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Abstract. A study was conducted to investigate the use of neurophysiologic
synchronies as a measurement of team cognition (1) in a military-style virtual
environment simulation. Neurophysiologic synchronies (NS), defined as the
second-by-second quantitative co-expression of the levels of cognitive
measures by individual members of a team (8), were found to be useful in
monitoring the quality of teamwork and to be a means to identify more optimal
patterns of team interaction which can be used to provide feedback during
training. In the current study, findings showed promise for further research in
the collection of NS. A framework is also proposed to support the research and
training of team cognition.
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1 Introduction

Team performance is critical to the success of many organizations whether the teams
are co-located or virtual; hierarchical or decentralized. Today, team performance is
equally critical for our warfighter. Mission success is dependent upon the coordinated
effort of those teammates executing the mission side-by-side as well as the efforts of
the extended team responsible for planning and supporting the mission.

Our service men and women are well trained before they deploy. They are trained
in how to operate their equipment, trained in operations and other requisite skills.
However there is an identified gap between their formal training and the skills needed
during a mission in a forward location. Sometimes what they need to know for a
successful mission is only discovered the day prior.

This gap is being addressed by the Services via deployed mission rehearsal training.
During these training exercises, specific, current tactics, threats and situations can be
rehearsed and practiced prior to the mission. Critique of the training rehearsal can be
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given prior to the mission and a level of mission expertise can be attained by the team
prior to the beginning of the mission.

Deployed mission rehearsal training provides an opportunity to address the
complexity of team performance. One aspect of team performance is experience. Dyer
(2) suggests that when a team has more experience working together, they are better
able to coordinate their efforts, and have better team processes and performance.
Klein, Zsambok and Thordsen (3) suggest that teams may have maturity levels as they
move from entry-level to expert-level team. Mission rehearsal provides an
opportunity to execute scenarios of potential situations to allow the teams to move
from entry-level to expert.

A component of team expertise is addressed in the construct of team cognition or
sometimes referred to as team level macrocognition (4, 5, and 1). This construct can
be seen as the integrated thinking of a team that includes cognition, behavior and
attitudes that contribute to team performance. It includes shared knowledge or mental
models and shared processes. Blickensderfer et al (6) distinguish between pre-
performance shared knowledge (mental model) and the dynamic shared knowledge,
such as shared situation awareness, that forms among team members while
performing a task. Klein (7) lists real-time team processes whose quality contributes
to team performance, such as controlling the flow of information, forming shared
situation awareness, applying strategies for decision making and problem solving and
monitoring team performance.

Klein (7) and Blickensderfer et al. (6) suggest cognitive task analysis techniques to
identify the knowledge requirements, including processes, decisions, barriers, errors,
cues and strategies that need to be shared for effective team performance. Team
cognitive task analysis techniques can be used to define the content of the shared
mental model which will be the basis for mission training, including: mission
objective, unique mission situation, roles and responsibilities, possible threats, and
modifications to procedures for response to threats based upon latest intelligence and
intent.

The use of a virtual training environment simulation of the mission provides the
rehearsal needed to build the expertise of the current team and to create a team shared
mental model when directed feedback can be provided. Mathieu et al. (5) used a
networked simulation with six scenarios to investigate the development of shared
mental models and their effect on team performance. They did not provide detailed
analysis and feedback, such as an After Action Review, after each scenario because
they were looking at the effects of experience alone. They found some improvement
to coordination and cooperation, but it did not result in a greater shared mental model.
Their findings support the idea that guided experience and developmental feedback is
needed to support this type of learning. Given that team cognition addresses both
internal and external processes of the team, a challenge to providing the most
appropriate feedback to enhance training becomes identifying a measurement of team
performance that allows for timely feedback to the team to guide them in their
internal process of building their shared mental model and improving their team
processes. Stevens et al. (8) suggests that internal processes can be studied via
surrogate quantitative measures such as EEG metrics, pupil size, and heart rate
variability.
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2 Neurophysiologic Measurement of Team Performance

Previous research examined the utility of collecting team members’
electroencephalography (EEG) and electrocardiography (ECG) to measure cognitive
components such as attention, workload, engagement, and stress for the modeling of
team cognition (8). In this study, five three- person- teams of college students were
asked to do a problem solving task to make a determination if the person shown in a
simulated reality show should seek help for drug abuse. EEG data collected using the
B-Alert wireless headset and software from Advanced Brain Monitoring, Inc (ABM).
first decontaminates and then performs real-time calculations of cognitive states
changes. The result is a value for mental work load (WL) and engagement (E) ranging
from 0.1 to 1.0 for each 1 second epoch. The WL and E values are then normalized,
values for each team are provided to a self organizing artificial neural network which
then provides patterns of WL and E for each team, called neurophysiologic
synchronies (NS). Neurophysiologic synchronies (NS) are the second-by-second
quantitative co-expression of the levels of cognitive measures by individual members
of a team. Stevens et al. (8) report unique neurophysiologic synchronies that were
commonly found across the teams. Examples are patterns where all team members are
actively engaged with moderate to high workload values to ones where one or more
team members were not engaged and had low workload values.

Each team was tested against the identified patterns and it was determined that
each team was different in the number of NS and which NS were most frequent. For
example, Group 3 had fewer NS frequently repeated and those were ones where all
teammates were engaged and working. At the other end of the spectrum was Group 2
with a high number of NS, with more of them representing team members who were
not engaged or not working. Group 3 performed better based upon subjective ratings
of video logs and objective measure of time to solution and correct solution. Group 2
took the longest to complete the task. Stevens et al. (8) further aligned the NS to tasks
the operators were performing and how those tasks map to three processes: mental
model formation, mental model sharing and integration, and mental model
convergence and revision. They identified three NS whose patterns of reoccurrence
aligned well to each process.

These findings suggest a promising approach for monitoring the quality of team
internal processes that relate to team performance. We wanted to apply this approach
to small teams of warfighters and to hopefully identify points to recommend more
optimal synchronies after a mission rehearsal in order to improve team cognition and
performance.

3 Pilot Study

A preliminary study was designed to further investigate the nature of team cognition,
in particular, aspects of neurophysiologic synchronies as applied to small groups of
warfighters. While the end objective is to look at team cognition at multiple levels: 1)
the small team and 2) the multi-team, such as platoon level team, and to identify a
method for providing directed feedback on internal team processes during a mission
rehearsal session, the initial pilot study was designed to begin more simply.
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Our hypothesis is that as members of a team perform a collaborative task, each
team member will generate varying degrees of cognitive components such as
attention, workload and engagement and that the levels of these will vary depending
upon the task and the level of expertise of the team. Specifically, we expect to see
changes in the levels of the cognitive component from first execution of the scenario
to the sixth execution. We expect to see improvements in team performance in terms
of time to execute the scenario and ability to recognize and avoid threats from the first
execution of the scenario to the sixth execution. We expect to see patterns in
neurophysiologic synchronies change from the first execution of the scenario to the
sixth execution.

3.1 Tasks and Methods

For this study, the training scenario was built to investigate the fundamentals of three-
person team collaboration in a dismounted engagement in a small village. Total
Immersion Software, Inc. RealWorld software was used to construct the scenario.
RealWorld is a PC-based simulation platform that enables non-programmers to
rapidly build 3D, geo-specific simulations. The primary team objective is to eliminate
a foe and complete the mission, but to do that they must traverse a village and
overcome unexpected obstacles. The scenario was designed to create cause-and-effect
across team members. For example, if one team member did not obtain and
communicate intelligence in a timely manner, the other team member would advance
too far. This would trigger a hostile attack, a detonation of an IED, etc. Figure 1
shows a view of the village with potential threats identified. Team member A (route
shown in red) and B (route shown in blue) were on the ground with a choice of routes
to achieve their objective and meet at the rendezvous point(s). Team member C acted
in a command and control role from a remote location while using a UAV (free
camera) feed to gain his tactical oversight of the village and mission. His second role
is to be the communication link for the team. He has full access to beyond-line-of-
sight communications to provide intelligence reports of late breaking news to the
team and to pass on requests for support from the team.

Six subjects were recruited to participate in the study. Testing was conducted at the
ABM offices located in Carlsbad, Ca. Three gaming systems were set side-by-side in
a test room. Subjects were assigned to role of team member A, B, or C.

The three team members were fitted with the ABM B-Alert EEG 9-channel
wireless headset that has the following sensor site locations: F3, F4, C3, C4, P3, P4,
Fz, Cz, and POz. An individual EEG baseline was collected. Subjects were given a
30- minute practice session to allow them to become familiar with the RealWorld
gaming controls. The subjects were briefed on their mission and a provided map of
the village. The scenario was then initiated. Duration of each scenario was
approximately five minutes. Subjects participated in 6 sessions running the scenarios
with a 10 minute break between each session. Subject’s sessions were video recorded.
Scenario start and end times and key event times (such as the triggering of an IED)
were logged to RealWorld event log.

The EEG data was processed by the software from ABM which first
decontaminates and then performs real-time calculations of cognitive state changes.
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Values for mental workload (WL) and engagement (E) for each individual team
member was provided in a range from 0.1 to 1.0 for each 1 second epoch. Please refer
to Berka et al. (9, 10 and 11) for a detailed description of the development of the
gauges and this process. WL and E values were then normalized for each individual
team member, and then combined at each epoch for every team member into a vector
representing the state of the team as a whole. The epoch-by-epoch team vectors were
then presented to a self organizing artificial neural network developed by the IMMEX
Project, which results in a series of neurophysiologic synchronies (NS).
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Fig. 1. Map of Village with Threats and Possible Routes

3.2 Results and Discussion

Preliminary analysis of the data was both encouraging and disappointing. Time to
complete the scenario was reduced by 59% from session 1 to session 2, but all
subsequent sessions were no different from session 2. This suggests that although the
scenario had a dynamic quality, given that many of the threats could be triggered by
proximity, the actual execution of the scenario lacked the complexity necessary to
distinguish or allow for improvements of the team after the second trial.

The EEG data analysis was encouraging. Six neurophysiologic synchronies were
frequently identified among the two teams. These can be characterized as the
following:

e Team member A highly engaged, but B and C had low engagement
e Team members A and B were highly engaged



148 M. Clark et al.

e Team member A and C were highly engaged
e Team member B and C were highly engaged
e No team members were highly engaged

These NS occurrences are displayed over the course of a scenario in Figure 2.
These invite the opportunity to investigate a relationship among operator tasks and
team processes to NS as was done by Stevens et al. (8).
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Fig. 2. Neurophysiologic Synchronies during a Scenario

Team engagement values were compared from session 1 to session 2. All three team
members had a 6% increase in the occurrence of low levels of engagement (this is the
None NS described above) in session 2 when compared to session 1. Said another way,
team members spend 6 % more time not engaged in session 2 compared to session 1.
Also, the amount of time Team member C was highly engaged with either Team
Member A or Team member B decreased by 6% from session 1 to session 2.

While the difficulties encountered with the scenario resulted in limitations in the
data collected, two conclusions can comfortably be reached. First, neurophysiologic
synchronies can be identified in a military-type scenario using a virtual environment
simulation. This suggests that with further refinement of methodologies and future
research, it may be possible to measure NS, correlate them to tasks and internal
processes, identify optimal and suboptimal NS demonstrated by performance, and
provide this feedback in a form for training during deployed mission rehearsal.

A second conclusion that can comfortably be reached is that as new tools and
techniques are discovered, a frequent challenge for cognitive researchers is to
establish an experimental system that integrates these tools and techniques in a way
that acknowledges the complexity of human cognition while allowing for
experimental manipulation. Team cognition relies on a sophisticated understanding of
shared mental models and the real-time monitoring and analysis of internal cognitive
processes which must be tied to external performance. The number and types of
human internal and external data points necessary to represent this complex
phenomenon is in itself complex. In an attempt to address this fundamental research, a
framework is proposed in the following section.
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4 Proposed Experimental Framework

In studying team cognition, as well as other complex phenomenon involving human
cognitive abilities, the idea of an experimental platform has started to take form (12).
Previous researchers in the field have developed systems to manage the research
process, as well as the training process. This framework hopes to capitalize on these
prior systems by use of modular plug-in components and defined interfaces. This will
allow the “best of breed” tools and systems to be integrated into the framework.

The EXpertise transferred to novice Performance for Evaluation, Research and
Training (EXPERT) framework is designed to be scalable and flexible which could
provide a working platform for Cognitive Research, Training as well as Adaptive
User Interfaces and Human Factors/User Interface evaluation.

As discussed in sections 1 and 2 above, both the delivery of a deployable mission
rehearsal training system with access to targeted feedback for both internal and
external process contributing to team performance, as well as the research platform
needed to reach the point of such a deployable system requires the flow and
integration of data that is easy for non-programmers to operate. The components
shown in Figure 3 would make up such a system.

Fig. 3. EXPERT Framework Components

4.1 Knowledge Capture and Cognitive Model

Desired or expert knowledge, processes, and procedures need to be captured, edited
regularly and understood by the expert and training staff. The ability to systematically
capture and represent this expert model allows the model to become a foundational
piece to the EXPERT framework to track variations from the model during scenario
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execution and provide a basis for establishing ‘“success” criteria for a study.
Variations may represent errors or at least events of interest to the study at hand
whereas adherence to the model may represent confirmation or achievement of
cognitive milestones.

4.2 Database

The database will provide the storage for the expert cognitive model as well as the
operator/subject testing data that is stored in SCORM compliant format. This will
allow the tracking of user progress toward objectives as well as the training record
that could interface with a Learning Management System, if desired. The database
will also provide the content required by the Mitigation component.

4.3 Scenario Builder

This component is the intersection of the cognitive model, the presentation system
and the training objectives. It will contain a user interface that allows a trainer, tester
or experimenter to specify the characteristics of the scenario to be run. Multiple
scenarios can be created, stored and accessed by the testing component (for
sequencing, etc). The builder will pass those values to the presentation system and
also link to the knowledge model to draw the knowledge and behaviors appropriate
for target participants and the OPFOR avatars. Scenario characteristics, such as the
following need to be extracted and presented in a “checklist” format: pre-conditions,
equipment load out, location and related map to be brought into presentation
component, mission or tasking order details, personnel players, OPFOR personnel,
and errors, threats, and situations of interest.

4.4 Presentation System

Presentations can include prototypes or already developed systems, training
presentations such as simulations or serious games, or specially developed presentations
for research studies. Outputs presented to the participant include sound, smell, facial
features, virtual 3-D, and haptic sensations. Input devices to the system will include
keyboard, mouse, joystick, touch, and gesture.

4.5 Data Collection

The framework will allow the collection of a variety of participant and system outputs
for analysis to form the basis for understanding the current student/team model.

Neurophysiologic sensors data from systems such as EEG, EKG, GSR

Eye movement, fixations and pupilometry via eye trackers

Participant facial responses

Communication both verbal and chat

Critical system events such as the presentation of cues as well as user’s actions
taken within the system



Enhancing Team Performance Using NS in a Virtual Training Environment 151

e Performance measures. This may require an input module to prompt the participant
for a response or may require correlation to the model to monitor performance.

e Synchronized logging of system events, sensor data, and user performance is
stored and made available to the framework.

4.6 Mitigation

This component will compare the student model with the expert model. It will contain
the rules for when a presentation intervention/change is required based upon
participant and system data. It will also point to the content (remediation information,
displays, etc) needed to address the mitigation.

As our research continues our goal is to build out this framework.
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