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1.0 EXECUTIVE SUMMARY

This report describes the technical progress accomplished under Air Force Office of Scientific
Research (AFOSR) funding (grants F49620-01-1-0261and F49620-03-1 -0024) spanning the
performance period of February 2001 through December 2003. This effort was initiated at New
Mexico State University (NMSU) under the first award and titled “Team Cognition in
Distributed Mission Environments.” It was continued at Arizona State University (ASU) East
where the principal investigator relocated, along with the CERTT (Cognitive Engineering
Research on Team Tasks) Lab in January 2003 under the second award and title, “The Role of
Individual and Team Cognition in Uninhabited Air Vehicle Command-and-Control.” This report
documents the research conducted in the total 34-month effort.

The original goal of this project was to empirically examine the effects of distributed mission
environments (vs. co-located environments) and workload on team performance, process, and
cognition. In the first experiment we noted virtually no degradation of team performance in the
distributed mission environment. Instead we noticed across team performance variance that
could be attributed to the characteristics of the individuals on the team (e.g., gender, working
memory capacity). We decided to better control for these differences in the second experiment
and to carefully examine data collected in these and two previous experiments in order to
identify individual characteristics and those associated with the various team roles that were
predictive of team performance. In this archival analysis methodological issues are also
addressed including reliability and validity of our measures of team cognition. In addition to the
archival analyses, we collected data from expert teams in order to establish a performance
benchmark.

These studies were conducted in the context of a UAV (Uninhabited Air Vehicle) ground control
simulation in the CERTT Laboratory. The simulation focuses on the cognitive and team aspects
of ground control and involves three team members (AVO - Air Vehicle Operator, PLO -
Payload Operator, and DEMPC - Data Exploitation, Mission Planning, and Communications
Operator). The team members interacted over headsets and computers in order to take
reconnaissance photos of targets.

In the two dispersion (co-located vs. distributed) experiments, twenty teams (ten in each
dispersion condition) participated in four low workload missions, followed by high workload
missions (three in the first and one in the second experiment). Results generally indicated effects
of workload on performance, process, and cognition (i.e., situation awareness). However there
were no effects of dispersion on team performance, although this factor did affect cognition and
team process. Distributed teams seemed to adapt to environments associated with less
knowledge sharing by coordinating differently. Later analyses of communications (under a
separate Office of Naval Research (ONR)-funded effort) support this claim.

A third small study in the CERTT Lab was undertaken with five expert teams in order to better
understand the upper limits of performance, process, and cognition on this task. Teams were
experienced at working together in technological or aviation environments. Results indicated
that the highest scoring teams included a team of CERTT Lab experimenters who were capable
of “gaming” the system and a team with extensive internet video game experience. The highest
scoring expert teams also exhibited team process behaviors superior to lower scoring teams.
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Results from the archival data analysis focusing on characteristics of individual team members or
roles indicate that individual levels of situation awareness are positively correlated with level of
team performance and that some factors such as situation awareness, working memory capacity,
and grade point average are associated with performance for specific team positions (i.e., roles —
AVO, PLO, DEMPC).

The evaluation of our new methods for measuring team cognition indicates that with the
exception of teamwork knowledge, all of our primary measures have adequate reliability.
Further, our situation awareness measure had significant predictive validity. In addition our
holistic knowledge measures generated distinct results from our collective knowledge measures
and both contributed to the variance accounted for in team performance.

Overall this work contributes to applications, theory, and methodology associated with team
cognition. An important applied finding is that distributed mission environments seem to have
minimal detrimental impact on team performance, at least for command-and-control tasks like
the one tested here. Although knowledge and process are affected by geographic dispersion,
teams seem to adapt to distributed environments by modifying the coordination process. These
results provide encouraging support for the concept of network centric warfare. From a
theoretical perspective, this work has shed light on the importance of this coordination process to
team cognition. Team coordination plays a central role in team cognition. Much like cognitive
processes operate on knowledge at the individual level, team coordination operates on
knowledge at the team level. It appears then from these studies that team cognition is largely the
team’s capabilities for pushing and pulling knowledge in the form of information. Our current
efforts in the CERTT Lab focus on understanding the development and retention of team
coordination through empirical and modeling efforts. Finally, from a methodological
perspective, this effort has led to the development and testing of appropriate methods for
assessing knowledge at the team level (i.e., holistic methods). It has also revealed weaknesses in
the knowledge measures that can be targeted for future improvements. Most importantly this
project suggests that what lies at the heart of team cognition is not so much what is in the heads
of the team members as it is in their interactions.
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3.0 INTRODUCTION

3.1 The Problem

Technological developments in the military and elsewhere have transformed highly repetitive
manual tasks, requiring practiced motor skills to tasks that demand cognitive skills often related -
to overseeing new technology such as monitoring, planning, decision making, and design
(Howell & Cooke, 1989). As a result, a full understanding of many tasks, at a level required to
intervene via training or system design, requires an examination of their cognitive underpinnings.
Additionally, the growing complexity of tasks frequently surpasses the cognitive capabilities of
individuals and thus, necessitates a team approach. For instance, teams play an increasingly
critical role in complex military operations in which technological and information demands
necessitate a multioperator environment (Salas, Cannon-Bowers, Church-Payne, & Smith-
Jentsch, 1998).

Whereas the team approach is often seen as a solution to cognitively complex tasks, it also
introduces an additional layer of cognitive requirements that are associated with the demands of
working together effectively. Team members need to coordinate their activities with others who
are working toward the same goal. Team tasks often call for the team to detect and recognize
pertinent cues, make decisions, solve problems, remember relevant information, plan, acquire
knowledge, and design solutions or products as an integrated unit. Therefore, an understanding
of team cognition, or what some have called the new "social cognition” (Klimoski &
Mohammed, 1994), is critical to understanding team performance and intervening to prevent
errors or improve productivity and effectiveness.

The assessment and understanding of team cognition (i.e., team mental models, team situation
awareness, team decision making) requires psychometrically sound measures of the constructs
that comprise team cognition. However, measures and methods targeting team cognition are
sparse and fail to address some of the more interesting aspects of team cognition (Cooke, Salas,
Cannon-Bowers, & Stout, 2000). In addition, to be applicable to complex multioperator military
contexts, such measures need to be developed and evaluated in a task environment that is
conducive to scientific rigor, yet applicable to the operational settings in which the measures are
to be extended. Thus, we have identified as a long-term research goal the development and
evaluation of measures of team cognition in a military context. At the same time, as measures of
team cognition are developed they can be used to better understand, train and design for superior
team cognition.

3.2 Long-Range Objectives

The goal described above, involving the development and evaluation of measures of team
cognition in a military context, can be decomposed into the following long-range objectives:

Develop a military synthetic task environment that emphasizes team cognition.
Identify needs and issues in the measurement of team cognition.

Develop new methods suited to the measurement of team cognition.

Evaluate newly developed measures.
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o Apply measures to better understand team cognition.
e Apply measures to evaluate interventions relevant to team cognition.

Since 1997, when our research program was first funded by AFOSR, we have made significant
progress toward these long-range objectives. This progress is described after the following
section in which we provide theoretical and methodological background for our research

program.
3.3 Background

Our research program is based on, and contributes to research and theory in several different
areas. Recently, research and theory in the team arena has expanded upon work in industrial
organization psychology on teams, work in social psychology and management on small groups,
and work in human-computer interaction on groupware to spawn a new research area referred to
as team cognition. The definition of team cognition and various issues in its measurement are
covered in the first section (3.3.1). Our work also assumes that the context of a job or task is
relevant and so embraces the synthetic task paradigm as a means to conduct controlled
experiments in a realistic setting. The second section (3.3.2) describes synthetic task
environments. Whereas team cognition and synthetic tasks are concepts that underlie our entire
research program, there are also two bodies of literature that are relevant to the specific research
questions addressed under this effort. The first deals with issues associated with teams in
distributed mission environments (3.3.3) and the second deals with the relationship between
individual characteristics and team performance (3.3.4). Thus, in the following sections we
provide some background information associated with each of these topics.

3.3.1 The Measurement of Team Cognition

Salas, Dickinson, Converse, and Tannenbaum (1992) define team as "a distinguishable set of two
or more people who interact dynamically, interdependently, and adaptively toward a common
and valued goal/object/mission, who have each been assigned specific roles or functions to
perform, and who have a limited life span of membership" (p. 4). Thus, teams, unlike some
groups, have differentiated responsibilities and roles (Cannon-Bowers, Salas, & Converse,

1993). This division of labor is quite common in military settings and enables teams to tackle
tasks too complex for any individual. Interestingly, this feature is also one that has been
neglected in current measurement practices.

Team process behaviors such as communication, leadership behaviors, coordination, and
planning have been linked theoretically and empirically to team performance (Foushee, 1984;
Stout, Salas, & Carson, 1994; Zalesny, Salas, & Prince, 1995). Many interventions for
improving team performance have targeted team process behavior (Braun, Bowers, Holmes, &
Salas, 1993; Leedom & Simon, 1995; Prince, Chidester, Cannon-Bowers, & Bowers, 1992;
Prince & Salas, 1993). Recently, it has become clear that other factors that are more cognitive
than behavioral in nature also play a role in team performance. There has been significant
theoretical work delineating cognitive constructs such as team decision making, shared mental
models, and team situation awareness (Cannon-Bowers, et al., 1993; Orasanu, 1990; Stout,
Cannon-Bowers, & Salas, 1996). It is assumed that with an understanding of these constructs,
training and design interventions can target the cognitive underpinnings of team performance.
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Also, the hypothesized relation between team cognition and team performance suggests that
team performance in information-centric tasks can be predicted from an assessment of team
cognition, thereby circumventing the need for teams to perform in less than optimal settings
(e.g., minimal training, hazardous or high-risk environments) for performance assessment.

Our research on team cognition has, until recently, focused on team knowledge. Parallel to
research on individual expertise (e.g., Chase & Simon, 1973; Glaser & Chi, 1988), accounts of
effective team performance highlight the importance of knowledge, or in this case, team
knowledge. For instance, Cannon-Bowers and Salas (1997) have recently proposed a framework
that integrates many aspects of team cognition in the form of teamwork competencies. They
categorize competencies required for effective teamwork in terms of knowledge, skills, and
attitudes that are either specific or generic to the task and specific or generic to the team.
Similarly, a team's understanding of a complex and dynamic situation at any one point in time
(i.e., team situation awareness) is supposedly influenced by the knowledge that the team
possesses (Cooke, Stout, & Salas, 1997; Stout, et al., 1996).

Based on this theoretical work and our own observations, we have developed a framework (see
Figures 1a and 1b) that helps to better define team knowledge, and especially, to distinguish
team knowledge as it has been traditionally measured (i.e., collectively) from team knowledge as
it may best be measured (i.e., holistically). Traditional collective measurement (Figure 1a)
involves eliciting knowledge from individuals on the team and then aggregating the individual
results to generate a representation of the collective knowledge of a team. Although we believe
that knowledge measured collectively should be predictive of team performance, it is also an
oversimplification, devoid of the influences of team process behaviors (e.g., communication,
coordination, situation awareness). These process behaviors are analogous to individual
cognitive processes in that they transform the collection of team member knowledge into
effective knowledge that is associated with actions and ultimately, with team performance in a
dynamic environment. One of our research goals is to identify ways to measure effective team
knowledge using team-level or holistic metrics (Figure 1b). Further, it is questionable whether
simple aggregation of individual team member knowledge is appropriate for a team of
individuals who have different roles and consequently, different knowledge bases. Although not
depicted in Figure 1, team knowledge is multifaceted and consists of background knowledge that
is long-lived in nature, as well as more dynamic and fleeting understanding that an operator has
of a situation at any one point in time. Measures of team cognition have focused primarily on
the former, at the expense of the latter.

Reliable and valid measurement of constructs like team knowledge is a first, albeit nontrivial
step, that presents a "road block" to advances in our understanding of team cognition. Many
parallels can be drawn between the measurement of individual and team cognition, given that the
primary difference is whether the measurement is directed at the team or individual. Just as
individual cognition is reflected in the behavior of the individual, team cognition is reflected in
the behavior of the team. However, our focus on team knowledge measurement (most closely
aligned with the shared mental model literature) has highlighted several areas in which
measurement can be improved, including the tendency for researchers to target team cognition

by focusing on the individual level and then aggregating results.
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Panel A Panel B
Figure 1. Panel A represents collective approaches to the measurement of team knowledge.
Panel B represents holistic approaches to the measurement of team knowledge which consider
team process behaviors as integrators of individual cognition.

Historically, measures of team cognition tend to explore a small portion of the space of possible
measures as is indicated in Table 1. This table classifies team knowledge measures according to
type (long-term, fleeting) and the metric used to assess the knowledge elicited from individuals.
For the most part, researchers have looked at intrateam similarity of knowledge structures and
accuracy of those structures with regard to some referent. There are other possible classification
schemes not included here such as whether the knowledge is declarative, procedural or strategic,
the type of technique used to elicit the knowledge in the first place, and whether the elicitation is
collective or holistic. The Xs in the table indicate the cells in which measurement work has
taken place with large Xs indicating more work. Apparently there remains much room for
further development.

Table 1
Current Progress in Measures of Team Knowledge

TYPE OF METRIC
KNOWLEDGE Similarity Accuracy Role Accuracy

Interpositional
Knowledge

Long-term

(shared mental X X
models)

Dynamic

(team situation X X
models)

The various measurement issues relevant to team knowledge that have been identified thus far
are described in detail in Cooke, et al., (2000) and are briefly summarized in Table 2 below.
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Table 2
Issues in the Measurement of Team Cognition

e Measures are needed that target the holistic level, rather than the collective level, of team
cognition (i.e., elicit team knowledge from the team).

e Measures of team cognition are needed that are suited to teams with different roles (e.g.,
navigator, pilot).

e Methods for aggregating individual data to generate collective knowledge need to be
investigated.

o Measures of team knowledge that target the more dynamic and fleeting situation models
are needed.

o Measures that target different types of team knowledge (e.g., strategic, declarative,
procedural knowledge or task vs. team knowledge) are needed.

e The extension of a broader range of knowledge elicitation methods to the problem of
eliciting team cognition is needed.

e The streamlining of measurement methods to better automate them and embed them
within the task context is needed.

e The validation of newly developed measures is needed.

3.3.2 Synthetic Task Environments

Our work has been greatly influenced by the assumption that synthetic tasks provide ideal
environments for cognitive engineering research on complex tasks. We have developed an STE
(Synthetic Task Environment) based on the real task of controlling a UAV. Our research and
methodological developments in team cognition take place in this context.

Synthetic tasks are "research tasks constructed by systematic abstraction from a corresponding
real-world task" (Martin, Lyon, & Schreiber, 1998, p. 123). Performance on a synthetic task
should exercise some of the same behavioral and cognitive skills associated with the real-world
task. An STE provides the context for a suite of synthetic tasks. This environment offers a
research platform that bridges the gap between controlled studies using artificial laboratory tasks
and uncontrolled field studies on real tasks or using high-fidelity simulators.

An STE can be considered a type of simulation, but philosophically differs from traditional
simulations in terms of goals and resulting design decisions. Simulations typically recreate the
work environment and the equipment or systems within that environment. An STE is "task
centric" in that the goal is to recreate aspects of the task to differing degrees of fidelity. Thus, an
STE may not have the "look and feel" of the operational environment, but instead calls upon the
same cognitive structures and processes of the operational task. Because tasks are often situated
in rich environments, STEs often include simulations of systems required to support the task.
However, the focus is on abstracting task features consistent with the purpose of the planned
research associated with the STE and concomitant design objectives. Thus, verisimilitude is
maximized for aspects of the task under direct study. As a result, several very different STEs
can be based on the same real task by virtue of applying distinct filters, each associated with
different objectives. Such is the case with the UAV task in which a variety of STEs have been

Cooke et al. 8 UAYV Command and Control




developed that focus on various cognitive skills of individuals (e.g., Gugerty, Hall, & Tirre,
1998; Martin et al., 1998) and others, such as our UAV-STE, focusing on team cognition.

In addition, simulations often replicate the environment at the expense of the simulation's
flexibility as a research tool. Researchers are limited in the degree to which they can alter or
control the simulation and the measures that they can derive from it. STEs, on the other hand,
typically incorporate multiple task scenarios, and often the ability to manipulate aspects of task
scenarios, as well as flexibility in measurement. This increased flexibility is not so much
inherent in the concept of an STE, as demanded by researchers who appreciate the benefit of
trading off some aspects of fidelity for research flexibility (e.g. Fowlkes, Dwyer, Oser, & Salas,
1998; Cannon-Bowers, Burns, Salas, & Pruitt, 1998). Recently, researchers have cautioned
against the use of simulations unguided by training principles or an understanding of the actual
task requirements and have extolled the virtue of low-fidelity simulations that take such factors
into account (Miller, Lehman, & Koedinger, 1999; Salas, Bowers, et al., 1998).

Synthetic task environments, like high-fidelity simulations, can facilitate research in a safe and
inexpensive setting and can also be used for task training and system design in support of tasks.
They are also touted as providing a viable middle ground between overly artificial lab research
and uncontrollable field research (Brehmer & Dorner, 1993). In many ways, STEs provide the
best of both worlds -- the laboratory and the field. Alternatively, if they fail to meet the
combined objectives of experimental control and sufficient representation of the task in question,
they may instead capture the worst of both worlds—poor experimental control and low fidelity.

Whereas lack of experimental control has not been a major criticism levied against STEs, lack of
fidelity has. STEs have been described as low-fidelity simulations, as opposed to traditional
equipment-centric simulations. Indeed, STEs may have low fidelity in terms of replicating the
features of the equipment. The low fidelity criticism is tied to more general concerns about low
face validity. This issue is addressed by Salas, Bowers, et al. (1998), however, who argue that
face validity may dictate acceptance by users, but not necessarily success as a training or
research tool. :

Perhaps more importantly, low fidelity is linked to low external validity and consequently, lack
of generalizeability to the situation of interest. On the other hand, this low external validity
criticism breaks down if fidelity is considered more broadly. Fidelity is generally the match
between the research environment and the specific environment to which results are assumed to
transfer. The match, however, can be based on a number of dimensions including the equipment
and the task requirements. Thus, fidelity is not necessarily a single feature that is high-or-low for
a particular simulation, but rather a multidimensional feature that can ultimately result in
contexts of mixed fidelity. That is, a simulation may be faithful to the equipment, but not to the
task requirements. In light of the issue of external validity, it is important to determine the
dimensions of the transfer situation that are relevant to the research questions to be generalized.
A mixed fidelity simulation may have adequate external validity, and thus generalizeability to
the actual setting, if it is faithful to the relevant dimensions of the actual setting. Determining
external validity then becomes a question of accurately identifying the relevant dimensions in the
field of practice for the research questions. Generalizing results to other settings amounts to
identifying similar features along the same relevant dimensions in those settings. It can then be
assumed that the match is sufficient for research results to generalize to this environment. This
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enterprise of identifying and matching the features and dimensions among different work
environments amounts to a theory of tasks or transfer across work environments.

Under this multidimensional view of fidelity, the labeling of traditional simulations as high
fidelity, and of STEs as low-fidelity, makes little sense. Instead, STEs are typically high fidelity
with respect to the task and low-fidelity with respect to the equipment. Traditional simulations
may more often be associated with the opposite pattern. External validity cannot be determined
independent of the research questions. Research on cognitive aspects of a complex task such as
decision making under stress, may best be addressed in a context that preserves the features of
the task at the expense of the fidelity of the equipment. Alternatively, research directed at
uncovering reasons for operational errors associated with a piece of equipment may generalize
only in a context that faithfully replicates the equipment, perhaps at the expense of simplifying
the overall task. The question of the external validity and extent of generalizeability of both
traditional simulations and STEs needs to be addressed for each test-bed in the context of each
research question.

3.3.3 The Problem of Team Cognition in Distributed Environments

In the course of conducting research in the UAV-STE, we observed in our co-located teams a
need to discuss the specific jobs of the other team members during break periods, as well as a
desire to view the computer displays of fellow team members. Overall, the co-presence of team
members between missions seemed to be an important factor for this task.

In contrast, today’s military tasks are performed by teams of individuals who may have never
met each other; who are not necessarily sitting together in the same briefing room or side-by-side
on the same battlefield; and who may only communicate and share information via
communication and computer technologies. Indeed, the entire nature of warfare has taken on a
“network centric” characteristic (Wilson, 2000) in which the battlefield is dispersed not only
over terrain, but also over the internet. Further, this holds not only for teams of individuals, but
also for teams of teams or hierarchical teams in which the task is shared by an intricate
distributed network of collaborating individuals who share large amounts of information.

Before further describing the nature of the problem, it is important to clarify our use of the term
“distributed.” Recently, some investigators have characterized team cognition as “distributed”
cognition, in the sense that cognition is dispersed over an entire sociocultural system (Hutchins,
1991; Rogers & Ellis, 1994). Furthermore, team expertise has been characterized as
“distributed” in that team members each have different backgrounds and skills to contribute to
the team goals (Hollenbeck, Iigen, Sego, Hedlund, Major, & Phillips, 1995). Information may
also be distributed in terms of time with communication occurring asynchronously as opposed to
synchronously. Although team cognition and expertise may very well be distributed across team
members, even in the same physical location, our use of the term “distributed” applies
specifically to the physical location of the team members themselves. Team members in
distributed environments are geographically dispersed.

How does the DME (Distributed Mission Environment) affect task performance by individuals,

teams, and teams of teams? In comparison to contexts in which team members are co-located, in
DMEs team members are less likely to be familiar with one another, must often communicate in
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ways other than face-to-face communication, and due to lack of co-presence may not easily share
displays or information conveyed through gestures. Such factors are likely to affect team
process behaviors such as communication, coordination, and planning, which in turn, should
affect team performance, even for skilled teams under conditions of high workload (Robertson &
Endsley, 1997). In addition, we speculate that the process limitations associated with DME:s also
affect team cognition (i.e., team decision making, team situation models, and shared mental
models) by virtue of the relation between process and team knowledge and situation awareness
depicted in Figure 1. For instance, communication breakdowns can affect the ability of a team to
develop a shared understanding of the task and of the immediate situation. Given the intense
information sharing and communication requirements of typical DME tasks, it is likely that team
cognition plays a significant role in team performance in such environments. If dispersion
affects team cognition and assuming team cognition is a vital contributor to team performance,
then team performance should benefit from interventions at the cognitive level. In summary, we
generally predict that process factors associated with DMEs will lead to deficits in the
development of team cognition (and consequently team performance during acquisition) and
later deficits in skilled performance. ’

Recognizing the differences between DMEs and traditional co-located team environments, DMT
(Distributed Mission Training) has become of central importance to the Air Force (Wilson,
2000). Plans for DMT include distributed interconnected military simulations that present
opportunities for extensive training in the DME. Interestingly, unlike simulations of physical
battlefield maneuvers, simulations associated with DMT offer a high degree of face validity and
realism to the training. Unfortunately, the scientific research base addressing pertinent issues of
team cognition, its acquisition, and its assessment in this environment is notably sparse.
Although Kleinman and Serfaty (1989) studied a military-based synthetic task environment that
represented a geographically distributed AWACS (Airborne Warning and Control System)
environment, there was no direct comparison of team behavior, performance, and cognition in
this setting with a co-located environment. Generally, little is known about the effects of DMEs
on team performance, behavior, and cognition.

Although there has been little or no research on the impact of DMEs on team performance or
cognition in military settings, research in the human-computer interaction community has
addressed mode of communication, a topic relevant to DMEs. This research has compared face-
to-face or audio communication with computer-mediated communication, such as e-mail, GDSS
(Group Decision Support Systems), or other tools. Several of these studies have found problems
with computer-mediated communication. For example, Mantovani (1996) found that computer-
mediated communication can hinder the creation of meaning and Hedlund, Ilgen, and
Hollenbeck (1998) found that computer-mediated communication can lead to lengthy decision-
making when compared to face-to-face communication. Unfortunately, these studies did not
measure the performance of heterogeneous teams working on complex tasks for an extended
period of time during which team member familiarity may confer an advantage. Therefore, these
studies are limited in what they can tell us about the effects of DMEs on team cognition and
performance because military DMESs are influenced by factors other than communication mode,
such as team member familiarity and co-presence. Furthermore, military teams are composed of
individuals with different roles as opposed to homogenous groups of individuals making the
same judgment or decision.
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Some researchers have found that specific group norms determine the impact of 2 DME, with
higher team member familiarity among co-located teams producing better performance in
comparison to DME teams (Postmes & Spears, 1998; Postmes, Spears & Lea, 1998; Contractor,
Seibold, & Heller, 1996). Therefore, in two of the experiments that are reported here we
compared co-located and distributed teams on several measures of team performance and team
cognition. In addition to possible differences in team member familiarity affected by the
distributed or co-located environment, potential differences in team member co-presence
(including the ability to view the work environments of other team members) and
communication mode (no face-to-face interaction for distributed teams) were expected to
influence team performance, process, and cognition.

3.3.4 Individual and Team Cognition

Not only do teams detect and recognize cues, solve problems, and perform other cognitive
functions as an integrated unit, but they also rely on the skills, knowledge, and abilities of the
individuals who compose the team whenever these functions are performed. Kyllonen (1996)
presents a general framework for understanding individual differences in cognitive ability that
identifies various cognitive variables that differ at an individual level. The Cognitive Abilities
Measurement (CAM) framework lists four major components of the human information-
processing system: working memory, declarative knowledge, procedural knowledge, and
processing speed. Working memory is a short-term store with limited capacity and contains what
is currently available for processing at a given point in time. Processing speed refers to the time
it takes to transform incoming information into motor responses. According to Kyllonen, each of
these components can be divided into three domain areas: verbal, quantitative, and spatial.
Kyllonen (1996) has found that working memory capacity, as a general factor composed of
verbal, spatial, and quantitative components, accounts for much of the variance in learning
various skills such as computer programming.

A few researchers (Barnes, Knapp, Tillman, Walters, & Velicki, 2000; Dolgin, Kay, Wasel,
Lamgelier, & Hoffmann, 2001; Fatolitis, 2003) have recently examined the relationships
between various cognitive and psychomotor ability measures and the performance of pilots as
well as UAV operators. In their review, Dolgin et al., (2001) reported that in one study, between
30% and 45% of the variance in the number of flight violations by pilots could be accounted for
by measures that assessed working memory capacity, mental flexibility, and divided attention.
Fatolitis (2003) found significant correlations between various psychomotor and cognitive ability
variables and the training performance of UAV operators, with a measure of visiospatial working
memory capacity having the highest correlation among the measures. Barnes, et al. (2000)
measured cognitive abilities of UAV operators using JASS (job assessment system software) and
found that the requisite abilities suggested that operators need not be rated aviators. This work
also revealed the importance of cognitive skills in the aviation domain as mentioned previously.
However, these studies did not examine the performance of the entire team or did so by relying
on very high-level outcome measures such as frequency of accidents and incidents.

What is relatively unknown is the impact of such individual differences on team performance
and cognition. An early review (Heslin, 1964) examined whether the cognitive ability of team
members was related to team performance. Heslin found in most of the studies that there was a
positive correlation between general cognitive ability, as assessed by college grades or test
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scores, and team performance. More recent studies, (LePine, Hollenbeck, Ilgen, and Hedlund,
1997; Hollenbeck, Moon, Ellis, West, Ilgen, Sheppard, Porter, and Wagner, 2002) have also
found that greater cognitive ability is associated with better team performance.

The examination of heterogeneous teams in which members have different jobs, backgrounds, or
roles, raised the interesting question about the relationship between individual characteristics tied
to particular roles and team performance. For example, preliminary results in our lab have
shown in the context of the UAV-STE that DEMPCs with more working memory capacity
perform better, and that the performance of the DEMPC further has a strong influence on team
performance. In this case, the role of the team member is also a factor in the relationship
between individual abilities and team performance. By considering such differences among
individuals, team roles, and between teams composed of different individuals (i.e., team
differences due to team composition), we should be able to account for variance in team and
individual performance that would be otherwise unexplained. By identifying and removing this
variance, this approach may allow us to detect more subtle effects of manipulations on team
performance. Additionally, identifying individual differences that are critical for team
performance is a necessary step toward improving team performance through team composition,
focused training, and design aids.

Focusing on individual and role-related cognitive skills and abilities as a means of understanding
team cognition again raises a number of issues concerning measurement and aggregation.
Although these variables can be analyzed at the individual level, they can also be combined to
produce a team score (e.g., team working memory), which requires decisions about the best
approach for deriving such a score. For example, is it more appropriate to average the individual
scores to arrive at a team score or is another approach, such as taking the highest-performing
member’s score, a better estimate? Perhaps some variables are important for performance in
some team roles, but not in others. As previously discussed, issues of heterogeneity,
aggregation, and holistic measurement are all relevant here.

3.3.5 Background Summary

Our research program in general and the research reported here integrates research and theory
from several different areas. Our goal to improve the measurement of team cognition draws
from various literatures on teams, small groups, and individual cognition. Our use of the STE
paradigm is driven by some philosophical considerations concerning basic vs. applied research
and the limitations of each. Finally, the specific work presented in this report draws from
problems observed in operational environments, some sparse literature on group dispersion, and
cognitive individual differences.

3.4 Prior Progress Toward Long-Range Objectives

Our research program on team cognition was initiated in 1997 with a DURIP (Defense
University Research Instrumentation Program; F49620-97-1-0149) grant that provided funds for
initial equipment in the CERTT (Cognitive Engineering Research on Team Tasks) Laboratory.
Subsequent grants from AFOSR (F49620-98-1-0287; F49620-01-1-0261, F49620-03-1-0024)
have funded research in the CERTT Lab from 1998 to the present (2003). Our progress toward
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the long-range objectives of our research program fall into three major areas: 1) CERTT Lab
and UAV Synthetic Task Development, 2) Methodological Developments, and 3) Empirical
Findings. This progress is summarized in the sections that follow.

3.4.1 CERTT Lab and UAYV Synthetic Task Development

The CERTT Lab is a research facility for studying team performance and cognition in complex
settings and it houses experimenter-friendly equipment to simulate these settings. Our work has
been greatly influenced by the assumption that synthetic tasks provide ideal environments for
cognitive engineering research on complex tasks in that they serve as a middle ground between
the difficult to control field and the artificial tasks typically found in the lab. We have developed
in the CERTT Lab a UAV-STE based on a cognitive task analysis (Gugerty, DeBoom, Walker,
& Burns, 1999) of ground control operations for the Predator at Indian Springs, NV (Cooke,
Rivera, Shope & Caukwell, 1999; Cooke & Shope, in press; Cooke & Shope, 2002a; Cooke &
Shope, 2002b; Cooke & Shope, 1998; Cooke, Shope, & Rivera, 2000). This UAV-STE
emphasizes team aspects of the task such as planning, replanning, decision-making, and
coordination. Thus, our research and methodological developments in team cognition have taken
place in this context. We believe that our research and methods relevant to team cognition in this
environment can be generalized to other command-and-control environments.

CERTT's UAV-STE simulates a three-team member task in which each team member is
provided with distinct, though overlapping training; has a unique, yet interdependent role; and is
presented with different and overlapping information during missions. The overall goal is to fly
the UAV to designated target areas and to take acceptable photos at these areas. The AVO
controls airspeed, heading, and altitude, and monitors UAV systems. The PLO adjusts camera
settings, takes photos, and monitors the camera equipment. The DEMPC oversees the mission
and determines flight paths under various constraints. To successfully complete a mission, the
team members need to share information with one another in a coordinated fashion. Most
communication is done via microphones and headsets, although some involves computer
messaging. Measures taken include audio records, video records, digital information flow data,
embedded performance measures, team process behavior measures, situation awareness
measures, and a variety of individual and team knowledge measures. The participant and
experimenter consoles are depicted in Figures 2 and 3, respectively. Team members require 1.5
hours of PowerPoint and hands-on training before they are ready to interact as a team.

Figure 2. CERTT Lab participant consoles. ~ Figure 3. CERTT Lab experimenter console.
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Features of the CERTT UAV-STE include:

Four participant consoles (including remote console)

One experimenter workstation

Integration of seven task applications over local area net

Video and audio recording equipment (including digital audio)

David Clark headsets for participants and experimenter

Intercom and software for logging communications flow

Embedded performance measures

Computer event logging capabilities

Experimenter ability to disable or insert noise in channels of communication intercom
Experimenter access to participant screens

Experimenter control capability of participant applications

Easy to change start-up parameters and waypoint library that define a scenario
Software to facilitate measurement of team process behaviors

Software to facilitate situation awareness measurement

Training software modules with tests

Software modules for off-line knowledge measurement (taskwork ratings)

Software for administering debriefing questionnaire

Software for administering NASA TLX (National Aeronautics and Space Administration
Task Load Index), SART (Situation Awareness Rating Technique), and other scales
e Capability for distributed simulation (across intranet and internet)

3.4.2 Methodological Developments

Given that we have a long-term goal of developing and evaluating measures of team cognition
and performance, many of our accomplishments are methodological in nature. Our
methodological work and the various measurement issues relevant to team knowledge that have
been identified thus far are described in detail elsewhere (Cooke, Kiekel, Bell, & Salas, 2002;
Cooke, Kiekel, & Helm, 2001; Cooke, Shope, & Kiekel, 2001; Cooke, Stout, & Salas, 2001;
Cooke, et al., 2000; Cooke, Stout, Rivera, & Salas, 1998; Cooke, et al., 1997).

Our methodological progress has included the development of training and measurement
modules that interface with the CERTT Lab’s UAV-STE including:

UAV-STE waypoint database to facilitate scenario changes

Communication flow logging software

Participant performance score viewer and experimenter interface

Software measures of working memory capacity and social desirability

Critical incident and summary measures of team process behavior

Systems for randomizing and recording responses to embedded situation awareness
probes

We have also made methodological progress in developing and evaluating metrics that are more
appropriate for the heterogeneous command-and-control teams that we study. We have
developed:
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e Holistic or consensus-based methods of measuring taskwork knowledge, teamwork
knowledge, and situation awareness at the team level

e Accuracy metrics for heterogeneous teams that can quantify overall, positional, and
interpositional accuracy of knowledge
Proportion of agreement metrics
Various aggregation schemes more appropriate for command-and-control than averaging
responses

e Communication analysis as an unmitigated approach to the measurement of team
cognition (funded by ONR, N00014-00-1-0818 and N00014-03-1-0580)

3.4.3 Empirical Findings

Prior to the current effort, two experiments (AF1 and AF2) were run using the UAV-STE under
previous AFOSR effort (1998-2000). In addition, a student’s M.A. thesis on collaborative
writing was also conducted using the CERTT equipment, as was an M.S. master’s project on
individual data aggregation. The first UAV-STE experiment (AF1) examined acquisition of
team performance in this environment with eleven 3-person teams performing ten 40-minute
missions. The second experiment (AF2) compared ten teams in environments conducive to
knowledge sharing to eight teams in an environment not conducive to such sharing (i.e., no
talking about the task allowed or looking at others’ computer displays). These experiments were
conducted to evaluate and iterate on the UAV-STE, to test newly developed measures of team
cognition, and to begin to understand some of the factors relevant to team cognition.

This early empirical work in the UAV-STE context and in other STE contexts (a Navy low-
fidelity helicopter simulation) not only aided iterative design of our task, experimental
procedures, measures, and training materials, but also generated the following findings regarding
team cognition and associated measures:

Team performance reaches asymptotic levels after four 40- minute missions.

Several knowledge measures/metrics are predictive of team performance in this context.
In this context, interpositional accuracy tends to develop with task and team experience
(i.e., good team members are not specialists).

e Taskwork knowledge is relatively stable after initial task training, whereas teamwork
knowledge tends to develop with mission experience.

e Early attempts to force-feed teamwork or coordination information prior to development
of taskwork knowledge have not succeeded, suggesting a sequential dependency in
knowledge development (taskwork must precede teamwork).

e Encouraging or discouraging information sharing during breaks and by examining others’
displays had no effect on team performance.

Of particular interest, in the UAV-STE individual team members are able to quickly (1.5 hours)
acquire the skill that they needed to perform their individual roles. Team performance, however,
as measured by a composite score made up of components relevant to the rate of performance
(e.g., number of targets successfully photographed per minute) develops to asymptotic levels
over four 40-minute missions after individual training (see Figure 4). Team situation awareness
followed a parallel developmental path. This pattern of skill acquisition on this team task has
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been replicated across the experiments that we have conducted. Because individuals have
attained a criterion level of performance prior to the first mission as a team, it is team skill that
develops over the first four missions. In particular, we assume that team members are learning
how to coordinate or share information with the right person at the right time.
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Figure 4. Acquisition of UAV task (team performance scores) for 11 teams in Experiment AF1.

Further, the teams’ skills were not specific to the particular UAV scenario (i.e., novel scenarios
were introduced for Missions 7 and 10) in so much as performance was unaffected by a novel
scenario. Performance was, however, affected by a long break of several weeks, especially for
lower performing teams. Finally, although the best teams in Experiment AF1 had knowledge
that resembled a global view of the task (i.e., from the perspective of all three team positions),
attempts to directly train individuals so that this form of knowledge would be acquired (in
Experiment AF2, shared knowledge condition) succeeded in terms of team knowledge
acquisition, but had no impact on performance. Thus, it seems that the possession of a global
view of the task is only partly responsible for high levels of team performance. It is likely that
both global knowledge and team process behaviors play a role in team performance and that
mastery of the process component of skill was thwarted by the knowledge manipulation in AF2.
In other words, teams who were force-fed taskwork knowledge may have missed out on the
development of adequate process skills that allowed the low-knowledge teams to compensate. In
general, the UAV-STE provides a complex and dynamic task environment in which teams can
reach proficiency in a reasonable amount of time, yet teams can also be differentiated from each
other in terms of their level of skill and concomitant knowledge and process.

These two empirical studies have served to identify promising methods for measuring team

cognition. In general, the taskwork relatedness rating measures taken at the individual level
seem to provide useful information about the team’s knowledge of the task from the perspective
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of each team role. The teamwork questionnaires used in these experiments reflected knowledge
that changed with mission experience, but was not generally associated with team performance.
The measure of team situation awareness, on the other hand, seemed to capture the momentary
knowledge of the team regarding the mission in progress. This measure was predictive of
performance in both experiments and unlike the taskwork rating-based measures, was
administered in the form of experimenter queries randomly interspersed through the mission.
Other methods tested in these experiments have not been as successful at measuring that which
they were intended to measure, including the taskwork consensus ratings, the taskwork
questionnaire, and the team process measure.

Further these empirical studies have led to some refinements of our framework for understanding
team cognition. For instance, though we viewed team process behaviors as central to team
cognition in our earlier conception, we now view team process behaviors as cognitive processing
at the team level. The fortunate aspect of this new conceptualization is that unlike individuals,
we can directly observe cognitive processing at the team level, opening the door to numerous
measurement possibilities.

3.4.4 Summary of Early Contributions

In summary, progress prior to this effort took steps toward achieving the long-range objectives
that we have established. Specifically we made several contributions in this early work:

e The development of a facility (i.e., CERTT Lab) dedicated to cognitive engineering
research on team tasks
The development of an STE for teams, based on UAV operations
The design of an interface for UAV operations that requires much less training time than
the Predator ground control interface
Explicit procedures for designing and developing an STE
Identification of issues and problems related to measuring team cognition
New measures of team knowledge that look promising in terms of their predictive
validity
New metrics to aid in measuring team cognition in heterogeneous teams
Empirical studies investigating team cognition and the acquisition of team skill on the
UAYV task

e A suggestion that cross training may work because of its focus on taskwork training
before teamwork training

e A conceptual framework for understanding team cognition

3.5 Objectives of Current Effort (2001-2003)

The objectives and tasks listed below combine those objectives and tasks across the two
associated efforts (F49620-01-1-0261and F49620-03-1-0024) spanning the 34-month period
from 2001 to 2003. The objectives include empirical studies to address effects of geographic
dispersion and workload, empirical efforts to benchmark performance in the CERTT UAV-STE,
and archival data analyses to investigate the role of individual characteristics on team

- performance and to further evaluate measures of team cognition.
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These seemingly disparate objectives evolved over the course of the three-year project. The
original goal of this project was to empirically examine the effects of distributed mission
environments (vs. co-located environments) and increased workload on team performance,
process, and cognition. However, in the first experiment we noted virtually no degradation of
team performance in the distributed mission environment. Instead we noticed across team
variance that seemed to be attributed to the characteristics of the individuals on the team (e.g.,
gender, working memory capacity). We decided to better control for these differences in the
second experiment and to carefully examine data collected in these and two previous
experiments to identify individual characteristics and those associated with team roles that are
predictive of team performance. In this archival analysis methodological issues are also
addressed including reliability and validity of our measures of team cognition. In addition we
collected data from expert teams in order to establish a performance benchmark.

Objective 1: Empirical Studies on DMEs. Conduct empirical studies to investigate the impact
of geographic dispersion and varying workload on team performance, process, and cognition in
the context of the CERTT Lab's three-person UAV-STE.

e Task 1: Design and collect data from an experiment to investigate the combined effects
of communication mode differences, familiarity, and co-presence on team cognition,
process, and performance during task acquisition and skilled performance under varying
workload conditions.

e Task2: Analyze data from the first experiment to determine the direction for the follow-
up experiment.

e Task 3: Based on the data from the first study, design and collect data from a second
experiment to investigate the combined effects of communication mode differences,
familiarity, and co-presence on team cognition, process, and performance during task
acquisition and skilled performance under varying workload conditions.

Objective 2: Empirical Study to Benchmark Performance. Conduct an empirical study to
benchmark expert performance in the context of the CERTT Lab's three-person UAV-STE.

e Task 1: Determine requirements for expert teams and recruit expert teams for
experiment

e Task 2: In a single session with five missions collect performance, cognitive, and
process data from expert teams

e Task 3: Compare data from expert teams to previously collected data from non-expert
teams.

Objective 3: Archival Analysis of Individual and Role-Associated Characteristics. Investigate
the relation between individual characteristics and team cognition and performance through an
archival analysis on data from four previously conducted CERTT UAV-STE experiments.

e Task 1: Assemble data collected from four CERTT-UAYV experiments

e Task 2: Across four experiments, attempt to identify individual and team differences
(cognitive and otherwise) that account for significant variance in team performance.
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e Task 3: Explore the impact of individual differences associated with team role on team
performance and cognition

e Task 4: Explore the use of voice stress as an index of individual arousal during mission
performance

Objective 4: Archival Analysis to Evaluate Measures. Evaluate the newly developed measures
and metrics of team cognition in terms of reliability and validity through an archival analysis on
data from four previously conducted CERTT UAV-STE experiments.

Task 1: Assemble data collected from four CERTT-UAV experiments
Task 2: Evaluate across the four experiments measures of team cognition especially in
terms of measure reliability and validity.

e Task 3: Conduct a multitrait multimethods (MTMM) analysis on data collected from the
third experiment.

o Task 4: Examine the benefit of holistic vs. collective measures of team cognition across
the four experiments.

e Task5: Address aggregation of individual data for measures of team cognition at the
collective level.

3.6 Our Approach

In each of the sections that follow we report for each objective our specific approach to the
problem, hypotheses, methods, results, and conclusions. In general our approach to the first two
objectives is an empirical one in the context of the UAV-STE. When manipulating dispersion in
these studies, we do so while maintaining some fidelity in regard to typical communication
mode. That is, UAV operators typically communicate over headsets while looking at computer
screens, even when they are co-located. Thus, our co-located condition is not a true “face-to-
face” condition in which communication is unimpeded by technology. We take this approach,
however, to address more realistic variations of geographic dispersion.

Our benchmarking study is also approached through empirical data collection. Ideally we would
have preferred to use intact teams of Predator UAV operators. If the UAV-STE is indeed
faithful to the cognitive and team aspects of the operational task, then these operational teams
would provide the best performance benchmark. However, subject matter experts are difficult to
obtain, even in times of peace. In 2003 this problem was exacerbated due to the war in Irag. We
therefore decided to collect data from intact teams who had experience interacting in similar
ways (i.e., ideally over headsets and through computers in a command-and-control like task).

Finally, questions about methodological validity and individual differences are difficult to
address in a single small experiment with 20 or so teams. Therefore, our archival studies were
designed to take advantage of the data collected over the course of four experiments. Together
we have collected data on 69 teams in the CERTT UAV-STE context and these archival analyses
are an attempt to find patterns in the data that are consistent across experiments.
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4.0 PROGRESS UNDER THIS EFFORT
4.1 Experiment 1: Team Cognition in Distributed Mission Environments

Experiment 1 was designed to address the first objective of this project which was to conduct
empirical studies to investigate the impact of geographic dispersion and varying workload on
team performance, process, and cognition in the context of the CERTT Lab's three-person UAV-
STE. The first task under this objective was to design and collect data from an experiment to
investigate the combined effects of communication mode differences, familiarity, and co-
presence on team cognition, process, and performance during task acquisition and skilled
performance under varying workload conditions.

As described in the background section, the rationale for this experiment was based on
observations of important co-located interactions during previous CERTT experiments, the
importance of distributed environments in current military operations, interesting theoretical
questions about distributed team cognition, and a dearth of empirical data on team performance
in DMEs.

Given the intense information sharing and communication requirements of typical DME tasks, it
is likely that team cognition plays a significant role in team performance in such environments.
We generally predict that process deficits associated with DMEs will lead to concomitant deficits
in the development of team cognition. Thus, if dispersion negatively affects team cognition and
if team cognition is a vital contributor to team performance, then team performance should suffer
in DMEs compared to co-located environments.

There will be two phases of the task: (1) task acquisition lasting for four missions; and (2)
skilled task performance in which workload is increased for the last three missions. Measures of
performance, process, and cognition will be taken as stated previously.

The following hypotheses are based on the assumptions stated previously regarding factors
associated with DMEs, as well as our theoretical views concerning the relations between team
cognition, process, and performance.

H1.1 During task acquisition DME teams will suffer process deficits resulting in slower
acquisition rates and overall poorer acquisition performance compared to teams in the co-located
condition.

H1.2 During task acquisition DME teams will suffer process deficits resulting in slower
development of team knowledge and situation models compared to teams in the co-located
condition. '

H1.3 Although by later trials, DME teams may “catch up” in terms of team cognition and
performance to co-located teams, and may compensate for process deficits during low workload
periods, process deficits, and consequently performance and situation model deficits, will occur
in periods of high workload.
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H1.4 Individual differences among DME teams in terms of process strategy may moderate any
deleterious effects of the DME, such that the “best” DME teams can overcome DME limitations
compared to teams with poorer team process.

4.2 Experiment 1: Method
4.2.1 Participants

Twenty three-person teams of NMSU students voluntarily participated in two (5 hour) sessions
for this study. Individuals were compensated for their participation by payment of $6.00 per
person hour to their organization. The number of participants from each organization can be
found in Appendix A. In addition, the three team-members on the team with the highest
performance score were each awarded a $50.00 bonus.

Most of the participants were either Caucasian (55%) or Hispanic (27%) with males representing
65% of the sample. Participants ranged in age from 18 to 40. The participants were randomly
assigned to teams and to role (AVO, PLO, or DEMPC). One team was replaced because a
member of the team did not understand English. Teams were randomly assigned to either the co-
located or distributed condition.

4.2.2 Equipment and Materials

The study took place in the CERTT Lab configured for the UAV-STE described previously. For
most of the study, each participant was seated at a workstation consisting of two computer
monitors (one View Sonic monitor connected to an IBM PC 300PL and one Dell Trinitron
monitor connected to a Dell Precision 220 PC), a Sony video monitor that could present video
from a Quasar VCR, two keyboards, and a mouse for input. Participants communicated with
each other and the experimenters using David Clark headsets and a custom-built intercom system
designed to log speaker identity and time information. The intercom enabled participants to
select one or more listeners by pressing push-to-talk buttons.

Two experimenters were seated in a separate adjoining room at an experimenter control station
consisting of four Dell Precision 220 PCs and Dell Trinitron monitors, an IBM PC computer and
Panasonic monitor, two Panasonic monitors for viewing video output, and two Sony monitors for
video feed from ceiling mounted Toshiba cameras located behind each participant. In addition, a
fourth camera captured information from the entire participant room.

From the experimenter workstation, the experimenters could start and stop the mission, query
participants together or individually, monitor the mission-relevant displays, select any of the
computer screens to monitor using a Hall Research Technologies keyboard video mouse (KVM)
matrix switch, observe team behavior through camera and audio input, and enter time-stamped
observations. A Javelin Systems Quad Splitter allowed for video input from each of the 4
cameras to be displayed simultaneously on the monitor and was recorded on another Quasar
VCR. In addition, a video overlay unit was used to superimpose team number, date, and real-
time mission information on the video. Audio data from the headsets was recorded on an Alesis
digital recorder and sent to the VCR and a Denon Precision Audio Component cassette recorder.
Furthermore, custom software recorded communication events in terms of speaker, listener, and
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the interval in which the push-to-talk button was depressed. A Radio Design Lab audio matrix
also enabled experimenters to control the status of all lines of communication.

Custom software (seven applications connected over a local area network) ran the synthetic task
and collected values of various parameters that were used as input by performance scoring
software. A series of tutorials were designed in PowerPoint for training the three team members.
Custom software was also developed to conduct tests on information in PowerPoint tutorials, to
collect individual and consensus taskwork relatedness ratings, to collect NASA TLX and SART
ratings, to administer knowledge questions, and to collect demographic and preference data at
the time of debriefing.

In addition to software, some mission-support materials (i.e. rules-at-a-glance for each position,
two screen shots per station corresponding to that station's computer displays, and examples of
good and bad photos for the PLO) were presented on paper at the appropriate workstations.
Other paper materials consisted of the consent forms, debriefing forms, checklists (i.e. set-up,
data archiving and skills training), forms for experimenter recording of process, repeat
participants forms, knowledge tests (i.., secondary measures and teamwork) and a leadership
survey.

4.2.3 Primary Measures

In this project we apply and refine some measures of team performance, process, and cognition
that we have previously developed and evaluated. In this section the primary measures that we
use throughout this project are described.

Performance, team process behaviors, and knowledge measures (including knowledge relevant to
situation awareness) are the focus of this project. Demographic items, video records,
communication records, subjective measures of situation awareness and workload, a leadership
survey, and various individual difference variables were also collected. However, they are
secondary to the other measures that are the focus of this report and are described in the
following section as “secondary measures.”

Team performance. Modifications were made to our previous metric of team performance
(Cooke, et al., 2001) in order to base team performance on the rate with which tasks were
completed (e.g., number of photos per minute) rather than the proportion of tasks that were
completed (e.g., number of photos taken out of total possible). This revision accommodates
scoring of the high workload scenario, and other variations of the mission scenarios, and
prevents penalizing teams for not achieving similar proportions of outcome across different
scenarios. For example, the new team performance metric, which is based on rate of
performance, does not penalize teams for photographing a smaller proportion of targets in the
high workload missions (e.g., 12 out of 20) despite the improvement from the low workload
missions (e.g., 9 out of 9).

Furthermore, in order to make the team score more independent from the individual role scores,

we removed penalties for fuel, film, and route sequence violations, as these penalties are specific
to only one role. Finally, the relative weighting scheme used in the team performance and
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individual role performance metrics was also revised to better differentiate between team and
individual tasks or components. For example, the “missed or slow photo penalty” component
was given lower weight for the PLO score but higher weight for the team score, as this task
requires effort on the part of all team members and is not solely the PLO’s responsibility. In
general, components of the individual role performance metrics were given a higher weight if
those components, or tasks, were controlled solely by that role. Appendix B shows the
weighting scheme used for each component of the team and individual role performance metrics.

Team performance was measured using a composite score based on the result of mission
variables including time each individual spent in an alarm state, time each individual spent in a
warning state, rate with which critical waypoints were acquired, and the rate with which targets
were successfully photographed. Penalty points for each of these components were weighted a
priori in accord with importance to the task and subtracted from a maximum score of 1000.
Team performance data were collected for each of the seven missions.

Each individual role within a team (AVO, PLO and DEMPC) also had a composite score based
on various mission variables including time spent in alarm or warning state as well as variables
that were unique to that role. Penalty points for each of the components were weighted a priori
in accord with importance to the task and subtracted from a maximum score of 1000. The most
important components for the AVO were time spent in alarm state and course deviations, for the
DEMPC they were critical waypoints missed and route planning errors, and for the PLO,
duplicate good photos, time spent in an alarm state, and number of bad photos were the most
important components. Individual performance data for a role were collected for each of the
seven missions.

Team process behavior. Team process behavior was scored independently by each of the two
experimenters. For each mission the experimenters observed team behavior and responded to a
series of six questions (see Appendices C & D). Three of these items (P3, P4, and P6) concerned
team behaviors that did or did not occur at designated event-triggers in each mission (e.g., within
five minutes after the end of the mission, the team discusses and assesses their performance).
These items were scored with either a 0 (not present) or 1 (present). The other three items (P1,
P2, and P5) also assessed team behaviors that did or did not occur at designated event-triggers in
each mission, but these items were scored on a scale that ranged from very poor/none (0) to
either good (2) for P2 and P5 or very good (3) for P1. The sum of scores on these six items was
expressed as a proportion of total possible points (10) for a given mission. This proportion
formed the critical incident process score for each team.

Four summary scores for each team were also used to assess team process for a given mission.
Summary scores were based on experimenter judgments on four dimensions (communication
and coordination, team decision-making, team situation awareness behaviors, and process
behaviors), which were scored on a five-point scale that ranged from 1 (terrible) to 5 (excellent).
Experimenters were aided when making their judgments by informal tallies that were kept for
each dimension throughout the mission. Appendix E contains the description that the
experimenters were given for each process dimension.
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Team situation awareness. The product of team situation awareness (i.e., fleeting knowledge of
the situation) was measured using two SPAM (Situation Present Assessment Method )-like
queries (Durso, Hackworth, Truitt, Crutchfield, Nikolic & Manning, 1998) administered at two
randomly selected 5-minute intervals during each mission. One of the experimenters
administered the queries to each individual in turn (See Appendix F) and then to the team as a
whole. Order in which individuals were queried was also random. The two queries asked: (1) a
prediction regarding the number of targets out of nine for low workload missions, or 20 for high
workload missions, successfully photographed by the end of the mission; and (2) one of the non-
repeated queries that is listed in Appendix G. The experimenter also recorded the correct
response to these queries once known and this key, which is described below, was used to score
the eight responses for accuracy.

Each team member was scored for accuracy at each query (i.€., two accuracy scores per
mission). Accurate responses were scored as 1 whereas inaccurate responses were scored as 0.
Collective team accuracy on each query was determined by summing the three individual
accuracies on that query (i.e., if all 3 individuals were accurate, team accuracy = 3;if2
individuals were accurate, team accuracy = 2; etc.). Each team was also scored for team holistic
team accuracy at each query. Accurate holistic responses were scored as 1 whereas inaccurate
holistic responses were scored as 0 and were based on the teams’ response to the queries.

Responses to all queries were also scored for intrateam similarity. Team similarity was the sum
of all the pairwise similarities of the three team members. First, if the AVO-PLO responses were
identical, a score of 1 was assigned to that comparison; otherwise, a score of 0 was assigned.
The AVO-DEMPC response and the PLO-DEMPC response were compared and scored in the
same way. Intrateam similarity was determined by summing the pairwise comparisons (i.e., if all
responses were the same, intrateam similarity = 3; if two team members answered the same,
intrateam similarity = 1; if no team members answered the same, intra-team similarity = 0). It
was not possible to obtain an intra-team similarity score of 2. In some cases, the truth associated
with the query changed as the question was being asked to each of the individuals. That is, on
occasion, the situation changed before the experimenter could obtain responses from each
individual team member and the team as a whole. In these cases, teams were not scored for
intra-team similarity since their answers would have been inaccurate if they were similar and
accurate if they were different.

Teamwork knowledge. Team knowledge was measured in two separate sessions by four
methods: teamwork questions, teamwork consensus questions, taskwork ratings, and taskwork
consensus ratings. Teamwork knowledge was assessed with the teamwork questionnaire (see
Appendix H). The teamwork questionnaire consisted of a scenario in which each individual
participant was required to indicate which of sixteen specific communications were absolutely
necessary in order to achieve the scenario goal. To calculate each individual’s overall accuracy,
the responses were compared to an answer key, which classified each of the 16 communications
into one of the following categories: (1) the communication is NEVER absolutely necessary to
complete the scenario goal; (2) the communication could POSSIBLY be necessary to complete
the scenario goal (e.g., as considered by novices); or (3) the communication is ALWAYS
absolutely necessary to complete the scenario goal. Each communication was worth 2 points,
which yielded a maximum of 32 points possible. Participants either checked each
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communication, indicating that it was absolutely necessary to complete the scenario goal or left
it blank, indicating that it wasn't absolutely necessary. The table below illustrates how the
questionnaires were scored. A perfect score was achieved by only checking those
communications that were ALWAYS absolutely necessary and leaving all other communications
blank.

Table 3
Points Assigned to Responses on the Teamwork Questionnaire
IF PARTICIPANT IF PARTICIPANT LEFT
TRUTH CHECKED RESPONSE ITEM BLANK
NEVER Necessary ¥'0 points given 2 points given
POSSIBLY Necessary v'1 point given 2 points given
ALWAYS Necessary v'2 points given 0 points given

Using the same scoring scheme, individual’s responses to the teamwork questionnaire were also
scored against role-specific keys. In particular, “role” or “positional” accuracy, as well as
“interpositional” accuracy (i.e., interpositional knowledge or knowledge of roles other than his or
her own) was determined. Role or positional knowledge accuracy was determined by comparing
each individual’s responses to the role-specific key.

To score positional knowledge accuracy, each role-specific key was used to compare each
individual’s responses to the subset of the items on the questionnaire specific to his/her role. For
example, the key for AVO positional knowledge did not take into consideration five items on the
questionnaire that asked about communications between PLO and DEMPC. Therefore, the
maximum score for AVO positional knowledge accuracy was 22 (i.e., 11 questionnaire items
worth 2 points each). The maximum scores for PLO and DEMPC positional knowledge
accuracy were 20 and 22, respectively.

For each role, interpositional knowledge was scored against those items on each key not used in
scoring positional knowledge. For example, the accuracy of AVO’s responses on the teamwork
questionnaire to those 5 items involving communications between the PLO and DEMPC
constituted his/her score for interpositional knowledge. Since each response is worth 2 points,
the AVO interpositional knowledge maximum is 10. The maximum scores for PLO and
DEMPC interpositional knowledge accuracy scores were 12 and 10, respectively.

Intra-team similarity was also computed by comparing responses from all 3 participants and
assigning a point to every response that all the team members had in common. A maximum of 16
points were possible where a higher score indicates that the team's responses were more similar.

The teamwork consensus ratings were administered in the same manner as the teamwork ratings,
but were completed on a team level where team members discussed their answers over the
headsets until a consensus was reached. In this manner, each team was scored for holistic
accuracy on the teamwork variable, for a maximum score of 32.

Taskwork knowledge. Taskwork knowledge was assessed through a rating task. The taskwork
ratings consisted of eleven task related terms: altitude, focus, zoom, effective radius, ROZ entry,
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target, airspeed, shutter speed, fuel, mission time, and photos. These task related terms formed
55 concept pairs, which were presented in one direction only, one pair at a time. Pair order was
randomized and order within pairs was counterbalanced across participants.

Team members made relatedness ratings of the 55 concept pairs on a six-point scale that ranged
from unrelated to highly- related. By submitting these ratings to Knowledge Network
Organization Tool (KNOT), using parameters r = infinity and ¢ = n-1, an individual Pathfinder
network (Schvaneveldt, 1990) was derived for each of the team members. These networks
reduce and represent the rating data in a meaningful way in terms of a graph structure with
concept nodes standing for terms and links standing for associations between terms. The
individual taskwork networks were scored not only against a key representing overall
knowledge, but also against role-specific keys. In this way, measures of “role” or “positional”
accuracy, as well as “interpositional” accuracy could be determined. In previous studies the
referent networks were derived manually by experimenters, who were familiar with the UAV-
STE. In the experiments presented here we decided that the referents might be improved by
basing them on data from the highest scoring individuals or teams in our previous studies. See
Appendix I for overall and positional referent networks and the approach that was used to derive
these networks.

The accuracy of an individual’s knowledge was determined by comparing each individual
network to empirical referents associated with knowledge relevant to the respective roles and
overall knowledge. Network similarities were computed that ranged from 0 to 1 and represented
the proportion of shared links between the two networks (i.e., based on the Pathfinder similarity
metric).

From these similarity values, three accuracy values were computed for each team member.
Overall accuracy is the similarity between the individual network and the overall knowledge
referent. Positional (role) accuracy is the similarity between the individual’s network and the
referent network associated with that individual’s role. Interpositional accuracy is the average of
the similarity between the individual’s network and the referent networks of the two other roles.
These three accuracy values were averaged across all team members to give a final overall,
positional and interpositional accuracy score for each team. It should be noted that prior to
averaging similarity values to calculate positional and interpositional accuracy scores for the
team, positional and interpositional scores for each team member were standardized, as team
positional and interpositional accuracy scores are made up of individual scores based on different
referents, or scales.

Intrateam similarity was scored on the same scale as accuracy and ranged from 0 to 1. An
individual’s network was compared to another team member’s network and assigned a similarity
value. This was done until all three team members had been compared to one another (i.e. AVO-
PLO, AVO-DEMPC, and PLO-DEMPC). Intrateam similarity was computed by averaging the
three similarities values and measured using the proportion of shared links for all intrateam pairs
of two individual networks (i.e. the mean of the three pairwise similarity values among the three
networks).
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Taskwork consensus ratings consisted of the same pairs as taskwork ratings (randomly
presented); however the feam entered a rating for each pair. For each pair, the rating entered in
the prior session by each team member was displayed on the computer screen of that team
member. The three team members discussed each pair over their headsets until consensus was
reached. As a team, the individuals had to agree on relatedness ratings for the concepts. The team
ratings were submitted to Pathfinder network scaling. The holistic accuracy score is the
similarity value between the team’s network and the overall referent network. From their
answers, a team knowledge network was developed and compared to the overall knowledge
referent.

424 Secondary Measures

Verbal working memory capacity. There were several secondary measures that will be briefly
described in this section. A measure of verbal working memory capacity was taken from the Air
Force CAM 4 computerized test battery (Kyllonen, 1995; Kyllonen & Christal, 1990). This
measure consisted of 32 items, each of which presented participants with four to seven stimuli,
the last three of which the participants had to remember in order. The stimuli were one-syllable
adjectives such as big, cold, and fast. The color of the stimuli was varied so that participants had
to transform the words. When the stimulus was white, the participant remembered the word that
had been presented, but when the word was yellow, participants had to remember the antonym of
the word (e.g., the opposite of big is small). The last three stimuli for an item were either
consistent, that is all white or all yellow, or were inconsistent, which means that white and
yellow stimuli were mixed. Stimuli were presented at the rate of one word every 2.5 seconds and
participants had 18 seconds to respond to each list of words.

Participants responded after all stimuli had been presented by selecting from eight alternatives:
big, cold, fast, high, hot, low, slow, and small. Participants also used a three-point scale to
provide confidence ratings concerning the correctness of their responses. The three points on the
scale were labeled “I think I got it wrong,” “I am not sure”, and “I think I got it right”. After each
block of eight trials, participants were provided with accuracy feedback. The feedback also
indicated how many items the participant thought he/she had answered correctly. The working
memory task presumably tapped working memory capacity because the participants were
required to retain and manipulate the stimuli. Results pertaining to this measure are described in
the section on archival analyses of individual and role-related factors.

Social desirability. Another individual difference measure that was used in Experiment 1 was a
computerized version of the Marlowe-Crowne social-desirability scale (MCSD; Crowne &
Marlowe, 1964). This measure asked participants to respond to 33 true-false items as part of the
debriefing questions (see below). Higher scores on this measure may indicate a need for
approval and a certain amount of defensiveness. Due to lack of variance on this measure, results
pertaining to it are not reported.

Verbal processing speed. Another individual difference measure that was used in Experiment 2
only was a verbal processing speed measure that assessed how quickly the participant could
decide whether simple words had similar meanings or different meaning (e.g., argue and debate).
Participants responded by typing “L” on the computer if the words were synonyms and “D” if

Cooke et al. 28 UAYV Command and Control




not. Participants received laténcy feedback at the end of each trial and accuracy feedback at the
end of each block. The measure of performance was response latency, which is referred to as
processing speed in this report. Results pertaining to this measure are described in the section on
archival analyses of individual and role-related factors.

Secondary knowledge questionnaire. A secondary questionnaire was also administered at each
of the two knowledge sessions in Experiment 1. This 20-item questionnaire provided a
secondary measure of taskwork and teamwork knowledge that was necessary for planned
MTMM analyses. For 16 items, participants used a five-point scale to provide ratings of the
knowledge and abilities of (1) themselves, (2) their teammates, and (3) the team as a whole. The
remaining 4 multiple-choice items directly assessed the participants’ knowledge and abilities.
The secondary questionnaire can be found in Appendix J. Results pertaining to this measure are
reported in the section on archival evaluation of measures, specifically in the section on MTMM
analysis.

Emerging leadership. In the first experiment, a leadership questionnaire was administered in
order to attempt to assess emerging leadership. A copy of this questionnaire appears in
Appendix K. Results pertaining to this questionnaire are reported separately as part of Rebecca
Keith’s Masters thesis at NMSU.

NASA TLX subjective workload measure. Another questionnaire was administered at the end of
each mission. This post-mission questionnaire included two measures. The first measure was a
variant of the NASA TLX, a subjective measure of workload (Hart & Staveland, 1988). This
subjective workload measure asked participants to respond to 5 different rating scales (i.e.,
mental demands, physical demands, temporal demands, performance demands, teammate
demands) regarding their last mission. Each scale contained one question and the responses
were on a scale from 1 (low demands) to 100 (high demands). These numbers were not shown
to the participants. The ratings on each subscale were weighted according to the extent to which
each type of demand contributes to the workload in our task (as decided by experimenters). For
example, our task requires more mental demand (remembering, deciding, etc.) than physical
demand (pushing, pulling, etc.) and thus, mental demand is weighted more heavily than physical
demand. Furthermore, these weights differ among the roles, as each type of demand does not
necessarily contribute to each role’s workload in the same manner (see Table 4). Results
pertaining to this measure are described in the section on archival analyses of individual and
role-related factors and can also be found in the appendix that pertains to workload measures.

Table 4
The Role-Specific Weights for each Subscale on the NASA TLX

Mental Physical Temporal Performance Team

AVO 1.67 1.17 2.67 233 2.17
PLO 2.00 .67 2.50 3.00 1.83
DEMPC 3.67 .33 1.17 1.50 3.33

SART: Subjective situation awareness measure. The second measure on the post-mission
questionnaire was the SART (Situation Awareness Rating Technique; Taylor, 1990), which is a
subjective measure of situation awareness. The subjective situation awareness questionnaire was
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made up of 14 ratings (e.g., demand on cognitive resources, instability of situations, complexity
of situations, etc.), each on a scale from 1 (low) to 7 (high). The post-mission questionnaire
containing the subjective measures of both workload and situation awareness can be found in
Appendix L. Results for this measure are presented with the results for situation awareness.

Debriefing questions. We also administered a series of questions at the end of the study to
assess various constructs such as trust and evaluation anxiety as well as collect demographic
information. A set of questions also asked participants about their experiences as a participant
such as whether they enjoyed the study, liked working with other members of the team,
performed well on the task, and how they felt about other members of their team. Participants
were also asked about how they made decisions (e.g., majority-rules, unanimous). The complete
set of questions for each of the three studies can be found in Appendices M and N for
Experiments 1 and 2, respectively. The debriefing in Experiment 3 involved a demographics
questionnaire and a debriefing interview (see Appendices O and P, respectively). Due to the
unique background of one of the teams in Experiment 3, eight additional questions were
appended to the Debriefing Interview (see Appendix Q). Results pertaining to this measure are
described in the section on archival analyses of individual and role-related factors.

4.2.5 Procedure

Experiment 1 consisted of two sessions (see Table 5). Both sessions lasted approximately 5
hours each and were separated by a 48-hour interval. Teams were randomly assigned to one of
two conditions (distributed or co-located). In the distributed condition, two team members were
in the same room separated by partitions and the third team member was in a remote location. In
the co-located condition, all three team members were in the same room. Prior to arriving at the

first session, the three participants were randomly assigned to one of the three task positions:
AVO, PLO, or DEMPC. The team members retained these positions within the same team for

the remainder of the study.
Table 5
Experiment 1 Protocol
SESSION 1 SESSION 2
Working Memory Measure ~ Mission 4 (low workload)
Task Training Post Mission Questionnaire
Knowledge Measures Leadership Questionnaire
Mission 1 (low workload)  Mission 5 (high workload)
Post Mission Questionnaire Post Mission Questionnaire
Mission 2 (low workloady  Mission 6 (high workload
and communication glitch)
Post Mission Questionnaire Post Mission Questionnaire
Mission 3 (low workload)  Mission 7 (high workload)
Post Mission Questionnaire Knowledge Measures
Leadership Questionnaire
Debriefing Questions
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In the first session, the team members were seated at their workstations where they completed a
working memory measure. Afterwards, they were given a brief overview of the study and
started training on the task. During training, all the team members were separated by partitions
regardless of the condition they were assigned. Team members studied three PowerPoint
training modules at their own pace and were tested with a set of multiple-choice questions at the
end of each module. If responses were incorrect, they were instructed to go back to the
PowerPoint tutorial and correct their answers. Experimenters provided assistance and
explanation if their second response was also incorrect. Once all team members completed the
tutorial and test questions, a mission was started and experimenters had participants practice the
task, checking off skills that were mastered (e.g., the AVO needed to change altitude and
airspeed, the PLO needed to take a good photo of a target) until all skills were mastered (See
Appendix R for the checklist of skills). Again, the experimenters assisted in cases of difficulty.
Training took a total of 1.5 hours.

After a short break, knowledge measures were administered in the following order: taskwork
ratings, taskwork consensus ratings, teamwork ratings, teamwork consensus ratings, and the
secondary knowledge questionnaire. The participants were separated by partitions during the
knowledge sessions as well. Once the knowledge measures were completed, partitions were
removed for co-located teams and the teams began the first 40-minute mission. Missions 1
through 4 were low workload, which required teams to take reconnaissance photos of 9 targets.
Missions were completed either at the end of a 40-minute interval or when team members
believed that the mission goals had been completed. Immediately after each mission,
participants were shown their performance scores. In the co-located condition, participants could
view their team score, their individual score, and the individual scores of their teammates.
Participants in the distributed condition were only allowed to view the team score and their own
individual score. The performance scores were displayed on each participant’s computer and
shown in comparison to the mean scores achieved by all other teams (or roles) who had
participated in the experiment up to that point. Teams also completed a set of post mission
questions following each mission, which included the SART and TLX that were described
earlier. Participants were given their second break after Mission 1.

The second session consisted of Mission 4 followed by a short leadership questionnaire. The last
three missions were high workload and required participants to take reconnaissance photos of 20
targets. There were also additional constraints relevant to route planning. The participants took a
break following Mission 5. During Missions 6 and prior to entry by the team’s UAV into a
specific target area, communication was cut for five minutes so the AVO could not hear any
information relayed by the DEMPC. Mission 7 was then completed followed by a break and the
second knowledge measurement session. During the second knowledge session, participants
completed the same ratings as in the first knowledge session, as well as leadership and debriefing
questionnaires. 3

4.3 Experiment 1: Results
This section describes work under Task 2 of the first objective: analyze data from the first

experiment to determine the direction for the follow-up experiment. As stated earlier, team
performance, team process behaviors, and knowledge measures (including knowledge relevant to
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situation awareness) are the focus of this project and are reported in the results section that
follows. Results are summarized at the end of each section to facilitate an understanding of the
main points. Some detailed analyses of workload measures are presented in the appendix (see
Appendix S).

4.3.1 Team performance

Table 6 shows the means for the co-located and distributed teams for each mission and Figure 5
provides a graph of these means. A mixed two-factor AN OVA with mission as the repeated
measure and dispersion as the between-teams variable revealed a detectable effect of mission
F(6, 108) = 19.10, p < .01, but no effect of dispersion F{(1, 18) <1.

Table 6
Team Performance in Co-located and Distributed Conditions
- Mean Standard Minimum Maximum
Mission Deviation
Col Dist Col Dist Col Dist Col Dist
1 290 239 79 58 163 162 397 336
2 340 327 116 42 63 268 481 389
3 378 398 54 47 312 337 472 479
4 446 420 73 51 317 362 539 495
5 338 378 40 53 270 327 385 467
6 355 360 44 34 269 303 407 430
7 357 392 56 45 247 327 462 457
500 -
400 -
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Figure 5. Performance scores for co-located and distributed teams.
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Sequential acquisition contrast effects are shown in Table 7. There was also an interaction
between mission and dispersion F(6, 108) = 1.94, p = .08. (Note that throughout this report we
considered a-levels of < .10 statistically significant, opting to err in the direction of increased
Type I errors in order to identify any potentially interesting measures or effects.) Simple effect
contrasts showing the difference between dispersion levels between each mission from 2 through
7 are presented in Table 8. The comparison at Mission 1 is excluded due to degrees of freedom
constraints.

Table 7
Sequential Acquisition Contrast Effects for Performance-Means are Adjusted for the Repeated

Measures Model
Contrast Between

Missions B (mean difference) SEg B t P
2-1 94.09 10.99 66 8.56 <.01
3-2 119.21 14.19 .84 840 <.01
4-3 89.75 15.55 63 577 <01
5-4 15.34 15.55 A1 099 .33
6-5 15.39 14.19 A1 1.08 .28
7-6 16.33 10.99 A1 149 .14
Table 8

Performance Dispersion Effects at Mission 2 through 7-Mission 1 Excluded to Preserve Degrees
of Freedom
Dispersion at

B (mean difference) SEg B t P

Mission:
2 -18.92 16.79 -09 -1.13 .26
3 -35.45 16.79 -18 -2.11 .04
4 -12.58 16.79 -06 -0.75 .46
5 -45.22 16.79 -22 -2.69 .08
6 -27.73 16.79 -14 -1.65 .10
7 -42.53 16.79 -21 -2.53 .01

Improved performance during the first four missions was tested by comparing the means from
Missions 1 and 4. Analysis with Missions 1 and 4 as the repeated measure and dispersion as the
between-teams variable indicated that teams in both conditions learned the task. There was no
interaction between condition and mission performance F(1, 18) < 1, nor main effect of
condition F(1, 18) = 2.25, but performance improved between Missions 1 and 4 F(1, 18) =
124.46, p < .01, averaged across co-located and distributed teams.

Comparisons were also made between performance in Mission 4 and the Mission 4 performance
of teams from an earlier study (Cooke, et al., 2001) to determine whether the teams reached
asymptote in Mission 4 as they had in the earlier study. A two degree of freedom test including
co-located teams against earlier teams, and distributed teams against earlier teams, produced no
detectable difference, F(2, 28) < 1, in Mission 4 performance, so we assume that both co-located
and distributed teams in the present study reached asymptote in Mission 4.
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Increased workload produced a decline in performance between the last low workload mission
(Missions 4) and the first high workload mission (Mission 5), F(1, 18) = 31.47,p < .01, (see
Table 6 for means and SDs), with a detectable interaction between dispersion condition and
mission F (1, 18) = 6.05, p = .02, suggesting that the decline in performance was affected by
condition. Means in this single degree of freedom interaction reveal that the direction of the
dispersion effect changed from Mission 4 to Mission 5, with distributed teams performing better
than co-located in Mission 5 and with co-located teams suffering the most from increased
workload (see Table 6 for means and SDs).

We also compared co-located and distributed teams on Missions 4, the last low workload
mission, and Mission 7, the last high workload mission, to see whether teams recovered from the
workload manipulation by the end of the experiment. There was a detectable main effect of
mission F(1, 18) = 13.74, p < .01, with teams performing worse in Mission 7 than in Mission 4
(see Table 6 for means and SDs). Also, there was an interaction between condition and mission,
F (1, 18) =3.65, p = .07, indicating a change in valence for the dispersion effect between
Mission 4 and Mission 7 with distributed teams outperforming co-located teams in Mission 7,
but not in Mission 4.

To summarize:

e Co-located and distributed teams learned the task during the low workload missions and
performed more poorly when the workload was increased.

e Dispersion did not affect early performance, but the dispersed teams tended to perform
better than the co-located teams on later high workload trials.

In sum our hypotheses regarding performance deficits of DME teams were not supported by our
findings. In fact, the deficits seem to point to the co-located teams.

4.3.2 Team Process

To calculate agreement between the two process raters, we computed a scaled proportion of
agreement index (Po(scale); Cooke, et al., 2001). Between all pairs of raters, we computed the
absolute value of the deviation, scaled to the range of the possible scores. This normalized
disagreement measure was then subtracted from 1, yielding:

Po(scale) = 1 - |Rater] - Rater2| / Range.

Next, for each mission, we tested the Po(scale) for each process measure using a one-sample t-
test, against 0. Every process measure at every mission (both critical incident and rating
measures) was detectably larger than disagreement, with no p-value being larger than .01, and
almost all of them being smaller than .001 (see Appendix Table T1). Therefore, agreement was
adequate for the process measures, and we averaged between the two raters to yield an overall
score for each item.
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Critical incident process. As discussed in the measures section, the sum of scores on the six
critical incident items was expressed as a proportion of total possible points (10) for these items
in a given mission. Thus critical incident process ranges from 0 to 1. The items were equally
weighted in the proportion based on the results of a hierarchical centroid clustering of the items.
For the distance metric we subtracted the rank order correlations from 1. This metric ranges
from O to 2, with 0 being closest and 2 being farthest. Depicted in Figure 6, the distance between
each cluster is roughly linear, with no dramatic jumps, we therefore felt confident there were no
strong clusters among the individual items, with each item being equally important in the overall
score.

e e centroid distance
€

S . .
] — — —Linear (centroid
o distance)

0.7 .

Cluster

Figure 6. Experiment 1 critical incident process items: distance by cluster.

When the team did not reach a designated event-trigger, and therefore had missing data for that
item, the proportion was calculated without that item. In this way, the team’s interaction score
was not affected by an event that is better captured by the team’s performance score. Descriptive
statistics including means, standard deviations and ranges for critical incident process scores for
co-located and distributed teams at each mission are given in Table 9

Table 9
Team Critical Incident Process Scores in Co-located and Distributed Conditions
Standard . . .
Mission Mean Deviation Minimum Maximmm
Col Dist Col Dist Col Dist Col Dist

1 .56 35 15 13 35 20 .80 .60
2 .66 S1 10 .08 50 40 .80 .65
3 .70 .55 15 17 45 35 .85 .80
4 .66 48 .08 13 .50 25 75 .65
5 .56 .50 .16 .16 40 22 .80 5
6 .64 49 A1 12 .50 .35 .85 75
7 .66 48 .14 .09 .39 35 .90 .60
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Based on our experimental design, we analyzed critical incident process for main effects of
mission and condition, and the interaction mission by condition. The levels of the factors are 2
conditions by 7 missions, with 10 teams per condition, N =2 X 10 X 7 = 140 total observations.
Planned comparisons included looking at interactions between condition and Missions 1 and 4,
as well condition and Missions 4 and 5. The first contrast tests for differences in acquisition or
learning while the second tests for differential workload effects.

The main effect of mission was significant, F(6, 108) = 4.77, p < .01, implying that critical
incident process scores were statistically different across the seven missions. The main effect of
condition was also significant, F(1, 18) = 18.41, p <.01. Figure 7 illustrates that co-located
teams had significantly higher critical incident process over missions. Figure 7 supports the
statistical finding that the omnibus interaction between condition and mission was insignificant
F(6, 108) < 1. Therefore, over all of the missions, differences between co-located and
distributed critical incident process were relatively consistent.
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Figure 7. Mean Experiment 1 co-located and distributed critical incident process scores over
missions.

The planned comparison between Missions 1 and 4 revealed a main effect of condition, F(1, 18)
=21.65, p < .01. However this is not surprising since co-located critical incident process was
always higher. The main effect of mission for the planned comparison was also significant, F{(1,
18) = 9.94, p < .01, indicating that critical incident process scores statistically increased between
Missions 1 and 4. This difference was also consistent across conditions, as the planned
interaction contrast between these two levels of mission was not significant, F(1, 18) <1.
According to this set of planned comparisons, co-located teams had higher critical incident
process scores at both Missions 1 and 4, but that teams in both conditions showed increases in
critical incident process scores between Missions 1 and 4.
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The planned comparisons between Missions 4 and 5 indicate a significant main effect of
condition, F(1, 18) = 5.53, p < .05, between these missions, with co-located continuing to earn
higher critical incident process scores. The main effect of mission however was not significant,
F(1, 18) = 1.86. However inspecting Figure 7, the reason this main effect was not significant is
likely due to the fact that the process of distributed teams was not impaired by the higher
workload. A post hoc simple comparison revealed that co-located teams did show significant
decrease on critical incident process between Missions 4 and 5, F(1,9)=4.37, p=.07. Itis not
surprising then that the planned interaction contrast using Missions 4 and 5 was also significant,
F(1, 18) =3.01, p = .10. Apparently co-located and distributed teams’ critical incident process
scores were differentially impacted by the transition from low to high workload between
Missions 4 and 5. In Figure 7 this difference is illustrated by the sharp drop in co-located critical
incident process at Mission 5 relative to the steady, albeit low, level of critical incident process at
Missions 4 and 5 for distributed teams.

Reflecting on these results, it appears that team process behaviors change over time. Looking at
Figure 7, we can see several bumps and dips across missions. On the positive side this implies
that team process behaviors can be made to be adaptive, in so much as they are dynamic and can
change over time. On the negative side, this also implies that process behaviors can be relatively
unstable, requiring a high level of maintenance. Our results also suggest that teams in the co-
located condition exhibit better team process behaviors at our pre-defined trigger points. Given
that our participants in the co-located condition are geographically proximal, the simple
explanation is that something about being together in the same room facilitates these good
process behaviors. And although the co-located teams took a bigger hit to their process
behaviors in the high workload missions, they were still far better than their distributed
counterparts.

Based on the results from the planned analyses of critical incident process, we conducted some
follow up tests. In order to more deeply explore the source of the process differences between
co-located and distributed teams, a discriminant analysis model was fit using the critical incident
items as predictors and co-located (0) or distributed (1) as the dependent grouping variable.
Wilks’ Lambda and the F analogue of the weights assigned to each item in the discriminant
function are presented in Table 10.

Table 10
Results of Discriminant Analysis
Process Wilks' Standardized
Item Lambda F dfium dfden Sig. Weights

1 .90 13.31 1 124 .00 .16
2 1.00 .00 1 124 .99 -11
3 94 7.38 1 124 01 28
4 1.00 .50 1 124 A48 -.06
5 1.00 .01 1 124 92 -11
6 34 244.84 1 124 .00 .98

Clearly critical incident Item 6 is the big discriminator, followed by Items 1 and 3 in that order.
It is interesting to note that these items involve communications that are not explicitly necessary.
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For example, Items 6 and 1 involved teams discussing their performance after and at the
beginning of, respectively, their missions. Item 3 is whether or not they explicitly note call in
targets before getting to a called in ROZ (Restricted Operating Zone) area. All of the other
Ttems, 2, 4, and 5, involve communications that are explicitly necessary during the course ofa
mission, e.g., AVO and PLO coordinating on a specific target. We thus theorize that the
significantly better process behaviors exhibited by co-located teams were due to differences in
assessing performance prior to and after each mission (Items 1 and 6), and to some extent,
explicitly noting mission parameters that emerge during the course of a mission (Item 3).
Although these differences apparently do not correspond to differences in team performance,
these items may be relevant in terms of planning and adaptive process behaviors.

Summary process. Based on the previous inter-rater agreement for process measures, each of
the four summary process ratings were averaged between the two experimenters at that mission.
If a value was missing for one of the experimenters the available value was taken as the team’s
mission score on that process dimension.

In order to compute an overall summary process score we averaged over the four components.
The average was deemed appropriate based on hierarchical centroid clustering of the 1-rho
distance metric. Specifically, as illustrated in Figure 8, there were no obvious clusters among
subsets of summary process dimensions. Descriptive statistics of this overall summary process
measure for co-located and distributed teams over missions are presented in Table 11.

e cntroid distance

— — ~— Linear (centroid
distance)

Distance

0.6 . .
1 2 3

Cluster

Figure 8. Experiment 1 summary process items: distance by cluster.
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Table 11
Team Process Summary Scores in Co-located and Distributed Conditions
. . Mean Star.lda}rd
Mission Deviation
Col Dist Col Dist Col Dist Col Dist
2.56 2.22 .94 45 1.63 1.50 4.50 3.00
2.76 3.19 .76 43 163 238 4.00 3.75
341 3.42 .83 S1 200 275 4.75 4.25
3.81 3.71 43 .66 288 250 4.38 4,75
3.25 3.55 .63 .63 250 288 425 4.88
3.58 3.51 42 43 275 2.88 4.13 4.38
3.41 3.50 .73 .63 200 250 4.13 4,50

Minimum Maximum

NV A WN -

The planned analyses of the averaged summary process ratings were the same as those for
critical incident process. Specifically we tested for main effects of mission and condition and an
interaction effect between the two, followed by interaction contrasts involving co-located and
distributed differences in acquisition (condition by Missions 1 and 4) and workload (condition by
Missions 4 and 5). There were 140 total observations.

The main effect of mission was significant, F(6, 108) = 13.76, p < .01, indicating that summary
process scores changed across missions. In Figure 9, it appears that in general, summary process
increased across the first four (low workload) missions, but dipped during the last three (high
workload) missions. Unlike critical incident process, the main effect of condition on summary
process was not significant, F(1, 18) < 1. Apparently the distributed teams” poorer critical
incident process did not reflect on experimenter ratings of quality of team process behaviors.
The interaction between mission and condition was also not significant, F(6, 108) = 1.08. Thus,
as Figure 9 suggests, the differences in summary process across missions were consistent
between co-located and distributed conditions. The planned comparisons supported this general
finding between specific levels of the mission factor.

Between Missions 1 and 4 there was a large increase in mean summary process ratings, F(1, 18)
=51.27, p < .01, that was consistent across both conditions, F(1, 18) <1. Likewise the dip
between Missions 4 and 5 was significant, F(1, 18) = 6.24, p < .05, and apparently occurred
similarly for both conditions, F(1, 18) < 1. Both the acquisition (mission 1 vs. 4) and workload
(mission 4 vs. 5) interaction contrasts were not significant, F(1, 18) < 1 and F(1, 18) = 1.91,
respectively, and support the conclusion that summary process increased and decreased similarly
for co-located and distributed teams.

The results for summary process suggest that the quality of team processes as rated by expert
observers were roughly equal between the co-located and distributed conditions. This finding,
taken together with the results from the follow up analysis on critical incident process, suggest
that the critical incident items on which co-located teams exhibited an advantage may not have
been an important factor when considering overall quality of a teams process behaviors. More
specifically, in so much as the critical incident items on which co-located teams held an
advantage involve planning and adaptive process behaviors, these factors where un-represented
among the summary process dimensions. However, the lack of strong differences in team
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performance between the co-located and distributed conditions further bolsters the claim that
these dimensions may not be necessary in order to evaluate team process behaviors as they relate
to performance in the UAV synthetic task. Finally, the summary process results suggest that
over the first four missions, the ratings of overall quality of team process behaviors improved.
We theorize that this maps onto the performance acquisition curve, in that over the first four
missions part of what teams are really acquiring is the ability to coordinate with each other via

good process behaviors.
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Figure 9. Mean Experiment 1 co-located and distributed summary process ratings scores over
missions.

To summarize the most interesting findings:

e Co-located teams exhibited better overall critical incident process behaviors; these
behaviors tended to involve planning and adaptive process behaviors, which do not map
directly onto team performance differences in the UAV synthetic task.

o At least part of what all teams acquire while approaching performance asymptote is the
ability to coordinate using good process behaviors.

e Increases in workload tend to impair team process behavior.

4.3.3.Situation Awareness

The analyses of each of the measures of situation awareness (accuracy, intrateam similarity, and
holistic accuracy) examined the effects of mission, condition (co-located/distributed), and type of
query (repeated/non-repeated). Of the eight situation awareness queries, one query was repeated
at each mission while each of the other (non-repeated) queries was administered at a different
mission (determined randomly). Combining repeated and non-repeated queries would not be
appropriate, given that there appears to be differences in what the queries measure. That is, the
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repeated query seems to measure awareness of the experimental situation since it is administered
at each mission and can therefore be anticipated by the team with mission experience. On the
other hand, the non-repeated queries cannot be anticipated and act as a measure of awareness of
the task situation.

Situation awareness accuracy. Table 12 shows situation awareness accuracy on the repeated
query and non-repeated queries for co-located and distributed teams on a mission-by-mission
basis as well as averaged over low workload missions and high workload missions. A missing
data point for Team 12 at Mission 4 (repeated query) was replaced with the mean of the other 19
teams’ accuracy scores on the repeated query at Mission 4 before the overall mean was
calculated.

A univariate, repeated measures analysis of variance with two repeated factors (mission and

- query type) and one between-subjects factor (condition) was used to analyze situation awareness
accuracy. Results from the omnibus test are presented first, followed by the results from two
planned contrasts. Accuracy for co-located and distributed teams was not significantly different,
F(1, 18) =2.53. However, a significant effect of mission emerged, F(6, 108) =3.14,p < .01.
Figures 10 and 11 illustrate how accuracy changed across missions. Query type also
significantly affected accuracy, F(1, 18) = 105.11, p <.01. In particular, teams were more
accurate at responding to the non-repeated queries than the repeated query. Furthermore, there
was a significant interaction between mission and query type, F(6, 108) = 6.41, p < .01, which
can be seen in the comparison of Figure 10 and Figure 11. That is, the pattern of accuracy across
the missions was different for the repeated query and the non-repeated queries. The interaction
between condition and query type was not significant, F(1,18) < 1. There was also no interaction
between condition and mission, F(6, 108) < 1. Finally, the three-way interaction among
condition, query type, and mission was not significant, F(6, 108) < 1.

Post hoc comparisons were conducted to pin-point the source of the interaction between mission
and query type. The comparisons revealed that accuracy on the non-repeated queries was
significantly higher than accuracy on the repeated query during Missions 1-2 and Missions 5-7
(see Table 13 for ¢ statistics and p-values).
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Table 12
Situation Awareness Accuracy on the Repeated Query and Non-Repeated Queries for Co-located
and Distributed Teams

_ Mean St. Deviation Minimum Maximum
Mission

Col _Dist Col Dist Col _ Dist Col Dist

1 @LW) 70 30 8 48 00 00 200 100
2(@LW) 8 9 9 8 00 .00 300 200
3LW) 130 140 125 117 .00 .00 300 3.00
4(@LW) 197+ 140 116 127 00 .00 300 3.0
5 (HW) 20 10 42 32 00 00 100 100
6 (W) 3 10 48 32 00 .00 100 100
7 (HW) 9 60 57 70 00 00 200 200
verage dells*;gls 118 100 75 54 00 25 275 200
verage offfigh 47 x 2m 21 w0 00 &1 6T
1 (LW) 130 170 106 95 .00 100  3.00 3.00
2(LW) 190 210 L10 .74 .00 100 3.00 3.00
3AW) 190 150 129 118 .00 .00  3.00 3.00
4 (LW) 180 180 103 92 100 100  3.00 3.0
5 (HW) 230 200 8 8 100 100 300 3.00
6 (W) 250 210 53 99 200 .00 300 3.0
7 (HW) 220 210 79 L10 100 .00 300 3.0
Wﬁ‘r’ﬁlrgfg K/flls“s‘:;s 173 178 49 42 125 125 250 250

Average of High
Workload Missions 2.33 2.07 42 34 1.67 1.67 267  2.67

* Contained missing data for one team, which was replaced with the mission mean
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Figure 10. Situation awareness accuracy on the repeated query for co-located and distributed
teams at each mission.
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Figure 11. Situation awareness accuracy on the non-repeated queries for co-located and
distributed teams at each mission.
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Table 13
T Statistics for the Comparison of the Average Accuracy on the Repeated Query Minus Average
Accuracy on the Non-repeated Queries at Each Mission

Mission ¢ statistic _ p-value

1 -3.68 00
2 -4.06 00
3 -92 36
4 -34 74
5 -10.03 .00
6 -10.43 .00
7 -5.54 .00

df=38 ~

A series of planned contrasts were also conducted in order to answer the following questions:

(1) Did teams’ accuracy improve over the low workload missions on the repeated and non-
repeated queries, and 2) was there an effect of workload on accuracy for the repeated and non-
repeated queries? Although co-located/distributed status was an initial variable of interest, it was
excluded from the following contrasts due to the lack of effects it produced in the omnibus test
presented above. A univariate, repeated measures analysis of variance with two repeated factors
(mission and query type) was used to analyze each contrast.

First, a comparison of Mission 1 to Mission 4 was used to determine if accuracy improved over
the low workload missions. Accuracy did improve significantly from Mission 1 to Mission 4
F(1, 19)=19.56, p < .01. In addition, accuracy was significantly higher on the non-repeated,
queries than on the repeated query, F(1, 19) =3.50, p = .08. There was also a significant
interaction between mission and query type, F(1, 19) = 4.70, p = .04. Post hoc comparisons
revealed that the mission by query type interaction originated from the fact that accuracy on the
repeated query significantly improved from Mission 1 to Mission 4, F(1, 19) = 19.89, p <.01,
while accuracy on the non-repeated queries did not significantly differ from Mission 1 to
Mission 4, F(1, 19) = 1.31.

For the second planned contrast, was there an effect of workload on accuracy? In order to test
for the effect of workload, accuracy scores from Mission 4 (the last low workload mission) were
compared to accuracy score from Mission 5 (the first high workload mission). Mission 5
accuracy was used as the measure of high workload to allow for comparisons to be made
between the current experiment and Experiment 2, which only had a single high workload
mission (i.e., Mission 5). Accuracy significantly declined from Mission 4 to Mission 5, F(1, 19)
= 12.86, p <.01. That is, teams were more accurate during the final low workload mission than
during the first high workload mission. Teams were also more accurate on the non-repeated
queries than on the repeated query, F(1, 19) =29.75, p < .01. Finally, an interaction was found
between workload and query type, F(1, 19) =11.92, p <.01. Post-hoc comparisons were
conducted on Mission 4 and Mission 5 for the repeated and non-repeated queries separately in
order to locate the source of the interaction. Comparisons indicated that accuracy on the
repeated query significantly decreased in Mission 5, the first high workload mission, F(1, 19) =
25.73, p < .01, whereas accuracy on the non-repeated queries did not differ between the low
workload mission and high workload mission, F(1, 19) = 1.09.
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Situation awareness intrateam similarity. Table 14 shows situation awareness intrateam
similarity on the repeated query and non-repeated queries for co-located and distributed teams on
a mission-by-mission basis as well as averaged over low workload missions and high workload
missions.

Recall that the truth of the non-repeated situation awareness queries often changed in the midst
of administering the queries. Consequently, team members necessarily had to respond
differently from one another in order to be accurate. In these cases, a similarity score was not
calculated. Instead, each missing data point was replaced with the mean of the mission from
which it was missing. Of the 140 total missions (20 teams each with 7 missions), missing data
were replaced for 13 missions (denoted in Table 14). For the repeated query, it was not possible
for the truth to change in the midst of administering the query because the truth was a value that
was determined post-mission. However, for other reasons, two data points at Mission 4 were
missing from the intrateam similarity scores on the repeated query. Mission means were also
used to replace these missing data.

A univariate, repeated measures analysis of variance with two repeated factors (mission and
query type) and one between-subjects factor (condition) was used to analyze situation awareness
intrateam similarity. A significant effect of condition was not present, F(1,18) < 1. However,
the effect of mission was significant, F(6, 108) = 4.60, p < .01. As Figures 12 and 13 illustrate,
intrateam similarity changed as a function of mission. Furthermore, a main effect of query type
was found, F(1, 18) = 43.57, p < .01, where teams were more similar in their responses to the
non-repeated queries than to the repeated query. There was also a significant interaction
between mission and query type, F(6, 108) = 3.81, p <.01. No interaction emerged between
condition and query type, F(1, 18) = 1.19, or between mission and condition, F(6, 108) < 1. The
three-way interaction among condition, mission, and query type was also not significant, F(6,
108) < 1.
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Table 14

Situation Awareness Intrateam Similarity on the Repeated Query and Non-Repeated Queries for

Co-located and Distributed Teams

Mission Mean St. Deviation Minimum Maximum
Col Dist _Col Dist Col  Dist Col Dist
1 (LW) 50 30 3 48 00 00 100 1.00
2 (LW) 1.00 50 115 .53 .00 00 300 1.00
3 (LW) 170 140 116 117 .00 00 300 3.0
4 (LW) 210 190 99 129 100 .00  3.00 3.00
5 (HW) 10 50 32 53 .00 00 100 1.00
6 (HW) 1.20 30 103 48 .00 00 300 1.00
7 (HW) 80 80 92 92 .00 00 300 3.0
yerage ofLow 133 103 58 65 75 00 250 200
Avermge of High 79 53 40 32 0 00 133 100
1(LW) 110 122 110 131 .00 00 300 3.00
2 (LW) 1.50  1.88**** 135 83 .00 100 300 3.00
3 (LW) 1.80 L61** 132 114 .00 00 300 3.0
4 (LW) 140 155 143 107 .00 00 300 3.0
5 (HW) 207* 130 100 125 100 .00 300 3.00
6 (HW) 200 200+ 105 115 100 .00 300 3.00
7 (HW) 170  197** 116 125 .00 00 300 3.0
woyerage ofLOW 145 156 59 56 75 .2 250 235
ﬁ‘;ﬁl‘zig ‘ﬁgﬁs 1.92 1.76 61 7 100 .67 256  3.00
* Contained missing data for one team, which was replaced with the mission mean
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Figure 12. Average situation awareness intrateam similarity on the repeated query for both co-
located and distributed teams at each mission.
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Figure 13. Average situation awareness intrateam similarity on the non-repeated queries for both
co-located and distributed teams at each mission.

Post-hoc comparisons were conducted to examine the interaction between mission and query

type. As Table 15 shows, intrateam similarity was significantly higher for the non-repeated
queries than for the repeated query during Missions 1-2 and Missions 5-7.
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Table 15
T Statistics for the Comparison of the Average Intrateam Similarity on the Repeated Query
Minus Average Intrateam Similarity on the Non-repeated Queries at each Mission

Mission  #statistic  p-value

1 2.64 01
2 2.92 01
3 _42 68
4 1.41 17
5 -4.90 00
6 3.97 .00
7 3.12 .00

df=38

Two planned contrasts were conducted to further analyze intrateam similarity. The contrasts
were aimed at answering (1) whether teams’ intrateam similarity improved over the low
workload mission, and (2) whether there was an effect of workload on intrateam similarity. The
effect of condition was omitted from the following contrasts since no significant effects of
condition were found in the omnibus test. A univariate, repeated measures analysis of variance
with two repeated factors (mission and query type) was used to analyze each contrast.

First, did intrateam similarity improve over the low workload missions? A comparison of
Mission 1 and Mission 4 was performed in order to answer this question. Team responses to the
situation awareness queries were significantly more similar in Mission 4 than Mission 1, F(1, 19)
=20.32, p <.01. Intrateam similarity did not differ as a function of query type, F(1, 19) <1 but
an interaction between mission and query type did emerge, F(1, 19) = 10.56, p <.01. Post-hoc
comparisons of Mission 1 to Mission 4 revealed that for the repeated query, intrateam similarity
significantly improved, F(1, 19) =51.75, p <.01, but for the non-repeated query, intrateam
similarity did not differ significantly from Mission 1 to Mission 4, (1, 19) <1.

For the second planned contrast, was intrateam similarity affected by workload? Ina
comparison of Mission 4 to Mission 5, an effect of workload was found, F(1, 19) =9.60, p <
.01, where intrateam similarity was lower for the high workload mission than for the low
workload mission. Intrateam similarity was also lower for the repeated query than for the non-
repeated queries, F(1, 19) = 8.00, p = .01. Furthermore, there was an interaction between
workload and query type, F(1, 19) = 12.97, p < .01. Post-hoc comparisons of Mission 4 to
Mission 5 showed that for the repeated query, teams were less similar in their responses during
the high workload mission than the low workload mission, F(1, 19) = 38.94, p <.01. For the
non-repeated query, there was no difference in intrateam similarity between low workload and
high workload, F(1, 19) < 1.

Holistic situation awareness. Table 16 shows holistic situation awareness accuracy for co-
located and distributed teams on a mission-by-mission basis. The table also shows an average of
holistic accuracy over the low workload missions. As with accuracy and intrateam similarity,
missing data (3 points) were replaced with the corresponding mission mean.

s

)
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Table 16
Holistic Situation Awareness Accuracy on the Repeated Query and Non-Repeated Queries for
Co-located and Distributed Teams

Mission Mean St. Deviation Minimum vMax1mum

Col D1st Col i Dist “Col‘ . Dist ” Cgl , DlSt ’

A

1({LW) 40 10 52 32 .00 .00 1.00  1.00

2(@LW) 20 40 4 52 00 .00 100 100
3LW) 50 50 53 53 00 .00 100 100
4 (LW) 7% 5% 42 50 00 .00 100 1.00
5 (HW) 0 10 00 32 00 .00 .00 100
6 (W) 100 00 32 00 .00 .00 100 .00
7 (HW) 60 10 52 32 00 .00 100 100
g oflow 47 39 30 28 00 00 100 75
vﬁlﬁﬁii ;ﬁgs‘lg;;m 23 07 16 .14 .00 .00 33 .33
1 (LW) 1004 9 02 32 9 .00 100 100
2(@LW) 70 8 48 42 00 00 100 100
3AW) 8 9 4 32 00 00 100 1.00
4(LW) 100 9 00 32 100 .00 100 1.0
5 (W) 100 100 00 .00 100 100 100 1.00
6 (HW) 70 9 48 32 00 .00 100 1.00
7 (HW) 9 9 32 32 00 .00 100 100
woverzgeof Low g7 g8 21 18 50 S0 100 100
vﬁ)‘;giig ;ill:slihns 87 9 .17 .14 67 67 1.00  1.00

* Contained missing data for one team, which was replaced with the mission mean
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A univariate, repeated measures analysis of variance with two repeated factors (mission and
query type) and one between-subjects factor (condition) was used to analyze situation awareness
holistic accuracy. Results from the omnibus test are presented first, followed by the results of
two planned contrasts. The co-located/distributed manipulation did not produce a significant
effect on holistic accuracy, F(1, 18) < 1. In contrast, a main effect of mission was found, F{(6,
108) = 3.87, p < .01, indicating that holistic accuracy changed significantly over missions. A
main effect of query type was also present, F(1, 18) = 145.80, p <.01. A comparison of Figures
14 and 15 illustrates how teams were more accurate in their holistic responses to the non-
repeated queries than to the repeated query. Furthermore, a significant interaction between
mission and query type was revealed, F(6, 108) = 5.25, p <.01. The interaction between
condition and query type was not significant, F(1, 18) = 2.27, nor was the interaction between
condition and mission, F(6, 108) = 1.49. Finally, the three-way interaction among condition,
mission, and query type was also not significant, F(6, 108) = 1.08.

Post hoc comparisons were conducted in order to locate the source of the mission by query type
interaction. Recall that with accuracy and intrateam similarity, scores on the non-repeated
queries were only higher than scores on the repeated query for Missions 1-2 and Missions 5-7.
However, as Table 17 shows, holistic accuracy on the non-repeated queries was significantly
higher than holistic accuracy on the repeated query at every mission.
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Figure 14. Average situation awareness holistic accuracy on the repeated query for both co-
located and distributed teams at each mission.
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Figure 15. Average situation awareness holistic accuracy on the non-repeated queries for both
co-located and distributed teams at each mission.

Table 17
Statistics for the Comparison of the Average Holistic Accuracy on the Repeated Query to the
Average Holistic Accuracy on the Non-Repeated Queries at each Mission

Mission  tstatistic  p-value

1 -6.27 00
2 3.11 .00
3 248 02
4 248 02
5 -19.00 .00
6 -7.18 .00
7 -4.26 .00

df=38

Planned contrasts were conducted in order to answer the following questions: (1) Did teams’
holistic accuracy improve over the low workload missions, and (2) was there an effect of
workload on holistic accuracy? The effect of condition was omitted from these contrasts on
holistic accuracy for the same reason it was excluded from the comparisons conducted on
accuracy and intrateam similarity. That is, the lack of significant effects in the omnibus test
justified omitting condition from further analyses. A univariate, repeated measures analysis of
variance with two repeated factors (mission and query type) was used to analyze each contrast.

To determine whether holistic accuracy improved over the low workload missions, the scores

from Mission 1 were compared to the scores from Mission 4. Teams’ holistic accuracy scores
improved significantly from Mission 1 to Mission 4, F(1, 19) = 6.44, p = .02. Teams’ holistic
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accuracy scores were also significantly higher for the non-repeated queries than for the repeated
query, F(1, 19) = 39.23, p < .01. Finally, there was an interaction between mission and query
type, F(1, 19) = 10.10, p < .01, (see Figure 15). Post-hoc comparisons showed that for the
repeated query teams became significantly more accurate in their holistic responses by Mission
4, F(1,19) = 10.29, p < .01. However, the teams’ holistic responses to the non-repeated queries
did not significantly change from Mission 1 to Mission 4, F(1, 19) <1.

The final planned contrast examined the effect of workload on holistic accuracy by comparing
the holistic accuracy during the final low workload mission (Mission 4) to holistic accuracy
during first high workload mission (Missions 5). An effect of workload was found, F{(1, 19) =
18.89, p < .01, where teams were significantly less accurate in reaching consensus to the
situation awareness queries during the high workload mission. Teams were also significantly
less accurate in reaching a consensus on the repeated query than the non-repeated queries, F (1,
19) = 112.57, p < .01. An interaction also emerged between workload and query type, F(1, 19) =
42.26, p < .01. Post hoc comparisons showed that holistic accuracy on the repeated query
significantly declined during the high workload mission, F(1, 19) =33.77, p <.01, but for the
non-repeated query, holistic accuracy did not change significantly across the levels of workload,
F(1,19)=1.00.

Correlations between Objective and Subjective Measures of Situation Awareness. In order to
compare objective and subjective measures of situation awareness, the items on the SART
questionnaire (see Appendix L), which specifically asked participants to rate their perception of
how aware they were of the situation were correlated with situation awareness accuracy and
holistic accuracy scores. Individual responses to the SART questionnaire were averaged across
items and team members to estimate the teams’ perception of their situation awareness. Average
SART ratings from Mission 4 were used to estimate subjective situation awareness for low
workload and ratings from Mission 5 were used to estimate ratings during the high workload
missions.

Table 18 presents correlations between subjective and objective situation awareness scores
(repeated and non-repeated queries) during low and high workload. Subjective situation
awareness ratings taken at Mission 4 were significantly correlated with situation awareness
accuracy on the non-repeated queries in high workload, indicating that teams who believed they
had good situation awareness at Mission 4, were also more accurate on the non-repeated queries
at Mission 5. Furthermore, subjective situation awareness ratings taken at Mission 5 were
significantly related to (1) accuracy on the non-repeated queries in low workload, and (2) holistic
accuracy on the non-repeated queries during high workload. In general, these relationships
suggest that teams who reported having more situation awareness were also more accurate in
their individual and team responses to the non-repeated queries.
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Table 18
Correlations Between Subjective Situation Awareness Ratings and Situation Awareness
Accuracy and Holistic Accuracy

Non- Non- Non- Non-
Repeated Repeated Repeated  Repeated Repeated Repeated Repeated Repeated

Accuracy Accuracy Holistic — Holistic Accuracy Accuracy Holistic  Holistic

MH M MY M) wwy @wy aw) @EW)

SART

27 -.09 .08 -36 .04 A3* 26 37
SART

-.09 -.04 -.09 07 S1H* .09 .10 44**
M5)

N=20 *p<.10 **p<.05

This rather weak pattern of correlations between objective and subjective measures of situation
awareness may reflect on the subjective measure, which is often criticized on the grounds of
being subjective. However, we also suspect that our objective situation awareness measure may
reflect something other than situation awareness, especially at the team level. In particular, most
queries involved information that was available to only one team member. Also, good teams
could improve on the repeated query because it recurred and the team became better at
estimating their own performance (i.e., number of targets that will be photographed in a
mission). These issues come up again in the measurement evaluation section of the report.

To summarize:

e For all of the situation awareness measures (accuracy, intrateam similarity, and
holistic accuracy), there was no effect of dispersion condition.

e Accuracy, similarity, and holistic accuracy improved between Missions 1 and 4 for
repeated queries, but not for nonrepeated queries. Accuracy and holistic accuracy
declined between Missions 4 and 5 for repeated queries, but not for nonrepeated
queries

4.3.4 Taskwork Knowledge

The means and standard deviations as well as the minimum and maximum scores for overall
taskwork accuracy during Knowledge Sessions 1 and 2 can be seen in Table 19 for distributed
and co-located teams. Taskwork data collected during Knowledge Session 2 was missing for one
team (Team 7). The means reveal that distributed teams did slightly better during Knowledge
Session 1, whereas co-located teams did slightly better during Knowledge Session 2.

A mixed two-factor ANOVA revealed a significant interaction between condition and
knowledge session, F(1, 17) = 5.17, p = .04. A main effect of knowledge session was also found,
F(1, 17) = 4.05, p = .06, where overall accuracy was higher in Knowledge Session 2. There was
no main effect of condition F(1,17) < 1. As post hoc tests reveal, co-located teams improved in
overall accuracy from Knowledge Session 1 to Knowledge Session 2, F(1, 8) = 6.62, p = .03, but
distributed teams’ overall accuracy scores did not change, F(1, 9) < 1. Additionally, there were
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no differences between co-located and distributed teams at Knowledge Session 1, F(1, 18) =
2.60, or at Knowledge Session 2, F(1, 17) = 1.39.

Table 19
Overall Taskwork Accuracy in Co-located and Distributed Conditions for Knowledge Session 1
and Knowledge Session 2

Standard

Knowledge Mean . Minimum Maximum
Session Deviation .
Col Dist Col Dist Col Dist Col Dist
1 44 48 .06 .04 .37 41 .56 53
2 .50 A7 .05 .04 .39 40 .59 .54

Table 20 displays the descriptive statistics for taskwork positional knowledge. A mixed two-
factor ANOVA revealed no significant interaction between condition and knowledge session,
F(1, 17) < 1 nor a significant effect of condition, F(1, 17) < 1. There was also no significant
difference across knowledge sessions in positional knowledge, F(1, 17) = 1.97.

Table 20
Taskwork Positional Knowledge in Co-located and Distributed Conditions for Knowledge
Session 1 and Knowledge Session 2

Knowledge Mean Star}da}rd Minimum Maximum
Session eviation
Col Dist Col Dist Col Dist Col Dist
1 -.19 -.07 .55 .60 -.96 -.96 52 57
2 .15 13 .56 .65 -51 -.94 1.18 1.15

Taskwork interpositional knowledge was also analyzed for both sessions as a function of the co-
located/distributed manipulation. As with overall accuracy, there was a significant interaction
between knowledge session and condition, F(1, 17) =3.29, p = .09, as well as a significant main
effect of knowledge session, F(1, 17) = 6.09, p=.03. No significant effect of condition was
found, F(1, 17) < 1. Again, post-hoc tests confirmed that co-located teams drastically improved
in interpositional knowledge across knowledge sessions, F(1, 8) = 8.86, p = .02, while
distributed teams’ interpositional knowledge did not significantly improve from Knowledge
Session 1 to Knowledge Session 2, F(1, 9) < 1. However, there were no significant differences
in interpositional knowledge between co-located teams and distributed teams at Knowledge
Session 1, F(1, 18) < 1 or at Knowledge Session 2, F(1, 17) =2.40. Across all conditions, teams
achieved higher interpositional knowledge scores in Knowledge Session 2.

Table 21
Taskwork Interpositional Knowledge in Co-located and Distributed Conditions for Knowledge
Session 1 and Knowledge Session 2

Knowledge Mean gtar?de}rd Minimum Maximum
Session eviation
Col Dist Col Dist Col Dist Col Dist
1 -20 -.08 55 40 -70 -.84 1.24 .62
2 32 .00 46 43 -.62 -90 68 49
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We also tested taskwork intrateam similarity, for which the descriptive data are displayed in
Table 22. There was no significant interaction between condition and knowledge session, F(1,
17) = 2.67, but a significant effect for session was revealed, F(1, 17) = 14.39, p < .01 with both
co-located and distributed teams becoming more similar over time. There was no significant
condition effect, F(1, 17) <1.

Table 22
Taskwork Intrateam Similarity in Co-located and Distributed Conditions for Knowledge Session
1 and Knowledge Session 2

Standard

Knowledge Mean .. Minimum Maximum
Session Deviation
Col Dist Col Dist Col Dist Col Dist
1 .36 38 .06 .06 .30 28 49 47
2 43 41 .07 .07 34 27 .56 .53

The final taskwork variable we examined was holistic taskwork accuracy. Descriptive data are
displayed in Table 23. For this variable, there was a significant interaction between condition and
session, F(1, 16) = 12.27, p < .01. A significant effect of session also emerged, F(1, 16) =3.07,
p = .10, indicating that across teams, holistic accuracy was higher at knowledge Session 2. There
was no significant effect of condition, F(1, 16) < 1. Post hoc tests indicated that co-located
teams became more accurate from Knowledge Session 1 to Knowledge Session 2 on the holistic
measure, F(1, 8) =-17.99, p < .01, while distributed teams’ holistic accuracy did not
significantly change across sessions, F(1, 8) = 1.24. Furthermore, at Knowledge Session 1,
distributed teams were significantly more accurate on the holistic ratings than co-located teams,
F(1, 18) = 4.39, p = .05, whereas there was no significant difference in holistic accuracy between
co-located and distributed teams at Knowledge Session 2, F(1, 16) = 2.33.

Table 23
Holistic Taskwork Accuracy in Co-located and Distributed Conditions for Knowledge Session 1
and Knowledge Session 2

Knowledge Mean Standard Minimum Maximum
Session eviation
Col Dist Col Dist Col Dist Col Dist
1 53 .59 .07 .05 .39 .50 .63 .69
2 .62 .56 .06 .08 .52 44 1 g1
To summarize:

e With the exception of a single specific effect (i.e., distributed teams having higher
holistic taskwork scores than co-located teams at Session 1) there were no differences in
taskwork knowledge of teams due to dispersion.

e With the exception of positional knowledge, there was general improvement in taskwork
knowledge scores from Session 1 to 2. This improvement is mostly attributable to co-
located teams (however both co-located and distributed teams became more similar over
sessions).
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4.3.5 Teamwork Knowledge

The means and standard deviations as well as the minimum and maximum scores for feamwork
overall accuracy during Knowledge Session 1 and Knowledge Session 2 are given in Table 24
for distributed and co-located teams. The means reveal that both co-located and distributed
teams scored higher on overall teamwork knowledge in Session 2 than in Session 1. A mixed
two-factor ANOVA revealed no significant interaction between condition and knowledge
session, F(1, 18) < 1 nor a significant effect of condition, F(1, 18) < 1. There was a significant
increase across knowledge sessions, F(1, 18) = 8.44, p = .01, with both co-located and
distributed teams obtaining higher teamwork knowledge scores in Session 2.

Table 24
Teamwork Overall Accuracy in Co-located and Distributed Conditions for Knowledge Session 1
and Knowledge Session 2

Knowledge Mean Star?da}rd Minimum Maximum
Session Deviation
Col Dist Col Dist Col Dist Col Dist
1 2290  23.07 2.47 2.41 17.33 18.00 2533 27.33
2 24.87  24.77 1.43 1.57 2333 2267 28.00 27.67

Knowledge of one’s own role or positional knowledge (AVO, PLO, or DEMPC) as well as
knowledge of other roles (inter-positional knowledge) were also examined for teamwork.
Descriptive statistics for these variables are displayed in Tables 25 and 26.

Table 25
Teamwork Positional Knowledge in Co-located and Distributed Conditions for Knowledge
Session 1 and Knowledge Session 2

Knowledge Mean Stat_lda.rd Minimum Maximum
Session Deviation
Col Dist Col Dist Col Dist Col Dist
1 72 .72 .09 11 .55 47 .81 .88
2 77 .79 .09 .05 .62 71 .87 .89
Table 26

Teamwork Inter-Positional Knowledge in Co-located and Distributed Conditions for Knowledge
Session 1 and Knowledge Session 2

Standard

Knowledge Mean L. Minimum Maximum
Session Deviation
Col Dist Col Dist Col Dist Col Dist
1 .70 71 07 .08 .61 .59 82 .81
2 77 .74 .07 .09 .61 .61 87 .88

Values are based on percentage correct because the number of items on which a score was based
varied by role. A mixed two-factor ANOVA revealed significant effects of knowledge session on
both positional, F(1, 18) = 6.53, p =.02 and inter-positional knowledge, F(1, 18) =3.35, p =.08,
with teams apparently having more knowledge in Session 2 than in Session 1. However, there
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was no interaction with condition for positional, F(1, 18) < 1, or inter-positional knowledge, F(1,
18) < 1, nor was there a main effect of condition for positional, F(1, 18) < 1, or inter-positional
knowledge, F(1, 18) < 1.

As can be seen in Table 27, intrateam similarity also improved from Knowledge Session 1 to
Knowledge Session 2 for both co-located and distributed teams. Thus teams achieved greater
similarity in Session 2 than in Session 1, F(1, 18)=53.37, p < .01. However, as with teamwork
knowledge, there was no significant interaction between session and condition, F(1, 18) =2.45,
p= .14, nor was there a significant effect of condition, F(1, 18) < 1.

Table 27
Teamwork Similarity in Co-located and Distributed Conditions for Knowledge Session 1 and
Knowledge Session 2

Standard

Knowledge Mean . Minimum Maximum
Session Deviation
Col Dist Col Dist Col Dist Col Dist
1 8.30 6.80 2.00 2.62 6.00 2.00 12.00 12.00
2 11.60 11.90 2.01 2.69 9.00 6.00 14.00 15.00

Holistic teamwork accuracy means in Table 28 show that co-located teams had poorer holistic
teamwork knowledge in Session 2 than in Session 1, whereas distributed teams had more
knowledge in Session 2 than in Session 1. However, there was no significant interaction between
condition and session, F(1, 18) = 2.77, nor was there a significant effect of condition, F(1, 18) <
1. Furthermore, there was no significant improvement in holistic teamwork knowledge between
Sessions 1 and 2, F(1, 18) <1.

Table 28
Holistic Teamwork Accuracy in Co-located and Distributed Conditions for Knowledge Session 1
and Knowledge Session 2

Knowledge Mean Stal?dgrd Minimum Maximum
Session Deviation
Col Dist Col Dist Col Dist Col Dist
1 26.60  25.60 1.65 2.41 24 23 28 30
2 25.80 26.40 2.35 1.84 23 22 29 28

To summarize:

e There were no significant differences between the co-located and distributed teams on the
teamwork knowledge measures.

e Both co-located and distributed teams improved between Knowledge Session 1 and
Knowledge Session 2 on overall accuracy, positional knowledge, and intetgositional
knowledge, but did not improve on the holistic knowledge measure. Team members also
became more similar in their ratings over the two sessions. '
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4.3.6 Correlations of Performance and Process

We report correlations separately for co-located and distributed teams for critical incident
process (Table 29) because we found significant differences between co-located and distributed
teams using the critical incident measure. Correlations involving the summary process measure
(Table 30) are also broken down by dispersion condition for Mission 5 because there were
significant differences between co-located and distributed teams on the performance measure for
this mission. Missions 4 and 5 are used to represent the low workload and high workload
missions respectively because team performance and process significantly varied by mission in
the low workload missions.

Table 29
Correlations Between Team Performance and Critical Incident Process Scores for Co-located
and Distributed Teams

Mission Co-located Distributed
4 .03 .88*
5 .05 27
df=8,*p<.10
Table 30
Correlations Between Team Performance and Summary Process Scores
Mission All Teams
4 .06
5 Co-located Distributed
.36 59*
df=8,*p<.10

To summarize: Distributed teams with better process scores obtained higher scores on the UAV
task in Mission 5. Distributed teams that had higher critical incident scores also performed better
in the last low workload mission (Mission 4).

4.3.7 Correlations between Knowledge Measures and Performance or Process

In Experiment 1 there were 16 separate knowledge measures considered. In this analysis,
taskwork and teamwork knowledge measures were considered at Knowledge Session 2 only.
Each of these measures was scored against overall, positional, and interpositional referents as
well as for similarity, yielding a total of eight taskwork and teamwork measures. Situation
awareness involved a total of eight measures with four each for repeated and nonrepeated
queries. The four included situation awareness accuracy and similarity each scored in low
(Mission 4) and high (Mission 5) workload missions.

In order to summarize the correlations among the 16 knowledge measure variables, they were
subjected to a hierarchical cluster analysis utilizing the centroid linkage method. Using Pearson
correlations significant at p < .10 as a cluster cutoff, twelve variables formed six distinct, non-
overlapping clusters. The remaining four factors did not enter into a cluster. Table 31 presents
the clusters and the knowledge measures that form them.
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Table 31
Clusters Among Knowledge Measures for Experiment 1
Cluster Name Variables
Taskwork Overall Accuracy
1) Taskwork Accuracy-TPK Taskwork Interpositional Knowledge
e . Taskwork Similarity
2) Taskwork Role-Similarity Taskwork Positional Knowledge
Teamwork Accuracy

3) Teamwork Teamwork Positional Knowledge

Teamwork Interpositional Knowledge
SA Similarity Repeated High Workload
SA Accuracy Non-Repeated Low Workload
SA Similarity Non-Repeated Low Workload

SA Accuracy Non-Repeated High Workload
SA Similarity Non-Repeated High Workload

4) Teamwork IPK-SA

5) SA Non-Repeated Low Workload

6) SA Non-Repeated High Workload

Relationship among knowledge clusters and team performance. To correlate each cluster with
team performance, the variables within each cluster were standardized (if not already scaled) and
averaged. Correlations between the clusters and team performance as well as between the four
single variables and team performance can be seen in Table 32. A moderately significant
correlation between teamwork IPK-SA (cluster 4) and performance indicated that teams with
more interpositional role knowledge and situation awareness performed better in high workload
than teams with lower levels of interpositional role knowledge and situation awareness. A
second moderately significant correlation involving the single variable situation awareness
similarity indicated that teams with more similar responses to situation awareness repeated
queries performed better in low workload missions.

Table 32
Correlations Between Knowledge Measures Clusters and Team Performance

Low Workload High Workload

Cluster/Variable Performance Performance
Cluster 1 - Taskwork Accuracy-IPK .04 -.03
Cluster 2 - Taskwork Role-Similarity -.04 .03
Cluster 3 - Teamwork -17 -.09
Cluster 4 - Teamwork IPK-SA .03 38%*
Cluster 5 - SA Non-Repeated Low Workload A2 27
Cluster 6 - SA Non-Repeated High Workload 22 A2
Teamwork Similarity -.18 24
SA Accuracy Repeated High Workload -20 -.06
SA Accuracy Repeated Low Workload 35 -.04
SA Similarity Repeated Low Workload 38%* -.16

*p=.10 *p<.01df=18
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Relationship between knowledge clusters and team process. As mentioned above, knowledge
variables within each cluster were standardized and averaged in order to correlate each cluster
with process. Correlations between the knowledge measures (clusters and single variables) and
critical incident process are presented in Table 33. The taskwork role-similarity cluster (cluster
2) was found to be positively associated with critical incident process during high workload for
distributed teams. This suggests that distributed teams with good process behaviors at critical
times during the missions tended to exhibit higher levels of taskwork role knowledge and
taskwork knowledge similarity at Knowledge Session 2. Another significant correlation emerged
between teamwork (cluster 3) and distributed teams’ critical incident process score during high
workload which indicates that distributed teams that exhibited poor process behaviors at critical
times during the missions tended to exhibit good teamwork accuracy and role knowledge at
Knowledge Session 2.

Table 33
Correlations Between Knowledge Measures Clusters and Critical Incident Process

. Low Workload High Workload CIP
Cluster/Variable cp Co-located  Distributed
Cluster 1 - Taskwork Accuracy-IPK .16 -1 26
Cluster 2 - Taskwork Role-Similarity -.05 .03 .65*
Cluster 3 - Teamwork -.08 13 -.70*
Cluster 4 - Teamwork IPK-SA -.14 43 -.49
Cluster 5 - SA Non-Repeated Low Workload 30 .38 18
Cluster 6 - SA Non-Repeated High Workload .06 -22 .29
Teamwork Similarity -.19 15 -42
SA Accuracy Repeated High Workload .03 20 -22
SA Accuracy Repeated Low Workload -.03 -42 33
SA Similarity Repeated Low Workload .14 -43 17

*n < .05 df= 18 (low workload), df = 8 (high workload)

Correlations between the knowledge clusters and summary process can be seen in Table 34. The
taskwork role-similarity cluster (cluster 2) was moderately correlated with summary process in
the low workload missions indicating that teams with higher summary process scores exhibited
poorer taskwork role knowledge and taskwork similarity at Knowledge Session 2. A highly
significant correlation occurred between teamwork (cluster 3) and summary process indicating
that teams in the low workload condition that demonstrated good summary process also
exhibited good teamwork accuracy and role knowledge at Knowledge Session 2. Significant
correlations were found between Teamwork IPK-SA (cluster 4) and summary process indicating
that teams that had good situation awareness and for the repeated queries and interpositional
teamwork knowledge also had good process in both low and high workload. Lastly, a
moderately significant correlation was found between SA accuracy for repeated high workload
queries and summary process indicating that teams that had good situation awareness in high
workload missions exhibited poor summary process scores in these missions.
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Table 34
Correlations Between Knowledge Measures Clusters and Summary Process

Low Workload High Workload
Cluster/Variable Summary Process Summary Process
Cluster 1 - Taskwork Accuracy-IPK 22 20
Cluster 2 - Taskwork Role-Similarity -.39* A8
Cluster 3 - Teamwork 50%* .06
Cluster 4 - Teamwork IPK-SA A46** 41*
Cluster 5 - SA Non-Repeated Low Workload 15 15
Cluster 6 - SA Non-Repeated High Workload .03 .03
Teamwork Similarity 29 23
SA Accuracy Repeated High Workload -21 -44*
SA Accuracy Repeated Low Workload -21 -11
SA Similarity Repeated Low Workload -11 -.09

*p< 10 **p< .05 df=18

4.4 Experiment 1: Discussion

In this experiment the effect of co-located versus distributed mission environments on team
performance, process, and cognition was investigated. The team task was a UAV reconnaissance
task and involved three individuals who worked together in seven 40-minute missions, the last
three under higher workload than the first four. Each main dependent measure was analyzed in
order to address the four hypotheses previously raised. The results are summarized in Table 35
in terms of answers to three main questions: (1) Was dispersion detrimental, (2) Was there early

improvement (i.e., learning), and (3) Was increased workload detrimental.

Table 35

Summary of Experiment 1 Results

. . Was there early Was increased
Was dispersion . .
Measure detrimental? improvement (i.e., workload
' learning)? detrimental?
No, but slight
benefit of
Team performance distributed in later Yes Yes
missions
Team Process Yes, co-located had Yes Yes for CIP, no for
better CIP SUM
Situation Awareness No Yes, .repeated No
queries only
Taskwork Yes, but mostly for
Knowledge No co-located N/A
Teamwork
Knowledge No Yes N/A
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Unexpectedly, geographic dispersion was not detrimental to team performance in our synthetic
task environment. Nor was it detrimental to learning or in high workload environments. In fact,
distributed teams performed slightly better than co-located teams under conditions of high
workload. Thus, the first hypothesis (H1.1) regardin