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ABSTRACT

Following the evidence of research in critical thinking and cognitive bias training, we developed training designed to
demonstrate people’s decisions and actions affected by cognitive bias or elicit a bias in the player. Ideas were collected
from and refined by experts with diverse backgrounds distributed geographically using an innovative solution. We
then developed a video game that used multiple scenarios to teach cognitive bias recognition and mitigation. A
learning and training effectiveness study indicated that the game was effective for learning although results were
inconsistent for the different cognitive biases addressed by the game. The game recorded detailed data about scenes,
scenarios and decisions each player made in the game. Called “breadcrumbs”, this data detailed the path every player
took. Traditional statistical analytic techniques tend to be clumsy instruments for breadcrumb analysis. Additionally,
early aggregation and dimension reduction make the data more tractable but less meaningful.

This paper details specific examples of how the breadcrumbs — paired with the study data — provided valuable answers
in pinpointing areas to improve the game’s learning effectiveness. The paper provides enough background
information on the subject to enable the audience to appreciate the difficulty in cognitive bias training effectiveness
and understand the examples shown. The majority of the paper discusses the data, the analysis, and the innovative
data visualization techniques used. We discuss approaches that may prove more appropriate to extracting useful
information from breadcrumb trails than traditional statistical analytic techniques. The audience will gain an
understanding of the value of testing, data collection, and data visualization in training, education, simulations, and
serious games. The paper will conclude with a discussion on using the techniques to improve the small batch testing
in serious game development.
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INTRODUCTION

The story of two very clever children named Hansel and Gretel has been immortalized because of their attempt to
avoid getting lost in the woods by leaving a trail of crumbs from a loaf of bread. This famous technique has been
improved upon and is still helpful centuries later to avoid getting lost in big data. In this paper, we describe the use
of digital “breadcrumbs” to help developers discover where players in a serious video game “went astray” and discover
correlations with learning effectiveness measures to pinpoint areas for improvement. This paper tells the true story of
analyzing breadcrumb data recorded about every decision/action each player made in the game combined with records
about every decision the player made in the test. This story has a happy ending like the old tale, as the analysis
enabled the game to be improved and be more effective at transferring knowledge, skills, and attitudes (KSA), so that
the players learn to be less prone to making judgment errors that are caused by cognitive biases.

Cognitive Biases

Several decades of research suggest that the human brain manages complex judgment and uncertain information by
applying heuristics or cognitive “short cuts” (BR&T, 2013; Heuer, 1999). While this is necessary for our survival, it
can lead to improperly influenced decisions, particularly when the information is incomplete or uncertain (e.g.,
(Kahneman, Slovic, & Tversky, 1982; Nisbett & Ross, 1980). To test a theory that a serious game might be more
effective than traditional training in cognitive bias recognition and mitigation, the Intelligence Advanced Research
Projects Activity (IARPA) and the Air Force Research Laboratory (AFRL) sponsored the Sirius Project under which
multiple teams developed various interactive computer games and conducted training effectiveness studies of those
games as compared to a training video. Each team designed and developed alternative versions that tested hypotheses
each team proposed to increase the training effectiveness of their game. The cognitive biases addressed by Phase 1
of the project as defined in the Broad Agency Announcement (BAA) (IARPA, 2011, p. 7) were:

e Confirmation Bias: The tendency to [preferentially] search for or interpret information in a way that
confirms one's preconceptions. Often preceded by priming.

e Fundamental Attribution Error (FAE): The tendency for people to over-emphasize personality-based
explanations for behaviors observed in others while underemphasizing the role and power of situational
influences on the same behavior (also called attribution bias).

¢ Bias Blind Spot (BBS): The tendency for an individual to be unaware of their own cognitive biases, even
when the individual can recognize [these] cognitive biases in others.

Cognitive biases are a result of the heuristic being processed unconsciously which is described as “System 1” thinking.
(Dual process theory, 2014) The primary method of mitigating cognitive biases is to trigger “System 2” thinking.
“Heuristic judgments, which lead to biases, are associated with System 1, and analytic reasoning, which may intervene
with these judgments and improve them, are linked to System 2” (Evans, 2008). The mitigation technique for each of
the cognitive biases in this program are:
e Confirmation Bias
o Consciously seek and possibly emphasize evidence that disconfirms your theory or initial evidence
o Use the Analysis of Competing Hypothesis (ACH) Structured Analytic Technique (SAT)
e Fundamental Attribution Error:
o Examine situational influences
o Put yourself in the other person’s situation
e Bias Blind Spot:
o Remind yourself that cognitive biases occur unconsciously — even your mind is suspect.
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The Enemy of Reason

The National Research Council Committee on Learning Research and Educational Practice’s report on “How People
Learn” states that experts are not just “smart” or knowledgeable on factual information, but are able “to generate
responses, with minimal cues, repeatedly over time with varied applications so that recall becomes fluent and is more
likely to occur across different contexts and content domains.” (Donovan, Bransford, & Pellegrino, 1999). The best
way to develop this ability is by requiring students to frequently retrieve the knowledge in a variety of contexts and
settings (Halpern & Hakel, 2003). Typical instruction of critical thinking skills that mitigate cognitive biases can be
generalized as awareness of the biases followed by awareness of the situations where they typically appear. It is
therefore important to have lots of examples and lots of practice. The examples are typically case studies and the
practice that is most effective are role-playing exercises. In addition, we included an in-game SAT based on ACH
that was adapted to help mitigate all three of the cognitive biases (Dargue, Jacobson, & Sanders, 2014).

The Enemy of Reason leverages video game technologies and game concepts to provide knowledge about each bias,
presents a variety of examples of biased people, and provides practice exercises with instructional feedback. The
exercises immerse the player in role-playing scenarios that are based on actual case studies or cognitive bias research
that have been woven into The Enemy of Reason storyline. At first, the player has to recognize and mitigate the bias
of non-player characters in the game. In advanced levels, the player must uncover and mitigate his or her own
cognitive biases in interpreting information and making decisions. Because it is important to provide as many
examples as possible in different contexts and settings as suggested by Halpern & Hakel (2003), the game includes
188 Cognitive Bias Interactions (CBIs) and is designed to be played in approximately five hours.

The game puts the player in the role of Agent Ian Solitaire and as other members of Ian’s team trying to solve the
mystery of a weapon that has dispersed a red cloud on the city. The player holds conversations with non-player
characters to uncover hypotheses and gather evidence, until he or she commits to a course of action (BR&T, 2013, p.
8). The red cloud contains bias viruses that appear to make some of the cognitive biases in the population more
pronounced and harder to mitigate. This plot device embedded in a classic espionage game filled with ambiguity and
uncertainty provides players with many opportunities to explore cognitive bias in others and oneself. (Dargue,
Jacobson, & Sanders, 2014). A considerable part of the game development involved authoring these opportunities by
writing the situations and dialogs for the interactions with the characters.

EFFECTIVENESS STUDY
Research Design

We used a pre-test/post-test control group design. Post-testing included both an immediate post-test, upon completion
of the training, and a retention post-test, 8 weeks later. The test instruments were on-line written tests that had both a
knowledge test and a behavior test. One was designed to measure the participant’s knowledge about the cognitive
biases. The second section of the test was designed to measure the participant’s degree of cognitive bias. An effective
game would then show an improvement in the “knowledge of biases” and a reduction in “cognitive bias” from pre-
test to post-test.

The Enemy of Reason study involved the manipulation of two independent variables: the use (or withholding) of a
SAT; and the manipulation of training duration/repetition. These two independent variables were used to form 3
experimental groups, to which a control group is added. The resulting 4 training treatment groups in the study are as
follows (BR&T, 2013):
1. Six Game Segments with SAT (SAT-6). This group receives six 30-minute segments of game-
based training with access to the SAT. The 6 segments used in SAT-6 involved combinations of
abbreviated forms of the 10 segments used in SAT-10.

2. Ten Game Segments with SAT (SAT-10). This group receives ten segments of game-based training
with access to the SAT. Each level lasted approximately 30 minutes.

3. Ten Game Segments without SAT (No SAT). This group receives ten 30-minute segments of game-
based training, but without access to the SAT.

4, Control. Training for the Control group is limited to one viewing of a government-provided, 30-

minute instructional video on cognitive biases.
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We selected a sample size of 30 participants per treatment group. Participants were drawn from the Mercyhurst
University Institute for Intelligence Studies. The protocol required that they be at least 18 years of age at the time of
recruitment. We used a stratified random sampling technique to ensure a gender ratio within the treatment groups of
no more than 65:35 for either sex. Table 1 shows the sample sizes at pre-test, immediate post-test, and retention post-
test.

Table 1. Sample Sizes at Pre-Test, Immediate Post-Test, and Retention Post-Test.
From Perrin et al, (BR&T, 2013)

Pre-Test Immediate | Retention
Post-Test Post-Test
Control 30 30 29
SAT-6 34 34 34
SAT-10 34 33 32
No SAT 33 31 28
Total 131 128 123

Study Results

The program had five metrics defined by IARPA: Improved knowledge of biases; immediate reduction in cognitive
biases; persistent reduction in cognitive biases; game that trains more effectively than an instructional video; and a
Game that is Engaging. |ARPA provided the instructional video on DVD as a hi-definition video file for playback on
computer screens. We developed a knowledge test and a bias behavior test instrument to measure the knowledge and
degree of bias for each participant. This test was provided as a pre-test before playing the game, a post-test
immediately after the last session playing the game, and a retention follow-up test given eight weeks after the last
game play session. Eye-tracking equipment was used to measure engagement. Negative percentages below indicate
where the participant’s post-test score was lower than the pre-test score. This was only observed in the control
condition.

e Improved Knowledge of Biases:
o All of our training treatments produced significant increases in the knowledge test scores at both the
immediate and retention post-test.
* Immediate: Trial: F(1,119) =502.3, p < .001.
= Retention: Trial: F(1,119) = 219.34, p <.001
e Immediate Reduction in Cognitive Biases:
o One or more game conditions exceeded the instructional video control. Averaged across all biases,
SAT-6 was the best condition with 10.3% reduction in the immediate test and No SAT was the best
condition for the retention test with 1.8% reduction. When looking at the individual biases for both
immediate and retention, SAT-6 was best at FAE mitigation training, and No SAT was best for BBS
mitigation training.
= SAT-6: 24.6% reduction in FAE (Control: -8.7%)
= No SAT: 28.6% reduction in BBS (Control: -1.0%)
= No groups showed a reduction in CB (Control: 0.8%)
e Persistent Reduction in Cognitive Biases:
o Reduction across biases (pre to retention post-test)
»= No SAT (best condition): 1.8%; however, best condition depended on the bias measured
= Bias reduction for Control: -7.5%
o Reduction in individual biases
=  SAT-6: 6.8% reduction in FAE (Control: -11.2%)
= No SAT: 23.1% reduction in BBS (Control: 2.0%)
= No groups showed a reduction in CB (Control: -19.4%)
e Game that Trains More Effectively than an Instructional Video (Control)
o Effectiveness (pre to immediate posttest)
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= SAT-6 > Control: FAE; F(3, 119) = 2.71, p <.048) for Treatment by Trial interaction
= No SAT > Control: BBS; F(3, 119) = 3.20, p < .026) for Treatment by Trial interaction
o Effectiveness (pre to retention post-test)
= No significant differences between Control and any version of the game
e Game that is engaging:
o The mean level of engagement across all participants was 80.2%, compared to the Program objective
of 75%. The minimum level of engagement for any participant was 53.1%, compared to a Program
objective of 50%

Table 2 provides additional detail on the changes in average bias knowledge score, showing the pre-test, immediate
post-test, and retention post-test means and standard deviations by training treatment group. Figure 1 shows these
results as a graph. As shown in Figure 2 and discussed above, there was some significance differences in the results
of knowledge improvement between the biases and for FAE, between study conditions. These graphs also clearly
show that the game was better at persistent knowledge improvement than the control video.

Table 2. Immediate and Delayed Bias Knowledge Results. From Perrin et al, (BR&T, 2013)

Pre-Test Post-Test Delayed (8-week) Post-Test
Wosre, | N Men SD | N Mem sD M| N Men SD RO
SAT-6 34 353 215 |34 804 180 t(3§)<=.§§ig5' 3 765 224 t(3p3)<=_0%12’
SAT-10 32 333 206 |32 760 204 t(SpllfO%fg' 32 684 263 t(3p1)<:_0%f7'
No SAT 28 357 197|28 790 217 t(2p7)<f0%f6' 28 766 237 t(2p7)<:_0%f 3
Control 29 303 206|290 831 187 t(zg):égilg, 29 598 254 t(sz_o%f&
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Figure 1. Immediate and Delayed Bias Knowledge Results
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Knowledge Measures Per Bias
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Figure 2. Immediate and Delayed Bias Knowledge Results Per Bias/Condition

DATA ANALYSIS

Traditional multivariate statistical analysis, such as ANOVA, is an extremely powerful tool for identifying the
correlations between features. Given a sufficient number of samples, an analyst can reliably match outcomes with
putative inputs. The analyst who detects such correlations between, for example, the achievement of learning
objectives and a particular training methodology will be tempted to attribute this learning success to that particular
methodology. In a perfect experiment, the inference will be true.

In our case we could control for most variables, while we examined two independent conditions. One was the length
of play and the other was the presence of a Structured Analytic Tool (a job aid for cognitive bias mitigation). Because
of the carefully controlled experiment, correlations between these variables and the learning outcomes can be reliably
classified as causal. Although the experiments were designed to measure the instructional value of these two features,
the team relied on the data from the study to create a better game for later trials. This means evaluation of features
other than the two independent variables.

The Enemy of Reason presents the player with nearly two hundred individual plot points in which the player is called
upon to identify and mitigate cognitive bias. The bias is manifest either in a game character or, in the advanced levels,
in the player herself. Since total time of play was one of the two independent variables, the team developed a shorter
edition of the game in which the cognitive bias encounters were reduced by thirty-six percent. This reduction offered
the opportunity to eliminate the least valuable CBIs and ensure we retain the most potent interactions.

The identification of the value of each CBI began with statistical analysis of the breadcrumb record. Each of these
CBIs offers both a learning experience and a decision point that exercises the recently learned principle. The analysis
sought to measure the gameplay data to find correlations between these intended learning experiences and final
outcomes. The figure of merit was contribution to the program’s goals — improved knowledge and skills.
"Improvement" was defined as the reduction in error between the pre-treatment test and the post-treatment test. Using
anonymously assigned identifiers, these improvement scores were calculated for two dimensions of learning:
knowledge acquisition and behavior change.

Breadcrumb data is a record of the path a player takes through the game. In web page design, breadcrumbs are exposed

to a site's visitors to offer both an orienting device and a set of incremental steps back to the website's home page.
These website breadcrumbs do not really record the user's path from the home page to the current page. They simply
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show the shortest path back. The user arrived at the current page after numerous distractions, dead ends and fruitless
loops. These would not appear in the “breadcrumb” navigational device employed by website users. However, every
misstep, backstep and repetition is potential gold to the prospectors panning the clickstream of player experience for
the paydirt of serious games and adaptive training efficacy.

Applying ANOVA techniques against this richer but unfiltered record of player choices, good and bad, yields
interesting insights. Evidence shows what game designers and classroom teachers have long known: more learning
is earned by those who fail and struggle to correct themselves than those who achieve correct answers easily. This is
shown in the “Learning Traffic” maps of the game’s level 4 (Figure 3). This visualization was inspired by Edward
Tufte’s data presentation for Charles Minard’s map of Napoleon’s Russian campaign (Morais, 2014). For the full
version of the game, half the people who began the level learned the lesson. Two thirds of those who finished it
learned. This visualization helped determine where the learning occurred and where the attrition occurred. (Jacobson,
2013)

For early challenges in the game, more learners make incorrect decisions. In the figure below, each scene with a
decision in level 4 of the game is shown as a box. The number and type of players that made each decision is shown
next to the paths out of the box. The optimum path is displayed left to right along the horizontal. Branching above
the horizontal are the result of incorrect or “less than optimal” decisions. The blue path and numbers represent test
subjects (players) for whom the game was substantially effective — i.e. their learning was significant as measured by
comparing test scores before and after playing the game. As can be seen by the size of the traffic and the numbers,
the majority of (three times more) players in level 4 did not make the optimum choice for the first decision regardless
of whether they were learners or not (23+25 versus 8+7). For the second decision made in this level (made at the
mess area), the incorrect choices were almost evenly split among the learners (11 versus 15) but the majority of non-
learners choose the choice that led them to the campfire (22) as compared to the choice that would have led them to
the money tent (8).

By applying the traffic map style of analysis to the breadcrumb data gathered in the initial study the developmental
team was able to refine user choices to pinpoint where the embedded decision tree did not support the learning design.
The utility of the breadcrumb data was found to provide the conclusive evidence that solved major debates among the
design team on how to enable the game to better support user learning. For example, this analysis showed that the
mess area needed to better prepare the learner; the fighting scene should be removed as it was not critical and the
mistakes in that scene led to major attrition; and the money tent scene should be improved.

Enemy of Reason - Level 4 Traffic
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Figure 3. Traffic Map Data Visualization
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Discovering Shopping Cart Mom

When we had less than desired learning effects for FAE and BBS, we applied data analysis techniques on the
breadcrumb data looking for any correlation. We did not find any except where the measures were made in the test.
Because the breadcrumb data was recorded for every decision the player made, we concluded that, as the analysis
showed, there were no optional paths that were at fault. We concluded that it had to be a branchless area of the game
present in both the short and long version that was causing people to get confused. That focused our attention on the
common tutorial, and then we used human review to isolate down to a scenario titled Shopping Cart Mom. This
scenario was authored as a complex example of multiple biases and was made to be an effective teaching moment
only when used with carefully authored instructional feedback. However, during the study, the scenario was used in
the tutorial when introducing the biases. We believe that without the instructional feedback, it probably confused the
player more than it helped. The focused hunt enabled us to rapidly identify where to make changes to the version that
was delivered for IV&V testing, such as moving Shopping Cart Mom from the tutorial to where it was used with
instructional feedback. Improvements like this resulted in a game that resulted in higher IV&YV effectiveness measures
than the version we tested.

INDEPENDENT VALIDATION OF RESULTS

We incorporated changes identified by the breadcrumb analysis and provided the game for independent testing of the
Phase 1 games conducted by The Johns Hopkins University Applied Physics Laboratory (JHU/APL) on behalf of the
Government. Figure 4 shows combined bias scores for all three biases, higher (100) is better. The percentages reflect
percent improvement relative to pretest scores. The modified Enemy of Reason game is shown as the third set of
columns from the left and the control condition using the video is the last set of columns on the right. This IV&V
study used the same protocol, however, the results are based on a different set of test instruments, so a comparison is
not conclusive. However, we are confident that the changes we made based on the data analysis such as moving
Shopping Cart Mom to an advanced level did indeed improve the game.

Student Average Pre/Post/Delay Test Score by Performer
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Figure 4. Independent testing of the Sirius Phase 1 games conducted by JHU/APL
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SUMMARY

The original plan to use online survey services and apply traditional trend analysis on pre- and post-test on knowledge
and behavioral adaptation actually increased work load on the developmental team and led to false conclusions due to
a limited data set (only one user trial). The inconclusive results caused from initial trend data forced the design team
to consider alternative analytical methods.

An expanded analytics of the breadcrumb data, once understood, provided very insightful analysis of the learning
being accomplished by the test audience. It proved to be more pragmatic, objective, and precise than using the
competing “poll numbers” method of online surveys, SME murder boards, and the analysis of trends from early user
tests and the initial large group trial (the analysis of the trial results were not aimed at learning analysis within the
game nodes; the analysis was to gauge and measure progress toward program objectives rather than answering why
trends were occurring within the game). After applying changes identified by the breadcrumb analysis, immediate
bias reduction increased from 10% to 22% in the immediate post-test and from 2% to 24% in the retention post-test.

The traffic map graph was a valuable tool for analyzing specific learning experiences - but it could be improved. Next
time, instead of measuring aggregate traffic at each edge of the graph, we will consider each individual’s path through
the entire level. By comparing these breadcrumb trails, we can determine the most constructive paths of success and
failure to ensure that little failures by the learners in the game lead to fewer failures by the learners in their daily work.
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