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Abstract. A primary goal in operational neuroscience is to create translational
pathways linking laboratory observations with real-world applications.
Achieving this requires a method that enables study of variability in operator
performance that does not typically emerge under controlled laboratory cir-
cumstances; the present paper describes the development of such a paradigm.
An essential aspect of the design process involved eliciting subject engagement
without using extrinsic incentive (e.g. money) as a motivating stressor and,
instead, tapping an appropriate intrinsic incentive (i.e. competitive stress). Two
sources of competition were initially considered including one based on
self-competition and another based on competition with another individual;
ultimately, the latter approach was selected. A virtual competitor was designed
to affect individual valuation of momentary successes and failures in specific
ways and preliminary results revealed early indicators of success in meeting this
goal. Discussion focuses on implications and challenges for future research
using similar translational paradigms.

Keywords: Competitive stress � Affect � Motivation � Translational science

1 Introduction

Research on operational performance in defense contexts increasingly leverages the
knowledge, methods, and technologies of modern cognitive neuroscience to improve
decision making within complex, high-risk, time-limited circumstances [1, 2]. The
future success of such efforts relies partly on the ability to outfit warfighters with
lightweight, wearable sensor suites that, in concert with the application of advanced
computational techniques, facilitate the inference of a variety of cognitive and/or
emotional processes (i.e. attention control, decision-making, event appraisal) and states
(i.e. stressed, frustrated, fatigued; [3]). Ultimately, to make full use of such technolo-
gies, these types of efforts must establish clear translational pathways linking laboratory
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observations of operator state changes with real-world implications for the develop-
ment of systems and methods that will improve operational effectiveness.

Traditional research in cognitive neuroscience has tended to focus on delineating
changes in psychological constructs, such as mental fatigue or attention, using narrow
sets of variables derived from physiological and behavioral data recorded during
simplified tasks that were performed in tightly controlled laboratory environments. For
instance, some studies assess brain activity that has been averaged across hundreds of
isolated stimulus presentations using neuroimaging techniques that are limited in
spatial and/or temporal resolution (e.g. functional near-infrared spectroscopy, fNIRS,
or electroencephalography, EEG). While these paradigms have provided important
understandings of average brain dynamics and behavioral response patterns across
populations of individuals, they do not provide much power for understanding pre-
cisely how these patterns may vary within any given operator or from moment to
moment during individual performance instances within more complex task and
stimulus environments. A precise and individualized understanding, however, is nec-
essary to enhance real-time, real-world operational effectiveness of systems and tech-
nologies intended to work for individuals in varied operational circumstances. New
paradigms are thus needed to enable detailed understandings of brain-behavior rela-
tionships in individuals as they perform real-world operational tasks and make
real-time appraisals thereof [4].

The overarching goal of the project described in this paper was to develop and
validate methods for enabling and drawing inferences about event appraisal processes
(i.e. determining the value of actions and outcomes) as reflected in motivational and
emotional state variables. Specifically, we aimed to develop an understanding of
factors that influence the event appraisal processes expected to be revealed by
subjective changes in affect, task-specific motivation, and their associations
with performance.

2 Method

2.1 Assumptions

The research described herein was designed based on certain assumptions about the
information available for inference and classification of affective and motivational
states within realistic operational environments. Even in highly constrained operational
settings, such as tactical vehicle environments, there are sources of information that
have considerable potential to improve the estimation of operator states, particularly
when applied in combination with those already commonly used in neuroscience
laboratories (e.g. [5]). Further, we believe that such information may be mined to help
identify states with unique, yet consistent, neural, cognitive, and behavioral dynamics.
For example, the use of computer-vision technologies that register graph topologies
with individual facial features may be applied simultaneous with facial electromyog-
raphy (EMG) and electrodermal activity (EDA) recordings to assess and reliably
characterize operator affective variables during a variety of task conditions. The present
research was based on a method that we developed to leverage these approaches
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through the capture of continuous streams of data related to individual facial expres-
sions, head orientation, and manual behavior, EEG, EDA, ECG (electrocardiography)
and eye motion tracking, while subjects performed operationally relevant tasks. In
addition to the behavioral and physiological modalities, state data from common task
interface devices (keyboards, response pads, vocal inputs, etc.) as well as environ-
mental event data were also expected to enhance the performance of traditional
machine learning-based state prediction and classification systems.

2.2 Primary Task

Subjects were asked to perform an object detection and classification task in a
semi-realistic virtual environment that emulated a modern military-relevant urban
setting. There were four object types and each required a button-press response. The
objects appeared within moving imagery that represented the out-the-window view of a
tactical vehicle driving through an urban environment. As the vehicle proceeded, the
objects appeared in a randomized order at a variety of radial distances and eccentric-
ities. The subjects did not have any control over the simulated vehicle’s path.

For each 15-min condition, there were 300 object presentations divided among four
types. The object types included a male figure holding a large gun (human threat), a
male figure with no gun (human non-threat), a table that the subject could not see under
(table threat), and a table that the subject could see was clear underneath (table
non-threat). Objects each appeared for 1 s and the inter-stimulus interval was chosen
from a uniform random distribution between 1 and 3 s. Subjects were responsible for
reporting the threat status (threat/non-threat) of each object by pressing one of two
buttons on a response pad. For each subject, threats (regardless of human or table) were
to be indicated using one hand and non-threats with the other; the assignment of hand
to stimulus category was balanced across the subjects.

3 Design Considerations

The main goal of this research was to examine motivational and affective influences
over variability in operational task performance. Among the avenues towards achieving
this goal in a way that provided translational value (i.e., having a clear pathway through
which it may be applied in operational settings) it was essential to have a means of
facilitating a sense of investment in the task outcome that was analogous to motiva-
tional sources in the operational environment. Typically, research aiming to provoke a
sense of personal investment in the task has accomplished this by linking performance
outcomes to extrinsic rewards; most commonly these rewards have been in the form of
financial incentives. Here, our concern was within the domain of defense application.
Though financial incentives are indeed “real-world” (i.e. most adults are familiar and
have daily experience with valuing things in financial terms and, further, have some
motivational orientation towards financial gain), their function as a motivator on the
battlefield, where most decisions have a potential cost of human life or overall mission
failure, is not as clear. Indeed, it seems clear that not all types of incentives are equally
rewarding; the behavioral context is an important indicator of how a given decision or
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behavior is best valuated [6]. For the current research, it thus was considered appro-
priate to implement a different reward mechanism. In particular, we were interested in a
reward mechanism that was more internally driven and, at least in terms of face
validity, was more relatable to a defense context than would be financial gain. As such,
we developed the translational paradigm around competitive challenge. There were a
few crucial design considerations driven by the goals just described. These consider-
ations included the definition of the basis for competitive reward, the design of a
scoring function for the reward feedback, and the appropriate selection of the subject
population given the reward paradigm used.

3.1 Competitive Reward Basis

In considering what it might mean to motivate participants with a so-called competitive
stressor, the first question encountered was who, or what, should serve as the basis for
competitive evaluation. That is, against whose performance would the subjects evaluate
their own performance? Immediately, it was decided that actual human confederates,
though most preferred [7], were not feasible for several reasons including cost, time,
and experimental control. Thus, the remaining options necessarily involved the use of a
computerized competitor. Nevertheless, even within the domain of computerized
competition, the reward structure has several options. Most generally, rewards can
essentially be with the self or with another. That is, the rewards can be chosen to focus
the individual on evaluations of their current performance with respect to their own
recent performance history (self-competition). Alternatively, the reward structure can
be chosen to focus the individual on their current performance in comparison with that
of another. Therefore, during initial development of the software that served as the
basis for this study, two variants of the competitive reward were developed and
overlaid on the exact same game.

One of the two game variants that was considered was based on the concept of an
“Infinite Runner”. In this competitive format, game evaluators played to achieve the
highest score possible. There was no direct competitor. Instead, the competitive
feedback was structured such that the cost of an incorrect response increased with each
correct response. That is, each correct response would earn the player a flag and an
uninterrupted sequence of flags was required to score points, which were the main
objective. Importantly, an incorrect response would cost the loss of all current flags,
thus requiring the subject to start over in accumulating to the next point value. Further
rewards and protections were possible; for example, enough points could earn “shields”
that would offer protection against loss of flags. Thus, there were different levels of
achievement combined with different degrees of consequence for performance errors.
Ultimately, game evaluators indicated that the complex scoring structure of this game,
while more interesting, was less intuitive and thus less preferred for a single session of
game play (i.e. it would take longer to learn).

The second game variant, which was ultimately selected for the formal experiment,
was based on a model of more direct competition. That is, players were told that they
were in direct competition with a virtual competitor (VC) that they could out-perform if
they played well enough. Their score was displayed in direct opposition to that of the
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VC. In reality, the score of this VC was driven by a scoring function that accumulated
or lost points as a transformation on the recent performance history of the human player
(algorithm described in Sect. 3.2 below). Research advantages of this paradigm became
immediately apparent. Though the game evaluators reported that this variant was less
interesting, it was more intuitive and therefore, they had a more immediate under-
standing of what was needed to “win” the game. Moreover, a degree of simplicity in
experimental control was afforded by the use of the VC scoring function. That is, the
function was tunable to achieve a specific level of competition in terms of the per-
centage of time that the VC was ahead of or behind the performance of the player.

3.2 Structuring the Scoring Function

In order for the competitive stimulus to function properly (elicit subject investment and
engagement to the point of provoking affective state changes), it was not only
important that the subjects perceived the presence of the competition but also that the
competition was of a nature that it made sense to fully engage with the game. That is,
the players of this game needed to judge that there was a legitimate chance they could
win even if the apparent difficulty was high. Indeed, if and when subjects perceived that
the game was not “winnable” or was otherwise “rigged”, their personal sense of agency
and investment in the task would diminish. This risk was apparent in the formal data
sample when one subject noted “I lost competitive interest when I figured out it was a
slingshot AI” (implying fixed outcome). Now, despite the fact that the subject was
incorrect about the precise nature of the VC (it was not, in fact, a “slingshot AI”), the
important thing was that this resulted in complete disengagement in the task in terms of
personal investment in the outcome. Further, without a sense of personal investment,
the competitive reward would fail in provoking the kinds of motivational and affective
state changes that were actually of interest in this study.

Therefore, a primary task in the development of this translational paradigm was to
define the VC such that it tracked with the performance of the subjects in particular ways,
was tunable to particular levels of competitive challenge (see below), and that its func-
tional connection to the subject’s own performance was not immediately apparent. The
subjects must also have had a fair chance to win, even when winning was more or less
difficult. Several mechanisms were attempted through early development and evaluation
phases, including tracking of a weighted running average of the subject’s performance as
well as a number of different variations on proportional-integral-derivative (PID) based
feedback control schemes. Ultimately, a manually-tuned proportional-gain feedback
control model was the basis of the scoring function, with specific VC scores determined
by the control system plus a stochastic value added as a mask against detection by the
subjects.

3.3 Subject Selection

Logically, when choosing any particular reward mechanism to affect motivational and
emotional states, it is essential to ensure that the subjects actually value the rewards in
the manner expected. For instance, during the initial design phase for the stimuli to be
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used in the current paradigm, subjects who were self-identified “gamers” were thought
to be important to include as the game and competitive reward were evaluated. The
rationale for focusing on gamers as system evaluators was that they would already
maintain an intrinsic reward system based on the gain and loss of points and, therefore,
they would be motivated by this assumed value system. In the initial informal system
tests, a number of the evaluators who self-identified as both gamers and non-gamers
played the game under the two variants of the competitive reward system. Ultimately,
the responses to the game versions appeared independent of whether an individual was
a self-identified gamer. However, all evaluators were also asked additional questions
about their game-playing experiences and, as it turned out, the key variable that
appeared to elicit differing perceptions was whether the evaluators self-identified as
feeling competitive when playing the games. Moreover, not all evaluators who
self-identified as competitive were also gamers. While no formal analyses were con-
ducted on these early evaluations, the lesson was that the match of reward to per-
sonality traits was likely to be critical as expected. Moreover, because the manipulation
targeted competitive challenge, it was clear that self-identified competitiveness was
more important than gaming experience.

4 Translational Paradigm

Sixteen adult male participants1 who self-identified as being competitive were recruited
to participate in this experiment. Each subject played the game in two conditions, with
each condition representing a different level of competitive challenge. Subjects were
instructed to play the object detection and classification game with the primary goal of
outscoring the VC. The subject’s score was clearly displayed along with the score of
the VC and both were updated in real time. Immediate score feedback was shown per
target, with the numeric value for each response displayed as a brief pop-up overlaid on
the screen. Correct and incorrect responses were associated with specific sounds
connoting success or failure. The sound cues were intended to help the subjects more
readily evaluate their responses. To provide a persistent reminder of the competitive
aspect of the game, the difference between the subject’s score and that of the VC was
graphically represented with a color-coded bar at the bottom of the screen. The size,
direction, and color of the bar changed as a function of the score difference to indicate
whether the subject was winning (blue bar growing to the right of screen center) or
losing (red bar growing to the left of screen center).

Although subjects were told that the other score that appeared on the screen was
based on a computerized competitor (the VC), they were also told that the outcome of the
game was not fixed. Though the outcome was not fixed, the score of the VC was
controlled in a systematic manner relative to the subject’s real-time performance. To give
the impression of two levels of competition, the VC either closely matched the subject
(high challenge) or was clearly losing a majority of the time (low challenge). The actual

1 All participants in this research provided their voluntary, fully informed consent [8, 9], and
investigators adhered to U.S. Army policies for protecting human subjects [9].
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difficulty of the task was comparable across conditions. Figure 1 shows distributions of
the score differences between the subjects and the VC for each condition.

In addition to the level of persistent competitive challenge, the stimulus environ-
ment was varied to change the task difficulty within each condition. The intention of
this manipulation was to shift the task context, within each competitive circumstance,
in order to enable assessment of corresponding changes in affective state variables as a
function of the ambient context. Here, the task difficulty was periodically increased
with a fog that was overlaid onto the video stream. Shown in Fig. 2, these periods of
fog (shaded regions) were nearly identical across the two challenge conditions.

Fig. 1. Empirical distributions of the score differences between the subjects and the VC. The
distribution centered on 0 points (red) was from the high challenge condition and the one
centered on 50 points (blue) was from the low challenge condition. (Color figure online)

Fig. 2. Actual vs targeted score differences in the (A) low and (B) high challenge conditions.
The square trace is the target scoring function and the irregular trace is a representation of the
actual score differences observed. Shaded regions are times when the fog was enabled.
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5 Initial Results

Though formal analyses are as yet incomplete, initial assessments are encouraging for
the success of this paradigm. For instance, initial analyses on a subset (n = 7) of the
subjects with processed ECG data revealed some expected patterns. In particular, heart
rate variability, which has been shown to decrease with increased mental effort [10],
was also shown to decrease when comparing baseline measures to recordings when
performing the task; meanwhile, although to a much smaller effect, indications were
present for a similar decrease in the fog as compared with periods when the fog was not
present. Moreover, subsequent analyses on this same sample using K-means clustering
suggested that those subjects who tended to increase the visual search area when going
from low to high competitive challenge conditions, indicating greater visual searching
for targets, also tended to show greater reductions in heart rate variability as the task
difficulty increased. Finally, time frequency analyses comparing the low and high
competitive challenge conditions on a separate subset of subjects (n = 9) with pro-
cessed EEG are shown in Fig. 3. Here, a negative cluster (right-most scalp map; blue)
was statistically significant (p < 0.05) while a positive cluster (left-most scalp map; red)
was also observed although this did not reach significance for this small group size. In
both clusters, the low-challenge condition appeared to be associated with greater
event-related changes than in the high-challenge condition. Beta event-related syn-
chronizations following an incorrect button-press response, as seen in these preliminary
analyses, has been shown to increase in medial regions [11] and is likely reflected in the
present data. One interpretation of such preliminary results is that the subjects were
evaluating the meaning of their errors differently as a function of the perceived com-
petitive challenge induced with this translational paradigm.

Fig. 3. Results from a time-frequency analysis of the EEG data recorded on the initial 9 subjects.
Scalp map on the left shows positive event-related activation associated with the button press
(vertical dashed line at 0 s on the time-frequency surface) and the scalp map on the right shows a
negative event-related response following erroneous response trials.
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6 Discussion

While the currently observed patterns in subject physiology and behavior have yet to be
clearly and unequivocally associated with known affective state changes, these results
reinforce the premise that performance differences can be modulated through an
appropriately constructed competitive challenge. The results also suggest that subjects
respond in different ways to the increased competition, as well as to actual changes in
task difficulty (i.e., fog vs no fog). However, it is unlikely that any individual variable
will embody the entire influences of competitive challenge. Rather a comprehensive
view across multiple variables, simultaneously recorded and synchronized, should be
employed. The paradigm described in this work was effective in reaching its initial
objectives and well-suited for such operational analyses as suggested by the pre-
liminary results.
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