The graph components along edge b-d that should
have been updated are marked in red as incorrect. The dashed edge d-b in the residual graph
denotes a backedge that should have been added.
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Figure 5.25: Walk-through after the instructor clicked the “Next step” button and the
updates to the flow and residual graphs have been corrected by the computer.

59



Figure 5.26: Walk-through after finding the third augmenting path. The instructor has
selected edges a-c, c-b, and b-d to be on the augmenting path. All graph components along
this path that need to be updated are highlighted.
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Figure 5.27: Walk-through after updating the flow and residual graphs for the third aug-
menting path. The instructor has updated the flow and residual graph as explained in the
notepad text under Step 3. The problem is complete at this point since there cannot be any
more outflow from the source vertex a.
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Chapter 6

Analysis and Evaluation of the
Student Tool Experiment

The focus of the development of the student tool was on creating an interactive learning
environment and providing detailed immediate feedback on the student’s progress as they
work through exercise problems. The only existing tool to provide such feedback to students
as applied to graph problems is PILOT (Baker, 2000). While the experimenters of PILOT
formally evaluated learning outcomes, they did not study learning rate. The goal of our
experiment with the student tool was to measure whether student learning rate and learning
outcome improved through using Sketchmate as compared to using a traditional paper and
pencil technique. The hope was that the feedback Sketchmate provides students would help
students learn how to complete graph problems more effectively than with a paper and pencil
method which provides no feedback.

The experiment was a between-subjects, pre-test and post-test design. Students were
given practice exercises on both shortest path and network flow to work through during the
class period using either Sketchmate or paper and pencil. Students were allotted a fixed
amount of time to complete the pre-tests, practice exercises, and post-tests. The tests and
the exercises were both designed to be open-ended, that is, they contained more problems
than the students could complete in the allotted time. This design allowed us to measure
learning rate, given by the amount learned within a fixed period of time. The experiment
was designed to test several hypotheses.

The first hypothesis was that there would be no difference in learning for shortest path,
as measured by the difference between pre- and post-tests, when using either method. The
shortest path algorithm is a relatively simple algorithm, and we presumed that the method
of learning would be inmaterial in terms of learning outcomes. Results of the PILOT study
(Baker, 2000) support this presumption. The hope was that this hypothesis would be rejected
so that the conclusion would be that using Sketchmate for shortest path exercises would lead
to better learning.

The second hypothesis was that the students would learn better for network flow problems
using Sketchmate than paper and pencil. The reasoning behind this hypothesis is that we
presumed that Sketchmate would have more of an impact on learning for a more difficult
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algorithm such as network flow. In addition, since the students were given more problems
than they could complete in the allotted time, we presumed that the Sketchmate students
would complete more problems and thus earn more points than students who used paper
and pencil.

We also tested for significant differences in student performance on the practice exercises.
The hypothesis was that Sketchmate students would perform the same as paper and pencil
students for shortest path problems, and that Sketchmate students would perform better
than paper and pencil students on network flow problems, for the same reasons as explained
above.

Finally, we collected data of how students perceived ease of use and effectiveness with
either of the methods. The hope was that students would enjoy using the Sketchmate tool
at least as much, and possibly more than, using paper and pencil.

6.1 Subjects, Setting, and Materials

Approximately 40 students from the Fall 2011 undergraduate Algorithms course in the
Electrical Engineering and Computer Science department at the University of Tennessee-
Knoxville participated in the study. The experiment was included as a lab activity for the
course. The study was conducted in a computer science lab on campus. The students were
provided with a means of accessing Sketchmate through the internet. The experimenters
developed nine different shortest path problems and six different network flow problems of
varying difficulty. Both paper and Sketchmate versions of the problems were produced. The
students needed to show all of the steps in solving the problems.

6.2 Design

The experimenters used a between-subjects, pre-test and post-test model for testing dif-
ferences in learning rate and learning outcome on both the practice exercises and on the
difference between pre- and post-test scores for students using Sketchmate (experimental
condition) and students using paper and pencil (control condition). For the pre- and post-
tests, the dependent variables were the difference between pre- and post-test scores in terms
of number of points (a measure of learning rate) and percent accuracies (a measure of learning
outcome). For the practice exercises, the dependent variables were the number of points (a
measure of learning rate), number of correct steps (a measure of learning rate), and percent
accuracies for each (measures of learning outcome). For the pre- and post-tests, significant
differences across dependent variables were tested for using repeated measures analysis of
variance (ANOVA), and for the practice exercises, significant differences across dependent
variables were tested for using one-way analysis of variance (ANOVA). For both the tests
and the exercises, differences are considered significant at the ρ < 0.05 level for the learning
rate measures, and the ρ < 0.025 level for the learning outcome measures. These differences
in significance levels were necessary because the learning rate and learning outcome measures
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were largely based on the same data set. In order to obtain valid tests of significance for the
learning outcome measures, the confidence interval needed to be halved.

6.3 Procedures

The Algorithms course consisted of twice weekly lectures and a weekly three hour lab. There
were two lab sections and the experiment took place in each lab section in the computer lab.
Students were first given an 8-minute written pre-test on shortest path graph problems and
a 12-minute written pre-test on network flow graph problems. These two algorithms were
already covered in lecture prior to the experiment. Hence, the pre-tests should have measured
the students’ ability to work these problems after having seen a lecture on these problems,
but before they had done any homework with these problems.

After the pre-tests, the students were randomly assigned to two different groups. One
group completed shortest path problems with paper and pencil, and the other group com-
pleted the same exercises with Sketchmate. The set of problems was designed so that there
were more problems than the students could complete in the allotted time. Students were
given 20 minutes to complete as many problems as possible. After this part of the experi-
ment, the students using paper and pencil switched to using Sketchmate, and the students
using Sketchmate switched to using paper and pencil, and both groups completed the same
exercises on network flow. For this activity students were allotted 25 minutes. The students
were given a 5-10 minute demonstration of how to use the computer tool for each problem
type. For the students who worked with Sketchmate, their scores were recorded to a log file
each time they completed a problem. After each exercise portion, print-outs of these log files
were collected along with the other paper materials.

After the exercise sessions, all students were given about 10 minutes to review the so-
lutions to the exercises. Then all students were given a written post-test for both shortest
path and network flow problems. The structure of these post-tests was identical to that of
the respective pre-tests. The post-tests were given in the same class period as the exercises
to avoid the possibility of students studying for them and therefore distorting their scores.
Sections 4.2 and 4.3 give an example of a shortest path problem and a network flow problem
similar to the problems used in this experiment.

The participants were also given a written survey to obtain feedback on how well the
students liked each of the two methods, and how well the students felt those methods helped
them learn the material. There were several Likert scale questions with a rating between 1
(unfavorable) to 7 (favorable), as well as free response questions.

Only students who attempted the pre-tests and post-tests and who followed directions
properly were used in the study. The primary experimenter scored all attempted pre- and
post-test problems and in-class exercises for accuracy. The grading scheme was identical to
the automatic grading scheme used by Sketchmate, but it is quickly reviewed here. For each
step of shortest path, there were four components to the score: one point for each correct
vertex state change, one point for each correct vertex cost change, one point for each edge
properly added to or subtracted from the shortest path, and an “other” score for deducting
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for any changes in areas of the graph that should not be changed in that step. This “other”
score was either 2 points for all unchanged components being correctly left unchanged, or
0 points for one or more unchanged components being incorrectly changed. For each step
of network flow, there were components of the score for the augmenting path, flow graph,
and residual graph. For the augmenting path, the score consisted of one point for each
correct edge selection and an “other” score. For the flow graph, the score consisted of one
point for each correct flow change and an “other” score. For the residual graph, the score
consisted of one point for each correct edge capacity change, one point for each correct edge
addition/deletion, and an “other” score.

A second experimenter independently scored all of the attempted problems on both the
shortest path and network flow post-tests to determine interscorer agreement. For shortest
path the experimenters achieved 98.79% agreement, and for network flow the experimenters
achieved 99.71% agreement, which suggests that the post-test problems were scored consis-
tently. Most of the differences resulted from illegible handwriting of the students, or in one
case, a student being unclear about where he or she began the problem.

6.4 Results and Discussion

In this section we present our results for the shortest path tests and exercises, followed by
our results for the network flow tests and exercises. We then discuss our results for the
survey questions.

6.4.1 Shortest Path

The results of the pre- and post-tests of the shortest path portion of the experiment are
shown in Table 6.1. The mean, standard deviation, and median for the pre-test, post-test,
and difference between pre- and post-test are given for both the Sketchmate and paper and
pencil groups. The top three rows give the statistics for the total number of points earned
on the pre- and post-test. These numbers do not take into account whether the student
finished the attempted problems. The bottom three rows give the statistics for the percent
accuracy of completed problems. These numbers only consider the scores for problems that
were completed by the student.

While there was a statistically significant difference between pre- and post-test scores for
all students (ρ = 0.000), there was not a statistically significant difference in learning rate or
learning outcome between the Sketchmate and paper and pencil groups. For the total points
(learning rate) measure, the paper and pencil group actually improved by 5 points more
on average than the computer group, though statistically, the two groups are essentially
equivalent (ρ = 0.974). Interestingly, the median measure indicates that the computer
group actually scored 2 points more than the paper and pencil group. This suggests that
it is inconclusive which group achieved a higher learning rate. Note that the statistical
significance values are for the mean rather than the median (this is true for all results
reported in this dissertation). For the percent accuracy measure, the Sketchmate students
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had a mean 8 percentage point gain and a median 11 percentage point gain over the paper
and pencil group. While these results are statistically equivalent with ρ = 0.896 for the
mean, they do show that Sketchmate students scored roughly one letter grade higher than
paper and pencil students.

Table 6.1: Student tool points/accuracy for shortest path pre-test and post-test (SD =
standard deviation). 197 possible points for both pre- and post-test.

Sketchmate Paper/Pencil
Measure Mean SD Median Mean SD Median

Pre points 48 22 42 46 23 42
Post points 92 31 99 94 40 92
Diff. points 43 23 46 48 36 44

Pre accuracy 63.5% 21.9% 58.3% 66.4% 19.1% 72.4%
Post accuracy 83.6% 17.9% 91.0% 79.2% 16.3% 85.1%
Diff. accuracy 20.1% 18.0% 18.6% 12.7% 23.3% 7.2%

Figure 6.1 shows a plot of the improvement from pre- to post-test for the total number
of points for both groups. The lines are nearly on top of one another, so it is clear that the
performance of the two groups is essentially equivalent. Figure 6.2 illustrates a plot of the
difference between pre- and post-test for the percent accuracy for both groups. While this
plot clearly shows that the Sketchmate group had a higher improvement in scores, it was
still not enough to rise to the level of statistical significance.

Tables 6.2 and 6.3 give the results for the shortest path exercise problems. The mean,
standard deviation, and median for the total number of points and the percent accuracy of
points are given in Table 6.2. The first two rows give the results for the case where the grading
was cut off once a student received less than 50 percent of the points in a step of the problem.
This cutoff applied to both the Sketchmate and the paper and pencil groups. The last two
rows of the table show the results for the case in which there was no cutoff in the grading
and all of the attempted steps of the problems were graded, regardless of the student’s score
for any given step. This grading without cutoff scheme was only applied to Sketchmate
students; the paper and pencil students were always graded with a cutoff. The reason for
this grading decision is that once the paper and pencil students went off track and scored
lower than 50 percent on a step, the rest of their steps for that problem would be based on
a largely incorrect step, thus making it difficult to determine which portions of their answer
were actually correct or not, or if they were correct just by coincidence. However, when
students completed homework problems using Sketchmate, then if the students answered a
step incorrectly, Sketchmate corrected their answer before moving on to the next step. Thus,
each student answer for a step was based on beginning that step with the correct graph.

Each of the four measures in the table resulted in enough difference between Sketchmate
and paper and pencil that the results were statistically significant, as shown in the last
column of the table. With a grading cutoff applied, Sketchmate students scored 85% on
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Figure 6.1: Improvement of total number of points for shortest path pre-test and post-test.
C = Computer (solid line), P = Paper/Pencil (dashed line)
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Figure 6.2: Improvement of percent accuracy for shortest path pre-test and post-test. C =
Computer (solid line), P = Paper/Pencil (dashed line)
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average, and without a grading cutoff, they were able to score 89% on average, as opposed
to the paper and pencil group only scoring 70% on average. Again, for statistical significance,
the necessary ρ value for the total points measure was 0.05 and the necessary ρ value for
the percent accuracy measure was 0.025. It should be noted that because Sketchmate only
recorded the students’ scores for a problem after they completed that problem, only the
problems that were completed are included in the data for the exercise problems in order to
treat the two groups equally. Also note that the results for the paper and pencil group are the
same for the cutoff and no-cutoff cases, since the grading without cutoff scheme only applied
to Sketchmate students. Another encouraging result is that Sketchmate students scored an
average of roughly one and half letter grades higher than paper and pencil students in the
case of cutoff, and roughly two letter grades higher in the case of no-cutoff than paper and
pencil students.

Table 6.2: Student tool points/accuracy for shortest path exercise problems (SD = standard
deviation, C = cutoff, NC = no-cutoff). 312 possible points.

Sketchmate Paper/Pencil
Measure Mean SD Median Mean SD Median Sig.

Points (C) 191 80 194 135 76 153 0.042
Accuracy (C) 84.9% 11.1% 84.3% 69.9% 22.9% 72.5% 0.020

Points (NC) 199 79 199 135 76 153 0.021
Accuracy (NC) 88.7% 8.5% 89.7% 69.9% 22.9% 72.5% 0.003

Table 6.3 presents the analogous results in terms of the number of correct steps, as
opposed to earned points. A step is considered correct if the student receives at least 50
percent of the points for that step. The percent accuracy measure in the cutoff case indicates
how much of the problem a student successfully completed before the grading was cut off
or before the student ran out of time (if applicable), averaged over all of the problems that
were attempted by the student. For example, suppose a student attempted two problems,
the first of which contained 5 steps and the second of which contained 6 steps. The student
attempted all 5 steps in the first problem and all 6 steps in the second problem. However,
the student was cut off after 4 steps in the first problem and after 5 steps in the second
problem. That means that the student successfully completed 3/5 steps (60%) in the first
problem and 4/6 steps (66.7%) in the second problem. Averaging over both problems, the
student’s percentage accuracy would therefore be 63.4%. In the no-cutoff case, the percent
accuracy measure indicates the percentage of successful steps throughout the entire problem,
averaged over all of the problems that were attempted by the student.

Both measures in the case of no-cutoff achieved the level of statistical significance. Both
measures in the case of cutoff approached statistical significance with a ρ value of 0.064
for number of steps (ρ = 0.05 is significant), and a ρ value of 0.039 for percent accuracy of
steps (ρ = 0.025 is significant). On average, Sketchmate students improved from 84% to 91%
when the grading cutoff was not used, as compared to 68% accuracy for the paper and pencil
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students. It is interesting that the mean and median scores for Sketchmate are very close to
one another, while the mean and median scores for paper and pencil are 9 percentage points
apart. This is possibly explained by the higher standard deviations for paper and pencil
than for Sketchmate. As with the number of points result, Sketchmate students achieved
roughly one and a half letter grades higher on average for the cutoff case, and roughly two
letter grades higher on average for the no-cutoff case than paper and pencil students.

Table 6.3: Student tool steps/accuracy for shortest path exercise problems (SD = standard
deviation, C = cutoff, NC = no-cutoff). 41 possible steps.

Sketchmate Paper/Pencil
Measure Mean SD Median Mean SD Median Sig.
Steps (C) 25 10 26 18 11 19 0.064

Accuracy (C) 84.3% 13.8% 84.4% 68.4% 27.4% 77.4% 0.039

Steps (NC) 27 10 28 18 11 19 0.019
Accuracy (NC) 91.0% 8.9% 93.6% 68.4% 27.4% 77.4% 0.003

6.4.2 Network Flow

Table 6.4 gives the results of the pre- and post-tests of the network flow portion of the
experiment. Similar to the shortest path case, the mean, standard deviation, and median
for the pre-test, post-test, and difference between pre- and post-test are given for both the
Sketchmate and paper and pencil groups. Again, the top three rows give the statistics for the
total number of points earned, and the bottom three rows give the statistics for the percent
accuracy of completed problems. As with shortest path, there was statistical significance
(ρ = 0.000) for the difference between pre- and post-test for both groups, but no statistical
significance for the difference between the two groups. For the total points (learning rate)
measure, the Sketchmate group improved by 9 points more on average, and 21 points more
using the median measure, and while the result looks favorable, the result is not statistically
significant (ρ = 0.583 for the mean). For the percent accuracy measure, the Sketchmate
group scored an average of a 12 percentage points gain more and a median of 6 percentage
points gain more than the paper and pencil group, but this difference was not enough for
statistical significance (ρ = 0.274 for the mean). However, even though this result is not
statistically significant, the difference between the two groups amounts to roughly one letter
grade higher for Sketchmate students.

Figure 6.3 shows a plot of the difference between pre- and post-test for the total number
of points for both groups. Even though the Sketchmate group improves slightly more, the
lines are nearly parallel, and therefore do not show statistically significant improvement.
Figure 6.4 gives a plot of the improvement from pre- to post-test for the percent accuracy
for both groups. This graph shows a much larger difference in score improvements, although
it was still not enough to be statistically significant. However, as mentioned previously, the
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Table 6.4: Student tool points/accuracy for network flow pre-test and post-test (SD =
standard deviation). 218 possible points for both pre- and post-test.

Sketchmate Paper/Pencil
Measure Mean SD Median Mean SD Median

Pre points 74 61 72 68 56 69
Post points 133 57 145 118 67 124
Diff. points 59 46 72 50 46 51

Pre accuracy 40.6% 37.6% 31.7% 36.4% 36.1% 41.2%
Post accuracy 78.1% 26.3% 88.7% 61.3% 35.3% 72.5%
Diff. accuracy 37.6% 39.4% 29.5% 25.0% 37.4% 23.0%

Sketchmate group improved by roughly one letter grade higher compared to the paper and
pencil group.

In Tables 6.5 and 6.6, results of the network flow exercise problems are shown. Table 6.5
gives results for total number and percent accuracy of points, and Table 6.6 gives analogous
results for total number and percent accuracy of correct steps, just as in the shortest path
exercise problems. Note that finding the augmenting path and updating the flow and residual
graphs are considered two different steps in these calculations. The Sketchmate and paper
and pencil groups are much closer in the scoring for these exercises than with the shortest
path exercises, as is evident from the significance values in the last column of the tables. The
only measures that achieved statistical significance for either the points or the steps measures
were the percent accuracy measures in the no-cutoff case. The total points measure in the
no-cutoff case was close to statistical significance, with a ρ value of 0.075 (ρ = 0.05 is
significant).

Table 6.5: Student tool points/accuracy for network flow exercise problems (SD = standard
deviation, C = cutoff, NC = no-cutoff). 354 possible points.

Sketchmate Paper/Pencil
Measure Mean SD Median Mean SD Median Sig.

Points (C) 197 113 211 182 101 194 0.696
Accuracy (C) 68.6% 26.1% 74.9% 60.3% 31.2% 64.7% 0.407

Points (NC) 247 106 282 182 101 194 0.075
Accuracy (NC) 88.2% 9.2% 89.8% 60.3% 31.2% 64.7% 0.002

The most interesting results here are the differences between using cutoff and no-cutoff
with the Sketchmate students, both for number of points and for number of steps, in terms
of percent accuracy. In the case of number of points, Sketchmate students scored nearly 20
percentage points higher on average when the grading was allowed to continue instead of
being cut off. When the grading cutoff was applied, Sketchmate students scored roughly one
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Figure 6.3: Improvement of total number of points for network flow pre-test and post-test.
C = Computer (solid line), P = Paper/Pencil (dashed line)

Table 6.6: Student tool steps/accuracy for network flow exercise problems (SD = standard
deviation, C = cutoff, NC = no-cutoff). 51 possible steps.

Sketchmate Paper/Pencil
Measure Mean SD Median Mean SD Median Sig.
Steps (C) 29 17 34 28 15 30 0.812

Accuracy (C) 69.5% 27.5% 75.7% 63.1% 31.8% 70% 0.542

Steps (NC) 36 15 41 28 15 30 0.129
Accuracy (NC) 87.7% 12.4% 91.6% 63.1% 31.8% 70% 0.007
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Figure 6.4: Improvement of percent accuracy for network flow pre-test and post-test. C =
Computer (solid line), P = Paper/Pencil (dashed line)
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letter grade higher for both mean and median than the paper and pencil students. However,
when no grading cutoff was applied, Sketchmate students scored roughly three letter grades
higher using the mean measure, and roughly two and a half letter grades higher using the
median measure, than the paper and pencil students. Sketchmate students scored more
than 18 percentage points higher in the case of number of steps when the grading was not
cut off, as opposed to when the grading cutoff was applied. When the grading cutoff was
applied, Sketchmate students achieved roughly half a letter grade higher for both mean
and median than the paper and pencil students. However, when no grading cutoff was
applied, Sketchmate students scored roughly two and a half letter grades higher using the
mean measure, and roughly two letter grades higher using the median measure, than the
paper and pencil students. Not using a grading cutoff allows the Sketchmate students to
achieve statistically significant higher scores than the paper and pencil students. Because
Sketchmate gets students back on track after making serious errors, the students are able
to regroup and build up many more points beyond the step at which grading would have
otherwise stopped.

6.4.3 Survey Results

The numerical results from the survey are given in Table 6.7 for the shortest path questions
and Table 6.8 for the network flow questions. The first three columns of numbers give
the mean, standard deviation, and median for the students who used Sketchmate for that
algorithm, and the last three columns show the same statistics for the students who used
paper and pencil for that algorithm. The students gave an assessment of their comfort level
with the algorithm before and after working through the experimental activities. It is clear
that all students felt more comfortable with the algorithms after the activities, regardless
of whether they used Sketchmate or paper and pencil for the algorithms. They were also
asked to provide an assessment of their experience with the various operations for updating
the graphs in each step of the algorithm. Shortest path involves marking the edges in the
shortest path from the start vertex to the other vertices in the graph, updating vertex states,
and updating vertex costs. Network flow involves marking the augmenting path, updating
the flows and capacities along the edges, and adding or removing edges to/from the residual
graph. The students rated their experience for each of these operations for both Sketchmate
and paper and pencil on a scale of 1 to 7, with 1 being the most unfavorable and 7 being
the most favorable. All students could give a rating for the paper and pencil portions since
all students worked through the pre- and post-tests with paper and pencil. However, the
students who only used paper and pencil for the given algorithm could not give an assessment
for the Sketchmate portions of the questions, hence the blank entries in the tables.

An interesting result is that on average, for each operation of both algorithms, the Sketch-
mate students favored the Sketchmate version over the paper and pencil version. For exam-
ple, the Sketchmate students rated marking the shortest path with paper and pencil as 4.2,
which is lower than their rating of 5.5 for the Sketchmate version of marking the shortest
path. This result suggests that in general, students prefer Sketchmate to paper and pencil.
Table 6.9 shows the significance levels and effect sizes for each of the operations (ρ = 0.05
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Table 6.7: Student tool survey results for shortest path questions (SD = standard deviation,
P = Paper/Pencil, S = Sketchmate). The Sketchmate column gives the ratings that Sketch-
mate users assigned to Sketchmate and to Paper/Pencil, while the Paper/Pencil column
gives the ratings that the Paper/Pencil group assigned to Paper/Pencil. For Sketchmate
users, the Paper/Pencil ratings refer to their experience with Paper/Pencil on the pre- and
post-tests.

Sketchmate Paper/Pencil
Question Mean SD Median Mean SD Median

Comfort before 4.2 1.6 4 4.8 1.4 5
Comfort after 5.8 1.2 6 5.9 1.2 6

Shortest path (P) 4.2 1.9 5 4.3 1.5 4
Shortest path (S) 5.5 1.5 6 - - -
Vertex states (P) 5 1.2 5 4.9 1.5 5
Vertex states (S) 5.4 1.5 5.5 - - -
Vertex costs (P) 5.4 1.7 6 4.6 1.2 5
Vertex costs (S) 5.8 1.1 6 - - -

Table 6.8: Student tool survey results for network flow questions (SD = standard deviation, P
= Paper/Pencil, S = Sketchmate). The Sketchmate column gives the ratings that Sketchmate
users assigned to Sketchmate and to Paper/Pencil, while the Paper/Pencil column gives the
ratings that the Paper/Pencil group assigned to Paper/Pencil. For Sketchmate users, the
Paper/Pencil ratings refer to their experience with Paper/Pencil on the pre- and post-tests.

Sketchmate Paper/Pencil
Question Mean SD Median Mean SD Median

Comfort before 3.2 2.1 3 3.6 1.9 3
Comfort after 5.1 1.6 5 5.6 1.3 6
Aug. path (P) 4.3 1.5 4 4.2 1.9 5
Aug. path (S) 5.5 1.5 6 - - -

Flows/capacities (P) 4.6 1.2 5 5.4 1.7 6
Flows/capacities (S) 5.5 1.2 6 - - -

Edge add/remove (P) 4.3 1.5 4 4.9 1.8 5
Edge add/remove (S) 5.6 1.4 6 - - -
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is significant). The difference in rating for the augmenting path was statistically signifi-
cant with ρ = 0.030. The differences in rating for the shortest path and adding/removing
edges were near statistical significance with ρ = 0.060 for shortest path and ρ = 0.058 for
adding/removing edges. The effect sizes for vertex states and augmenting path were between
medium and large, while the effect sizes for shortest path and adding/removing edges were
medium. The effect sizes for updating the vertex costs and edge flows and capacities were
between small and medium, which is consistent with the fact that a number of students
commented that these operations were somewhat cumbersome.

Table 6.9: Student tool survey results for the difference between Sketchmate students’ rat-
ings for Sketchmate and Paper/Pencil for the shortest path and network flow operations.
Statistical significance level is 0.05. A small effect size is 0.1, a medium effect size is 0.25,
and a large effect size is 0.4. Effect sizes larger than 0.4 are generally unrealistic.

Operation Significance Effect size
Shortest path 0.060 0.286
Vertex states 0.108 0.373
Vertex costs 0.195 0.2

Augmenting path 0.030 0.337
Edge flows/capacities 0.144 0.146

Edge add/remove 0.058 0.234

Table 6.10 shows a summary of the results of the free response portion of the survey.
Students commented on aspects of the computer tool that they liked and that they did
not like, as well as suggestions for improvement, as indicated in the Positive and Negative
columns of the table. Only the aspects of the tool for which two or more students commented
are given in the table. A large number of students commented that they liked the immediate
feedback and that it helped them learn the algorithm. In general, students also seemed to
like the interface look and feel and the ease of use of the tool. The most frequent negatives
commented by students were that it was somewhat cumbersome to change vertex costs and
edge flows and capacities, and that the application would occasionally crash or freeze. A
separate survey question asked the students whether they prefer using Sketchmate or paper
and pencil. Out of the 34 responses to this question, 27 students preferred Sketchmate, 3
students preferred paper and pencil, and 4 students either had no preference or they preferred
using a combination of both Sketchmate and paper and pencil. A chi-square test showed
that this result was statistically significant with ρ = 0.000. Overall, the students enjoyed
using Sketchmate, and upon improving the functionality and user-friendliness of the tool,
future studies may show even more preference for Sketchmate.

76



Table 6.10: Student tool survey free response results. Numbers in parentheses are the number
of students who commented on that particular aspect of the tool. 37 students filled out a
survey.

Positive Negative
Feedback/explanation (24) Changing costs/capacities (23)

Well-organized/nice overall (10) Crashes/bugs (10)
Ease of use (10) Tedious (6)

Helpful/useful (8) Include more explanation for feedback (4)
Efficient/fast (8) Residual graph messy (edges) (3)
Clean/neat (7) Should split flow/residual into 2 steps (2)

Look & feel/layout (6) Should highlight areas to be changed (2)
Intuitive (4) Would like to undo last operation (2)

Corrects the working graph (2) Would like to show file name of graph (2)
Prefer to paper/pencil (2) Would like to work with random graph (2)

6.5 Limitations

In this section we discuss limitations of both the experimental design and the Sketchmate
software.

6.5.1 Limitations of the Experiment

One major limitation in this experiment was the small number of participants, as it was
restricted by the number of students enrolled in the course, which was approximately 50
students. A much larger sample, perhaps a couple hundred students, was needed in order
to reduce the variation in the data and allow for the possibility of producing more results
with statistical significance. Class sizes of that magnitude were simply not available for this
study. It may be difficult to ever achieve statistical significance because algorithms classes
will almost never be large enough to reduce the variability to the point where it is possible
to obtain statistically significant conclusions. Attempting to pool data from different classes
is not a viable option, even if taught by the same instructor, because variations in aspects
such as the sequencing of topics, the manner in which the topics are taught, and student
abilities would introduce additional independent variables that would be almost impossible
to control for.

Another issue was with the design of the pre- and post-tests. The problems increased
in difficulty for the first two or three problems, and then became easier for the problems at
the end of the tests. This design decision ensured that most students would have time to
complete at least two of the more difficult problems, which was a much better test of students’
knowledge than testing students on easy problems. We did not expect most students to have
time to work the easy problems towards the end of the test, and while few students were able
to get to the later problems, those who did scored high on these problems since they were
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much easier. Thus, students were not tested with enough difficult problems, and therefore
some post-test scores may have been inflated. For the shortest path post-test, the only
student in the experiment who completed the last two problems was a paper and pencil
student. A better test design would have been to order the problems in terms of difficulty
so that each problem is of the same or greater difficulty, but never of less difficulty, than the
previous problems. This test design flaw was corrected for the instructor tool experiment.

Another possible issue is the difference of format for the pre-test, exercises, and post-test.
For the students in the paper and pencil group, paper and pencil was the format of all of
the problems they worked through, whether it was pre-test, exercises, or post-test. However,
for the Sketchmate group, the pre- and post-tests were in paper and pencil format, while
the exercises were in computer format. Thus, students needed to become accustomed to a
different format between the pre-test and the exercises, and again between the exercises and
the post-test. This “context switching” possibly may have detracted from their performance.

An additional concern was that many of the students in both groups were able to complete
all the problems in the network flow practice problem set. The experimenters overestimated
the time that students would need to complete the problems, resulting in a shortage of
problems, which could have led to distorted results since the experiment was designed to test
students on the basis of an open-ended problem set. There were not enough practice problems
available to properly test if students using Sketchmate would complete more problems than
students using paper and pencil.

6.5.2 Limitations of Sketchmate

One of the limitations of the Sketchmate software is that it contained a few small program-
ming bugs, as is common for all new and developing software packages. In several cases, the
program would crash while the students were working through the exercises. This would
cause the students to have to repeat the exercise they were on at the time of the crash, thus
slowing down their progress and resulting in students not getting through as many problems
as they could with bug-free software. While this was not a major factor, it did detract from
some students achieving higher scores on the exercises.

Related to the programming bugs in the software is the fact that Sketchmate was not as
user friendly as it could have been. Many students commented on the survey that it was
somewhat difficult and unwieldy to edit the vertex costs and edge capacities and flows. This
shortcoming slowed the students’ progress on working through the exercises.

6.6 General Discussion

The results of this study were encouraging overall. While it was somewhat of a disappoint-
ment that learning rates did not improve significantly for a more complicated problem like
network flow, it was a rather pleasant surprise that for a simple problem like shortest path,
the improvement in percent accuracy for Sketchmate users was roughly one letter grade
higher (8% for mean and 11% for median) than for paper and pencil students. It was also

78



pleasing, but more expected, to see a mean improvement in percent accuracy of at least one
letter grade higher for network flow.

It was somewhat surprising that the Sketchmate results for the shortest path practice
exercises were actually better than the Sketchmate results for the network flow practice
exercises, in terms of levels of significance. Since the network flow algorithm is more com-
plicated, it is possible that the more complex computer interface could have presented a
greater challenge for students, as compared with shortest path. It would be of interest to see
if improving the efficiency and user-friendliness of the interface would result in any difference
in student performance. The measures of total points in both the cutoff and no-cutoff cases
showed a significant improvement for Sketchmate users for the shortest path exercises. In
terms of percent accuracy, Sketchmate students achieved two to three letter grades higher on
the shortest path exercises. The percent accuracy measure for the no-cutoff case showed a
significant improvement for Sketchmate students for the network flow exercises. This result
amounts to nearly three letter grades higher for Sketchmate students in terms of total points.

The most encouraging results are the differences between the measures when grading
cutoff is used as opposed to using no grading cutoff, especially in the case of network flow.
With network flow, eliminating the grading cutoff allowed the differences in the percent
accuracies for points and for steps to rise to the level of statistical significance. This allowed
Sketchmate students to score two and a half to three letter grades higher on the exercises
than the paper and pencil students, whereas with cutoff applied, Sketchmate students would
only score up to one letter grade higher than paper and pencil students. In many cases,
students would choose an incorrect augmenting path in the first step, resulting in grading
being cut off immediately. When students are then shown the correct path with Sketchmate,
they are able to learn from this feedback and get back on track to correctly solve much, if not
all, of the remainder of the problem. An argument could be made to also apply no grading
cutoff to paper and pencil solutions, and attempt to find correct portions of the graph for
the rest of the student’s problem solution. However, attempting this technique is risky and
becomes a very subjective process in that the grader would need to somehow guess at the
student’s thought process. With Sketchmate correcting the graph at each step, the students
are starting with a correct set of graphs each time, resulting in there being no doubt in
grading the student’s answer for the next step.

According to student feedback from the survey, in general, students prefer using Sketch-
mate to using paper and pencil to work through the problems. Students commented that the
immediate feedback and explanation was very helpful for them, and that they enjoyed the
overall interface experience and ease of use of the tool. The students made suggestions for
improvement in the areas of user-friendliness and functionality, and with these improvements,
Sketchmate may become more effective as a learning tool in the future.
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Chapter 7

Analysis and Evaluation of the
Instructor Tool Experiment

The focus of the development of the instructor tool was on providing an interface in which the
instructor can manually manipulate the components of a graph one by one in an interactive
environment, annotate their lecture with the use of a notepad object, and revert to previous
steps of the algorithm for review. The only existing tool that supports manual simulation
of graph algorithms for the instructor is MatrixPro (Karavirta et al., 2004), however, it only
allows the instructor to invoke a pre-defined library of high-level operations, rather than
allowing the instructor to manipulate the graphs at the level of vertices and edges. No
existing tool designed for simulating graph problems provides the Revert pane or notepad
features. The goal of the experiment with our instructor tool was to measure student learning
rate and learning outcome applied to graph problems resulting from observing a lecture based
on using Sketchmate compared to observing a lecture using the traditional whiteboard. The
hope was that a Sketchmate lecture would lead to equivalent learning rates and learning
outcomes as a whiteboard lecture, and that this dynamic environment can help use class
time more effectively than a static whiteboard environment using hand-drawing and erasing.

The experiment was a between-subjects, pre-test and post-test design. Students observed
a lecture on network flow based on using either Sketchmate or the whiteboard. Students
were allotted a fixed amount of time to complete the pre-test and post-test. The tests were
designed to be open-ended, that is, they contained more problems than the students could
complete in the allotted time. This design allowed us to measure learning rate, given by the
amount learned within a fixed period of time.

The experiment was designed to test the hypothesis that there would be no difference
in learning for network flow problems with a Sketchmate-based lecture as compared with a
whiteboard lecture. In other words, the hypothesis was that a Sketchmate lecture would not
detract from learning as compared with a whiteboard lecture. The literature [(Hundhausen
et al., 2002), (Narayanan and Hegarty, 2002)] suggests that the use of computer simulators
paired with passive learning does not increase learning outcomes. The main reason for
developing the tool is that it allowed for a cleaner and smoother presentation compared to
the whiteboard, and that an interactive manual simulation tool would make lectures more
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efficient and seamless.
We also collected data of how students perceived the presentation efficiency and effec-

tiveness with either of the methods. The hope was that students would enjoy observing
the Sketchmate lecture at least as much, and possibly more than, observing the whiteboard
lecture.

7.1 Subjects, Setting, and Materials

Approximately 40 students from the Spring 2012 undergraduate Programming Languages
and Systems course in the Electrical Engineering and Computer Science department of the
University of Tennessee-Knoxville participated in the study. The experiment was included
as a class activity for the course. The study was conducted in a department lecture hall on
campus. The experimenters developed whiteboard and Sketchmate versions of two different
network flow problems of varying difficulty. The students needed to observe a lecture on
both problems.

7.2 Design

The experimenters used a between-subjects, pre-test and post-test model for testing differ-
ences in learning rate and learning outcome as measured by the difference between pre- and
post-test scores for students observing a Sketchmate-based lecture (experimental condition)
and students observing a whiteboard lecture (control condition). The dependent variables
were the difference between pre- and post-test scores in terms of number of points (a measure
of learning rate) and percent accuracies (a measure of learning outcome). Significant differ-
ences across dependent variables were tested for using repeated measures analysis of variance
(ANOVA), with differences being considered significant at the ρ < 0.05 level for the learning
rate measure, and the ρ < 0.025 level for the learning outcome measure. These differences in
significance levels were necessary because the learning rate and learning outcome measures
were largely based on the same data set. In order to obtain valid tests of significance for the
learning outcome measure, the confidence interval needed to be halved.

7.3 Procedures

The experiment took place during a regular lecture period of the Programming Languages
and Systems course. Students were first given a 12-minute written pre-test on network flow
graph problems. The students should have previously seen network flow in an algorithms
course, but the algorithm is sufficiently complex that we presumed that students would not
have retained much knowledge about the algorithm. Comparing the pre-test scores in Tables
6.4 and 7.1, this seems like a reasonable assumption since the students in this experiment
did not perform better on the pre-test than the students in the algorithms course in the
student tool experiment.
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After the pre-test, the students were randomly assigned to two different groups. The first
group observed the instructor give an approximately 20 minute lecture on two network flow
problems using Sketchmate. The second group observed the instructor lecturing on the same
two network flow problems using the traditional whiteboard for approximately 20 minutes,
immediately after his Sketchmate presentation. One problem involved a straight-forward
network flow graph and the other involved a graph in which an augmenting path followed a
backedge. Section 4.3 gives an example of a network flow problem similar to the problems
used in this experiment. The time taken to lecture on the two problems was noted for each
technique.

After the lecture sessions, the students were given a written post-test on network flow
problems. The structure of the post-test was identical to that of the pre-test. The post-test
was given in the same class period as the lectures to avoid the possibility of students studying
for it and therefore distorting their scores.

The students who observed the computer tool lecture were also given a survey that asked
them questions about how they liked the computer tool compared to the whiteboard lecture
on the same material that they received in a previous semester. There were several Likert
scale questions with a rating between 1 (unfavorable) to 7 (favorable), as well as free response
questions. The survey included a question that asked students if they would prefer observing
a future network flow lecture presented with the whiteboard or the computer tool, and they
were asked to explain their preference.

Only students who attempted the pre-test and post-test and who followed directions
properly were included in the study. The primary experimenter scored all attempted pre-
and post-test problems for accuracy using the same scoring scheme described in Chapter 6.

An interscorer agreement test was not performed for this study, since the method for
grading the pre- and post-tests was exactly the same as the method used in the student tool
study.

7.4 Results and Discussion

Table 7.1 shows the results of the experiment with the instructor tool used for network
flow. The mean, standard deviation, and median for the pre-test, post-test, and difference
between pre- and post-test are given for both the Sketchmate and whiteboard groups. The
top three rows give the statistics for the total number of points earned (learning rate), and
the bottom three rows give the statistics for the percent accuracy of completed problems
(learning outcome). There was statistical significance (ρ = 0.000) for the difference between
pre- and post-test for both groups, but no statistical significance for the difference between
the two groups. For the total points measure, the Sketchmate group scored 28 points higher
on average and 30 points higher using the median measure, which seems promising, but was
not enough to be statistically significant (ρ = 0.147). For the percent accuracy measure,
the Sketchmate group only scored an average of roughly 6 percentage points higher than
the whiteboard group, which is consistent with the high ρ value (ρ = 0.502). Note that the
statistical significance values are for the mean rather than the median.
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An interesting result for percent accuracy is that using the mean measure, the Sketchmate
group scored roughly 6 percentage points higher than the whiteboard group, while using the
median measure, the whiteboard group scored roughly 2 percentage points higher than the
Sketchmate group. This indicates that the results of this experiment are ambiguous for the
percent accuracy measure in that it is unclear which method resulted in higher learning
outcomes. This odd result is most likely explained by the very high variability in the test
scores. A future experiment would perhaps produce a clearer indication of which method is
more effective in terms of learning.

Table 7.1: Instructor tool experiment results for network flow pre-test and post-test (SD =
standard deviation). 257 possible points for both pre- and post-test.

Sketchmate Whiteboard
Measure Mean SD Median Mean SD Median

Pre points 80 64 61 64 74 13
Post points 180 63 195 136 79 151
Diff. points 100 69 85 72 64 55

Pre accuracy 44.7% 32.8% 36.3% 41.5% 39.1% 36.1%
Post accuracy 76.4% 25.6% 83.9% 67.5% 33.5% 82.4%
Diff. accuracy 31.7% 34.1% 22.9% 26.0% 43.0% 25.3%

Figure 7.1 shows a plot of the difference between pre- and post-test for the total number
of points for both groups. There is clearly more improvement for the Sketchmate group,
however, not enough for statistical significance. Figure 7.2 gives a plot of the improvement
from pre- to post-test for the percent accuracy for both groups. These lines are even closer
together than those of the plot of number of points, thus illustrating the lack of statistical
significance in the results.

In Table 7.2, the mean, standard deviation, and median of the results for the student
survey are given. Only the students who viewed the computer-based lecture completed
the survey, as the students who viewed the whiteboard lecture could not comment on any
aspects of using Sketchmate as a lecture aid. Students rated each feature on a scale of 1 to
7, with 1 being most unfavorable and 7 being most favorable. As expected, all students felt
more comfortable with the network flow algorithm after the lecture than before the lecture.
In general, students preferred the Sketchmate lecture, as indicated by a score of 5.2 for
Sketchmate preference, and a score of 5.4 for overall experience of the Sketchmate lecture.
Individual aspects of updating the graphs were also favorable. Students also felt that the
Revert pane and notepad features were quite helpful in their understanding of the algorithm.

The results from the free response questions of the survey are shown in Table 7.3. Stu-
dents were asked to comment on aspects of Sketchmate that they liked and that they did
not like, and to give suggestions for improvement. The comments are only reported if two or
more students addressed that particular aspect. A number of students indicated that they
liked the fact that the graph items to be changed were highlighted in color, and that using
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Figure 7.1: Improvement of total number of points for network flow pre-test and post-test.
C = Computer (solid line), W = Whiteboard (dashed line)

Table 7.2: Instructor tool survey results for students viewing Sketchmate lecture (SD =
standard deviation)

Question Mean SD Median
Comfort before 4.1 1.9 5
Comfort after 6.3 1.0 7

Preference for Sketchmate 5.2 1.3 5
Overall experience 5.4 0.9 6
Augmenting path 5.5 1.0 5

Edge flows/capacities 5.1 1.1 5
Edge add/remove 5.2 1.3 5

Revert pane 5.6 1.1 6
Notepad 5.5 1.2 5
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Figure 7.2: Improvement of percent accuracy for network flow pre-test and post-test. C =
Computer (solid line), W = Whiteboard (dashed line)
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the tool is cleaner and more efficient, especially since the instructor does not need to erase
and redraw graphs. The most frequent negative aspects are that the interface is complicated
and very busy, and that updating the residual graphs and edge capacities could be made
smoother and cleaner. Overall, the students seemed to enjoy the use of Sketchmate in the
network flow lecture, and preferred it to an analogous whiteboard lecture.

Table 7.3: Instructor tool survey free response results. Numbers in parentheses are the
number of students who commented on that particular aspect of the tool. 17 students filled
out a survey.

Positive Negative
Efficient/fast (no redrawing graphs) (9) Cluttered/complicated (5)

Clean/neat (no handwriting) (7) Drawing graphs messy/slow (4)
Easy/clear (5) Updating flows/capacities (2)

Highlights items to change (3) Layout (2)
Notepad (3) Would like more color (2)

Revert pane (2) Would like for students to try it (2)
Useful/helpful (2) Fast-paced lecture (2)
Well-organized (2) Notepad text too small (2)

Like better than whiteboard (2) Would like notes/images distributed (2)

7.5 Limitations

In this section we discuss limitations of both the experimental design and the Sketchmate
software.

7.5.1 Limitations of the Experiment

One major limitation in this experiment was the small number of participants, as it was
restricted by the number of students enrolled in the course, which was approximately 50
students. A much larger sample, perhaps a couple hundred students, was needed in order
to reduce the variation in the data and allow for the possibility of producing results with
statistical significance. Class sizes of that magnitude were simply not available for this study.

Another issue is that the students only observed a lecture passively; they did not have an
opportunity to work with the computer tool hands-on. Had more time been allowed for the
lecture, the instructor may have incorporated methods of engaging the students by having
them follow along with the lecture by using the tool themselves. This approach may possibly
increase student learning outcomes.
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7.5.2 Limitations of Sketchmate

A number of students commented that the interface of Sketchmate was rather busy and
complicated. They would have preferred fewer graphs being shown and splitting the updating
of the flow and residual graphs into two separate steps. Both the students and the instructor
remarked that it was not necessary to show the previous flow graph. Students also felt
that drawing the residual graph could have been cleaner in terms of drawing new edges
and updating the edge capacities. Students seemed to find these interface shortcomings
distracting and it may have detracted from their learning. The instructor also commented
that clicking and typing to edit the edge flows and capacities was somewhat unwieldy and
slowed the lecture slightly. He suggested that a tab-key or a click-and-type (without the need
to manually delete the old value) approach might help the edge flow and capacity editing
process become smoother.

7.6 General Discussion

The results of this study were inconclusive. Students observing the lecture using Sketchmate
did not learn significantly better than students observing the whiteboard lecture. While
Sketchmate students achieved higher learning rates for both the mean and median, results
were mixed for the percent accuracy measure. Sketchmate students scored a higher mean
but a lower median than the whiteboard students in terms of percent accuracy. This incon-
sistency may possibly have been a result of the very high amount of variability in the data.
These ambiguous results warrant further investigation in a future study.

The instructor reported that he was able to cover more material in less time in the
Sketchmate lecture compared to the whiteboard lecture. The Sketchmate lecture took ap-
proximately 19 minutes while the whiteboard lecture took 20 minutes. In both lectures, he
verbally addressed five important points about flow and residual graphs, but in the white-
board lecture he only had time to write down three of these points, while in the Sketchmate
lecture he had time to type all five of these points. In the Sketchmate lecture he had time
to review the second example using the Revert pane, while in the whiteboard lecture he did
not have any time to review the second example. Even if he would have had time, there was
no easy way to review the steps, as the previous graphs had been erased. In the whiteboard
lecture, the instructor did not have time to update the residual graph in the last step of the
second problem, whereas in the Sketchmate lecture, he had time to complete both problems
in their entirety, as well as review the second problem via the Revert pane.

Another advantage of Sketchmate that the instructor reported is that it is much cleaner to
work with the graphs using Sketchmate than by hand-drawing the graphs on the whiteboard.
During the whiteboard lecture, he often needed to switch between different markers and erase
augmenting paths drawn in different colors, erase flow numbers to write a new number,
redraw edges after wiping them out while erasing the augmenting path, and erase edges
in the residual graph. It was much cleaner using Sketchmate, since he was able to simply
choose the affected item and modify it. He also found it easier in Sketchmate to highlight

87



alternative augmenting paths since he could simply click and select/deselect edges, rather
than needing to draw an augmenting path with a different color marker and then erase it.
Finally, the instructor found the ability to load pre-prepared graphs very helpful since hand-
drawing a graph on the whiteboard was time consuming and during his lecture he made
several mistakes in the graph while drawing it on the whiteboard.

The instructor also commented on several other features of Sketchmate that he found
helpful in delivering his lecture. As the students also indicated, he found the fact that
Sketchmate highlights in color all graph edges and flows that need to be changed useful. It
served as a reminder of what changes he needed to make to the graphs, plus it was much
clearer to the students that the changes in the flow and residual graphs only occur along the
augmenting path. The instructor also found it helpful that Sketchmate displays the previous
residual graph that clearly shows the augmenting path, because the augmenting path in the
current residual graph is obscured upon creating backedges. Lastly, the instructor found
the notepad to be a valuable feature in that it allowed him to quickly type definitions and
important points.

According to the student feedback from the survey, in general, students prefer observing
a Sketchmate-based lecture to a whiteboard lecture. Students commented that highlighting
changes, the Revert pane, and the notepad were helpful for them, and that they enjoyed the
overall interface experience and clean aspect of the tool. The students made suggestions for
improvement in the areas of interface complexity and the smoothness of drawing and updat-
ing residual graphs, and with these improvements, Sketchmate may become more effective
as a learning tool in the future. In general, both the instructor and the students preferred
using Sketchmate in lecture as opposed to the whiteboard, and with further development
and refinement of the computer tool, it may prove to serve as a useful lecture aid in the
future.

88



Chapter 8

Conclusions and Future Work

This research involved developing and testing two versions of a computerized instructional
tool for teaching the shortest path and network flow graph algorithms. One version is for
students to use in studying practice exercises and completing homework problems, and the
other is for instructors to use as an aid in presenting lectures. An experiment was designed
and performed for each tool to measure its effectiveness compared with traditional teaching
methods such as paper and pencil based homework and a whiteboard lecture. The following
sections present a summary of the findings from both studies, as well as possible directions
for future work.

8.1 Student Tool

The student tool allows students to practice shortest path and network flow graph problems
and receive detailed immediate feedback at each step of the algorithm. Results from the
experiments showed that students improved by about a letter grade more with Sketchmate
than with paper and pencil between pre- and post-test for both shortest path and network
flow, although the result was not statistically significant. Sketchmate students achieved
higher learning rates and higher percent accuracy than paper and pencil students on the
shortest path exercises, and these results were statistically significant. This corresponded to
a one and a half to two letter grade difference. The Sketchmate students achieved higher
learning rates and higher percent accuracy than paper and pencil students on the network
flow exercises, but these results were only statistically significant for the percent accuracy
measure when no grading cutoff was applied. The result amounts to a two and a half to three
letter grade difference. Overall, the students preferred using Sketchmate to using paper and
pencil for working through the exercises, and they felt that the immediate detailed feedback
was very helpful. Future goals for the student tool include improving learning rates, reducing
the amount of time to complete homework, and increasing, or at least maintaining, accuracy
of student homework submissions.
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8.2 Instructor Tool

The instructor tool provides a manual simulation environment for shortest path and network
flow graph problems with the ability to annotate simulations with notes and review previous
steps in the algorithm through the use of a Revert pane. Experimental results were somewhat
ambiguous and need further study. Sketchmate students achieved higher learning rates than
whiteboard students according to both the mean and median scores. However, for the percent
accuracy measure, the mean suggested that the Sketchmate tool might provide a slightly
better learning outcome, but the median suggested that a whiteboard lecture might provide a
slightly better learning outcome, and in any event, neither result was statistically significant.
The instructor reported that using Sketchmate allowed him to cover more material in less
time, and that it was much cleaner and more efficient to work with than hand-drawn graphs
on the whiteboard. In general, the students also preferred the use of Sketchmate compared
to the whiteboard because it is cleaner, it clearly indicates where changes need to be made,
and it includes additional useful features such as the Revert pane and notepad. Future goals
for the instructor tool include finding techniques to allow for easier, faster, and more effective
preparation and presentation of lectures involving data structures and algorithms, as well as
more efficient use of class time.

8.3 Lessons Learned

Several observations resulted from performing the two experiments. These observations are
discussed below.

1. Providing immediate feedback after intermediate steps in a homework simulation exer-
cise and correcting a graph so that it starts in a correct state after each step seems to
be a significant improvement over the traditional method of completing a homework
assignment and receiving some feedback on it a week or two later. Immediate feed-
back could be one of the biggest wins one gets from computer-aided tutoring systems.
The experimental results showed that manual simulation with interactive feedback in
a homework assignment can result in significant improvement in homework assignment
grades even for simple problems such as shortest path. They also suggested that such
interactive simulation systems might result in some improvement in overall learning
outcomes, as measured by the improvement from a pre- to a post-test, although unlike
the homework exercises, the results for the tests were not statistically significant.

2. Displaying both a “before” and “after” view of graphs, both in the instructor and
student tools, provided students with helpful contextual information, since in the tra-
ditional single view, the old state of the graph quickly gets destroyed and it can be
difficult to remember what it looked like or what changes still need to be applied by
the algorithm to complete the next step.

3. Providing a Revert pane is very helpful for quickly reviewing a problem or stepping
back to a previous step if a student has a question.
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4. Providing an annotation window is very helpful for quickly entering notes that the
instructor would like students to copy. The instructor who tested the tool initially
thought the window would be superfluous, but then found it quite useful during his
actual lecture.

5. Getting statistically significant results in experimental studies with students is ex-
tremely difficult because of the limited size of upper division classes at many univer-
sities. It took a nearly 2 letter grade difference between the experimental and control
groups to get statistical significance in a class of 50 students, which is an unrealistic
level of improvement for most tools. It is also difficult to compare studies across dif-
ferent semesters or studies from different universities because additional independent
variables get introduced, such as different instructors, different sequences of topics, or
different student capabilities.

8.4 Future Work

This research offers many possible avenues for future work. Possible future research directions
for both the instructor and student tool include:

1. Implementing manual simulation to operate on data structures other than graphs,
such as trees, heaps, lists, and hash tables. Applying manual simulation to other data
structures would offer insight into its level of success in multiple domains.

2. Working with randomly generated graphs in addition to user supplied graphs. This
ability would allow for unlimited practice of graph algorithms since users would not
need to design and input a graph themselves.

3. Modifying the means for updating vertex costs and edge flows and capacities through
the use of a type-and-tab method or a click-and-type method, to replace the present
method that involves deleting the old value and typing Enter to commit the change.
Both the students and the instructor found the current approach to be rather cumber-
some.

4. Displaying a table next to the graph showing the state information of the vertices
such as cost, predecessor, and whether or not the vertex has been visited. This table
would allow for an easier transition from the graphical representation to the algorithm
implementation in code.

5. Providing a code window where code can be entered and then executed, while changing
the appropriate component of a graphical representation of the data structure. This
would enable the user to visualize the correspondence between the current line of
code and its effect on the data structure and might help with the transition from the
graphical representation to the algorithm implementation in code.
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6. Collecting experimental data from different courses at various colleges, universities,
and community colleges to test the tool’s effectiveness across different institutions and
levels of instruction, and to help resolve whether the tool is beneficial to learning,
detrimental to learning, or neutral to learning.

In addition, the following items are possible future directions for the instructor tool:

1. Allowing the instructor to change the costs or capacities of the edges during the middle
of the simulation to address student “what if” questions or to correct a mistake that
might have been made when creating an impromptu graph.

2. Simplifying the instructor tool interface layout and reducing its level of complexity to
make it less overwhelming and distracting for students.

3. Allowing the instructor to manually simulate a general prioritized graph search algo-
rithm in addition to the built-in shortest path and network flow algorithms.

4. Providing a means for the students to actively work with the tool during class, rather
than passively viewing a lecture. If students are actively engaged in the material, it
may help students learn the subject better.
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The following list presents all the possible feedback messages a student could receive
while working through a shortest path problem. The letters and numbers assigned to the
vertices and edges are arbitrary. For purposes of this presentation, each message should
be treated as independent of the others. The purpose is to show each possible scenario of
incorrectly updating the graphs.

• Vertex v should be marked as Visited since it is the start vertex.

• Vertex v should be marked as Visited since it is the seen vertex with the smallest cost.

• Vertices x,y should be marked as Seen, Unvisited since they are neighbors of the visited
vertex v.

• Vertices u,w should still be Unseen, Unvisited since they are not neighbors of a previ-
ously visited vertex.

• Vertex v should still be marked as Visited and should not have been changed.

• Vertices x,y should still be marked as Seen, Unvisited and should not have been
changed.

• Vertex v should have a cost of 0 since it is the start vertex.

• Vertex v should have a cost of 10 and should not have been changed.

• Vertex v should have a cost of 10 and edge u-v should now be selected.

• Vertex v should have a cost of 8 since going through u is on a shorter path (8) than
going through w (10).

• Vertex v should have a cost of 8 since going through u is on a shorter path (8) than
going through w (10) and edge u-v should now be selected.

• Vertex v should have a cost of 8 since going through u is on a shorter path (8) than
going through w (10) and edge w-v should no longer be selected.

• Vertex v should have a cost of 8 since going through u is on a shorter path (8) than
going through w (10) and edge u-v should now be selected and edge w-v should no
longer be selected.

• Edge u-v should now be selected since a shorter path to v was found through u.

• Edge u-v should now be selected and edge w-v should no longer be selected since a
shorter path to v was found through u.

• Edge w-v should no longer be selected since a shorter path to v was found through u.

• Edge x-u should not have been deselected since it is still on the shortest path.
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• Edge y-z should not have been selected since it is not on the shortest path.

The following list presents all the possible feedback messages a student could receive while
working through a network flow problem. The letters and numbers assigned to the edges are
arbitrary. For purposes of this presentation, each message should be treated as independent
of the others. The purpose is to show each possible scenario of incorrectly updating the
graphs.

• Edges a-b, b-c should be selected since they are on the maximum flow augmenting
path, which has flow 6.

• Edges c-d, d-e should not be selected since they are not on the maximum flow aug-
menting path, which has flow 6.

• Edge a-b should have a flow of 8 since 6 is the flow along the augmenting path which
got added to its previous flow of 2.

• Edge b-c should have a flow of 6 since 6 is the flow along the augmenting path.

• Edges a-b, b-c should have a flow of 2 since the corresponding backedges in the residual
graph are on the augmenting path, therefore flow needs to be subtracted.

• Edges c-d, d-e should have a flow of 4 and should not have been changed since they
(and their backedges) are not on the augmenting path.

• Edge a-b should have a capacity of 8 since it replaced its backedge and now carries the
flow 6.

• Edge b-c should have a capacity of 6 since it replaced its backedge and now carries all
the flow.

• Edge c-d should have a capacity of 4 and should not have been changed since it is not
on the augmenting path.

• Edge a-b should have capacity 2 since it is reduced by the flow 6 because it is on the
augmenting path.

• Edge b-c should have capacity 8 since the flow 6 is added to it because it is a backedge
to an edge on the augmenting path.

• Edge a-b should have capacity 6 since 6 is the flow along the augmenting path.

• Edge d-c should not be in the residual graph since it and its backedge are not on the
augmenting path.

• Edge a-b should be deleted from the residual graph since it got replaced by its backedge.
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• Edge b-c should be deleted from the residual graph since its backedge now carries all
of the flow.

• Edge a-b should be replaced with its backedge b-a and its capacity should be the flow
6.

• Edge c-d should not have been reversed and should’ve been left alone since it is not on
the augmenting path and its capacity should be 4.

• Edge b-a should now be in the residual graph since it is a backedge that replaces a-b
and its capacity should be the flow 6.

• Edge c-d should not have been deleted since it is not on the augmenting path and its
capacity should be 4.

• Edge b-a should be added as a backedge to a-b and its capacity should be the flow 6
and the capacity of a-b should be reduced to 2.

• Edge d-e should not have been removed and its capacity should be 4.
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