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There is a growing reliance on automation (e.g., intelligent agents,
semi-autonomous robotic systems) to effectively execute increasingly
cognitively complex tasks. Successful team performance for such tasks
has become even more dependent on team cognition, addressing both
human-human and human-automation teams. Team cognition can be
viewed as the binding mechanism that produces coordinated behavior
within experienced teams, emerging from the interplay between each
team member’s individual cognition and team process behaviors (e.g.,
coordination, communication). In order to better understand team cog-
nition in human-automation teams, team performance models need to
address issues surrounding the effect of human-agent and human-robot
interaction on critical team processes such as coordination and com-
munication. Toward this end, we present a preliminary theoretical
framework illustrating how the design and implementation of automa-
tion technology may influence team cognition and team coordination in
complex operational environments. Integrating constructs from organi-
zational and cognitive science, our proposed framework outlines how
information exchange and updating between humans and automation
technology may affect lower-level (e.g., working memory) and higher-
level (e.g., sense making) cognitive processes as well as teams’ higher-
order “metacognitive” processes (e.g., performance monitoring). Issues
surrounding human-automation interaction are discussed and implica-
tions are presented within the context of designing automation technol-
ogy to improve task performance in human-automation teams.
Keywords: automation technology, human-automation interaction,
intelligent agents, semi-autonomous robots, team coordination, cogni-
tive processes, metacognitive processes.

ECHNOLOGICAL advances have significantly in-

tensified the challenges facing teams performing in
today’s complex operational environments (e.g., nu-
clear power plants, military battlefield, long-duration
spaceflight). This has led to a growing reliance on au-
tomation (including intelligent agents and semi-auton-
omous robotic systems) to support and enhance perfor-
mance of increasingly complex cognitive tasks.
Successful team performance requires a focus on team
cognition, addressing the contexts of both human-hu-
man and human-automation teams. Team cognition can
be viewed as the binding mechanism that produces
coordinated behavior within experienced teams, emerg-
ing from the interplay between each team member’s
individual cognition and team process behaviors (e.g.,
communication, coordination) (3,6,14). Team cognition

supports both team processes (e.g., communication ex-
change of team-relevant knowledge) and team products
(e.g., shared mental models, task completion outcomes)
(14). Past research has emphasized the importance of
enhancing human-human interaction to improve team
coordination and communication. More recently, issues
surrounding the effect of human-agent and human-
robot interaction on team performance have generated
a great deal of interest. Thus, any comprehensive model
of team cognition needs to support human-automation
as well as human-human team dynamics.

Integrating constructs from organizational and cog-
nitive science, we present a preliminary theoretical
framework illustrating how the design and implemen-
tation of automation technology may influence team
cognition and team coordination in complex opera-
tional environments. Specifically, our framework out-
lines how information exchange and updating between
humans and automation technology may affect a team'’s
lower-level (e.g., attention) and higher-level (e.g.,
shared situation awareness) cognitive processes, as well
as the team’s higher-order “metacognitive” processes
(e.g., performance regulation). In this paper, we first
distinguish our framework from existing team perfor-
mance models. We then discuss issues and implications
surrounding human-automation interaction, followed
by recommendations for designing automation technol-
ogy to promote coordination in human-automation
teams.
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Theoretical Approaches to Team Performance

Several models and theories have been proposed
over the last few decades to describe the underlying
mechanisms for effective team performance. We argue
that our theoretical framework adds a unique contribu-
tion to this body of research in that we propose a more
integrative approach with respect to human-automa-
tion collaborative processes. Rather than attending to
only team processes or considering only certain cogni-
tive processes, we suggest how design can better focus
on team cognition, that is, the manifestation of cogni-
tion during the collaborative process. For example, the
Team Effectiveness Model (TEM) is a widely cited de-
scriptive model used to characterize a set of team re-
lated inputs, processes, and outcomes (29). Although
this model attends to task characteristics and, to some
degree, individual characteristics, TEM does not ade-
quately capture the types of cognitive processes occur-
ring in complex teamwork that we suggest may be
supported with automation.

More recently, within the fields of cognitive engi-
neering and collaborative problem solving, theories
espousing what is termed ‘macrocognition’ have
been proposed. For example, Klein et al. (19) argue
that contextually bound cognitive processes (e.g.,
sense making, uncertainty management) must be
studied in natural settings. According to this ap-
proach, these are the environments in which complex
and emergent cognitive processes arise (i.e., macro-
cognitive processes), as opposed to what are termed
“micro-cognitive processes”, described as cognition
investigated in laboratory studies of, for example,
solving puzzles. The Klein et al. notion of macrocog-
nition does not necessarily pertain to teams. None-
theless, others have recently developed the concept of
macrocognition as a term to capture cognition in
collaborative contexts. In their theoretical analysis of
collaborative problem solving, Warner, Letsky, and
Cowen (32) argue that macrocognition encompasses
both internalized and externalized processes occur-
ring during team interaction. These processes include
not only internalized individual processes such as
mental model development, but also externalized
processes such as goal definition and alternative so-
lution negotiation. These are used by teams in com-
plex environments where collaborative problem solv-
ing focuses on one-of-a-kind situations (e.g., non-
combatant evacuation operations).

While acknowledging the value of these differing
theoretical approaches, our framework integrates not
only lower- and higher-level cognitive processes along
with team process behaviors, it also considers the po-
tential mitigating effects of task stressors. By taking this
broader perspective, we are able to offer more prescrip-
tive guidance to the specific areas of teamwork that are
more readily targeted with automation technology. Be-
fore more fully specifying the essential elements of our
theoretical framework, however, we first review several
issues that influence the successful interaction between
humans and automation.

Issues Surrounding Human-Automation Interaction

For the purposes of this paper, we define a human-
automation team as the dynamic, interdependent cou-
pling between one or more human operators and one or
more automated systems requiring collaboration and
coordination to achieve successful task completion.
“Automation” and “agent” technology include a broad
range of systems designed to support human operators
during task performance. For example, aviation pilot
performance is facilitated through the use of computer-
based intelligent decision-support aids integrated
within a larger system, such as the flight management
system found on today’s highly advanced aircraft. Sim-
ilarly, the prevalence of unmanned radio-controlled ro-
botic ground, air, and underwater vehicles has in-
creased dramatically in recent years, particularly in
military and rescue operations. The purpose of such
unmanned vehicles is not human transportation, but
rather risk mitigation, allowing operators to execute
complex or dangerous tasks by remotely controlling the
actions of the robotic vehicles (11).

In complex task environments, levels of automation
(i.e., the degree to which control is allocated to the
human operator or the automation) vary considerably
from full manual control of the system (no automation)
to supervisory control (human operator monitors auto-
mation) to full automation (no operator input) (8). To
illustrate, before the introduction of automation, the
pilot fully controlled the aircraft through manipulation
of the throttle, ailerons, elevator, and rudder to main-
tain the desired airspeed, altitude, and heading. With
the transition from the traditional analogue “stick-and-
rudder” cockpit to the highly automated digital “fly
by-wire” flight deck, the pilot no longer flies the air-
craft, but rather controls the aircraft indirectly through
instructions to the automation. The role of the pilot has
changed from active controller to passive system super-
visor, intervening only during takeoff and landing or in
the event of an automation failure (18). During the
cruise phase of normal flight operations, the pilot often
transfers full control of the aircraft to the auto-pilot,
thereby transforming the automation into a vital non-
human member of the flight crew.

The focus of this paper is on intermediate levels of
automation, where one or more human operators work
to control and coordinate the efforts of multiple auton-
omous systems. These intermediate levels of automa-
tion include human-computer interaction technologies
such as operator decision support systems and human-
monitored artificial intelligence agents. Human super-
visory control of semi-autonomous robotic systems,
such as unmanned ground vehicles (UGVs) and un-
manned aerial vehicles (UAVs), are additional exam-
ples of this intermediate level of automation. Although
the use of automation offers several unique advantages
for safe and effective task performance, numerous is-
sues still remain regarding how to promote optimal
human-automation interaction.

The interaction between human operators and ad-
vanced automation technology is influenced by a wide
range of psychological, cognitive, social, affective, situ-
ational, and system design factors (12,16). Automation
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characteristics such as level of automation, automation
reliability (both actual and perceived), automation con-
sistency, automation processing transparency (i.e., pro-
viding the rationale behind automation judgments),
and feedback on performance all influence automation
usage decisions. From a socio-cognitive perspective,
human operators’ trust in automation dictates their
subsequent reliance on automated systems, ranging
from the extremes of over-reliance and complacency to
under-reliance and mistrust of automated systems
(20,23). Appropriate calibration of trust in automation
can be addressed through adequate training regarding
the automation’s functional capabilities (e.g., reliability)
and limitations (e.g., effects of contextual factors) as
well as through appropriate system display design (i.e.,
information presentation in terms of content and for-
mat) (20).

However, accurate mental models that lie at the base
of the trust equation take time to develop. These models
have a lagged influence from operators’ background,
prior experience with automated systems, operator bi-
ases (e.g., automation bias, self-serving bias), and their
naive beliefs about automation. This problem is com-
pounded by system design factors resulting in opaque
indications of the automation’s status and behavior, in
that the system provides limited feedback to operators
on its past, current, and future actions. System design-
ers may make assumptions about the capabilities of
either the human or automated system that are incor-
porated into the automation design, and do not reflect
the actual interaction processes that occur during exe-
cution of critical task scenarios. As a result, automation
processing can continue without providing operators
with useful information about how design assumptions
are affecting system status, or what responses are avail-
able to the operator. Such barriers to automation pro-
cessing transparency may potentially result in an
“out-of-the-loop performance problem”. Automation
surprises, poor situation awareness, and leaving op-
erators ill-equipped to assume manual control in the
event of an automation failure are frequent outcomes
of out-of-the-loop operators (9,12,26). Automation
opaqueness, in fact, increases the operator’s develop-
ment of inaccurate or naive system models, increas-
ing the disconnect between the operator and automa-
tion.

In addition, as robotic systems have become more
complex, increasing levels of computing sophistication
and human-robot interaction information flow are re-
quired to enable task performance. Especially in the
development of unmanned vehicles (UV), complexity
has resulted in systems with multiple operators re-
quired to coordinate the control of a single vehicle.
Interface design improvements can reduce the number
of operators per UV, but at significant cognitive costs to
the operator(s). Even with simpler UVs, operators are
called on to individually control larger numbers of au-
tonomous UVs in swarms, and coordinate their swarms
with those of other human operators. In both cases
(group control of UV and coordinated control of UV
swarms), a lack of attention for group-level interface
design and human-human information flow can lead to

degradations in required coordination between opera-
tors managing multiple robotic devices. Changes in
both the function allocation model and the nature of
task differentiation between human operators and
UAV/UGYV systems could significantly alter the cogni-
tive loads of the humans called on to manage these
teams. For instance, as operator control extends to a
number of vehicles, their role may shift from control-
ling specific subsystems of a number of vehicles (e.g.,
forward-looking visuals and radar) to controlling a spe-
cific function of the whole swarm (e.g., managing
neighbor awareness for all vehicles).

The introduction of “adaptive” automation, involv-
ing dynamic task allocation in response to operator
workload and task demands, has further increased the
complexity of automated systems and, therefore, led to
greater complexity in the operators’” formation of accu-
rate mental models (27). The relationship between the
operator and the automated system has become truly
interdependent, and can in fact increase (rather than
decrease) the situation awareness demands on the hu-
man operator. Not only do operators need to under-
stand how the automated system operates, but now
they must also have a complete understanding of their
own behavior, how their behavior affects the system,
and how the system reacts to their own and other
operators’ inputs.

Requirements for Supporting Human-Automation Teams

Fig. 1 illustrates how augmenting human-automation
team cognition involves understanding how task-re-
lated factors interact with team members’ cognitive and
metacognitive processes to influence critical team be-
haviors. In defining the relation among the concepts
within our framework, our first goal is to illustrate the
mitigating effects of stressors on cognitive processes
(first arrow linking task stressors to cognitive pro-
cesses). Although a long line of research has docu-
mented how stress affects performance, we more spe-
cifically ~articulate particular cognitive processes
attenuated by stress and which are well-suited for
agent-based aiding. These range from human memory
limitations to higher-level monitoring processes (meta-
cognition). Our second goal is to illustrate the relation
of these team cognitive processes to team behaviors
(second arrow linking cognitive and metacognitive pro-
cesses to critical team behaviors). The cognitive pro-
cesses we identify directly support the team interaction
behaviors we suggest are most critical in complex en-
vironments. Thus, unlike models such as the TEM (29),
we link cognitive processes to team processes such as
adaptability. In short, by specifying a practical set of
cognitive processes emerging within complex team-
work environments and showing their relation to team
behaviors, we illustrate where automation may most
efficaciously support team cognition.

When designed appropriately, human-centered auto-
mation technology can effectively mitigate the detri-
mental effects of operational stressors (including time
pressure, workload, and task ambiguity) by supporting
the critical cognitive constructs underlying team cogni-
tion. Potential cognitive enhancements include, but are
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Fig. 1. Theoretical framework for augmenting team cognition with automation technology.

not limited to: increasing the scope and duration of
attention and processing of the task environment; re-
ducing the cognitive load on working memory and
attention; supporting prospective and retrospective
memory; and facilitating sense making and the devel-
opment of shared mental models and shared situation
awareness. Improving human-automation teams’ abil-
ity to monitor, evaluate, and regulate their human and
non-human team members’ performance is especially
valuable with respect to changing task requirements
and goal states in complex task environments.
Adaptive intelligent agents and decision support sys-
tems can alleviate problems of information overload in
several ways. These systems (when well designed) en-
able implicit and explicit knowledge sharing and im-
prove information visualization by increasing the sa-
liency of important information while decreasing the
distractions caused by irrelevant information (30). Well-
designed automation technology facilitates awareness
of shared workspaces and provides access to distrib-
uted expertise (17,19,30), thus improving distributed
collaborative task performance. Specifically, distributed
team members share knowledge and understanding of
the world based on varying levels of expertise in a
variety of specialized domains, interactions with dis-
tinct or overlapping system components, and availabil-
ity of shared as well as individual information. These
distinct capabilities can be thought of as multiple di-
mensions of expertise, and not simply different levels of
expertise in a single subject matter area (4). Thus, auto-

B66

mation technology can support knowledge manage-
ment and information flow to ensure that team mem-
bers have timely and ready access to the distributed
expertise of their team (11).

Intelligent agents can also be used to augment team
members’ memory processes with regard to retrospec-
tive memory (recalling information already stored) and
prospective memory (cues to enhance remembering to
engage in a certain activity in the future) (13). Most
members of organizations already use basic aspects of
agent features through “to do” lists and calendar alerts.
Task and calendar agents mitigate prospective memory
failures (forgetting to do something) by monitoring task
execution and providing alerts, as needed, to remind
operators to perform a scheduled task at the appropri-
ate time. Similarly, retrospective memory failures (for-
getting something one knows) are reduced by using
journals and documentation that provides easier access
to critical task-relevant information. Sharing these doc-
ument artifacts with team members ensures improved
knowledge management and information sharing.

A broader goal of human-centered automation tech-
nology is to formulate higher-level cognitive processes
such as shared mental models, sense making, and
shared situation awareness. Shared mental models refer
to the knowledge structures teams possess about team
member functions and the task environment (5). Teams
draw on their shared mental models to coordinate their
actions and adapt their behaviors to changing demands
of the task and other team members. This coordination
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and sharing enables them to shift from explicit to im-
plicit coordination, as needed, to decrease communica-
tion and coordination overhead (5,10,21). Sense making
involves the process of information gathering, transfor-
mation, analysis, interpretation, and recognition of the
implications of the information or query received (33).
Sense making thus serves as a transformation from data
to knowledge about task requirements, and is a neces-
sary precursor to effective task performance (3). Simi-
larly, shared situation awareness involves the degree to
which team members perceive, comprehend, and inter-
pret the information requirements of the situation and
criteria for successful performance (1).

Automation technology can also enrich a team’s abil-
ity to monitor, evaluate, and regulate the actions taken
by both their human and non-human team members.
Effective performance monitoring, such as for semi-
autonomous robotic systems (24), has direct implica-
tions for adaptive function allocation of tasks between
humans and automated systems. Adaptive function al-
location, in its most general form, would allow the
automated system to provide more or less information
and decision control to the human operator(s) based on
the current cognitive state and task load of the opera-
tor(s). The decision as to when, for example, a robot
independently executes a task or waits for the human to
exert direct control over task performance would be a
function of the adequacy of the human and automation
models of the operator’s and robot’s previous, current,
and future task performance. Thus, an important role of
these non-human team members is to aid their human
counterparts by:

* maintaining awareness of member actions and sta-
tus;

¢ updating team members regarding important
changes in within-team and external information
(without diverting their attention away from the
central tasks);

* monitoring intra- and inter-team communications;

e tracking task execution and completion and
progress toward achievement of the team’s goals;
and

e providing timely feedback on performance and
guidance on correcting team errors (2,16,17,28).

As suggested by our theoretical framework, design con-
siderations to ensure that automation technology effec-
tively supports team performance will be discussed in
more detail in the next section.

Design Considerations for Augmenting
Human-Automation Team Performance

A critical question during the design process involves
determining which information human-automation
teams use to perform a given task or how the presence
of non-human team members may hinder coordination
efforts. Coordination may be impaired because of the
difficulty associated with conveying and processing
critical task-relevant information due to a lack of un-
derstanding of automation team members’ roles and
functional capabilities and limitations (11). Human op-
erators use different criteria to evaluate incoming infor-

mation depending on whether the source of the infor-
mation is a human operator or an automated agent.
Incomplete information from a sensor may be perceived
as unreliable, but incomplete information from a hu-
man may still be perceived as credible.

An additional challenge when combining human and
non-human team members is that humans develop a
variety of responses to time pressure, including both
“macrostrategy” and “microstrategy” responses. Macro-
strategies include developing shifting cost/benefit ra-
tios, quicker rejection of options that fail to meet critical
performance criteria, or interim task solutions. Micros-
trategies can be linked to more fundamental cognitive
processes, including filtering, omission, and accelera-
tion responses to information overload (22). Among the
skills attributed to experts when dealing with such
stressors are improved capacities to recognize and pri-
oritize tasks within time constraints, and recognize
which tasks are most critical to complete based on
shifting performance demands and situation con-
straints. For example, in complex, evolving task scenar-
ios such as space mission operations, flight controllers
learn to adapt to multiple time scales affecting current
operations and strategic goals, and even incorporate
time delays from multiple sources (3). Current genera-
tions of robotic and software agents do not commonly
adopt shifting strategies for dealing with time con-
straints, and, therefore, can induce performance asym-
metries or breakdowns when attempting to coordinate
with humans. Research indicates that human operators
do shift their expectations for acceptable delays based
on task difficulty and urgency, regardless of whether
the coordination partner is believed to be a human or
software agent (31).

Similarly, when operators are faced with a high crit-
icality, short time line task, they may decide to stabilize
the situation in order to resolve it later, rather than try
to solve it all at once. In other words, task performance
is focused on spending resources now to extend the
deadline. In responding to a time critical task, an oper-
ator evaluating available resources may decide to only
slow down the rate of situation degradation (and thus
extend the time available for performance), rather than
complete the task. In most cases, software agents are
extremely poor at recognizing that some tasks do not
need to be solved immediately and that one can instead
work toward stabilizing the situation so that tasks can
be resolved later.

Further, advances in automation technology have in-
creased the level of complexity in human-automation
interactions such that human operators can now inter-
act with automated systems, such as intelligent agents
and semi-autonomous robots, in a distributed manner,
separated by both space and time. In a number of
contexts, the human and automated system (e.g., un-
manned vehicle) are geographically separated, but
share a common operating picture through the use of
technology. Successful performance of these human-
automation teams are significantly influenced by nu-
merous factors including task characteristics (time pres-
sure, workload, number of vehicles controlled), vehicle
characteristics (air, ground, underwater), environmen-
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tal characteristics (terrain quality, obstacles, time of
day, weather), and technological constraints (available
bandwidth, communication delays, visual display char-
acteristics). Overall system capabilities must be main-
tained to provide team members information, using
available information pathways, relevant to team mem-
bers (human or agent) activities, ongoing task projects,
required resources, and task outputs (16). A related
issue involves the influence of the scale of team and task
variables that the automation must support. Specifi-
cally, automation design considerations for supporting
individual level and small team (e.g., aircraft cockpit
crew) performance differ from the more complex re-
quirements of large teams (e.g., space mission control).

At the individual level, the focus of automation in-
cludes enhancing display design to support informa-
tion presentation and integration as well as monitoring
the performance of the automation. Within the context
of unmanned robotic systems, for example, design con-
siderations differ depending on whether a human op-
erator is managing one function across multiple robotic
vehicles or managing multiple functions across a
smaller set of robots. In the first case, the focus is on
maintaining awareness of the status and location of
different vehicles. The second case critically depends on
dynamic task switching among different functions, and
inherently may result in greater cognitive workload for
the operator. Thus, the design specifications of auto-
mated decision support aids will differ according to the
unique needs of the human operator in each situation.

At the small team level, team members each have
different information requirements, but must also be
supported by automation that helps maintain effective
communication and sharing of this information across
the different positions. For example, in previous work,
we generated design concepts for developing an inte-
grated decision support display suite (Synergy) to sup-
port shared situation awareness and collaborative plan-
ning and execution processes in Army Brigade
Command and Control operations (7,25). The Synergy
display suite, at present, is aimed at supporting three
command staff positions: intelligence, operations, and
logistics, with multiple displays for each officer. How-
ever, the Synergy display suite is also designed to ex-
plicitly support the transmission of critical situation
awareness requirements across positions within distrib-
uted command and control operations in a mobile bat-
tlefield (7,25). The specific design goals for the Synergy
displays included:

e facilitating direct presentation of high level situa-
tion awareness elements to support situation as-
sessment, comprehension, and projection;

® supporting dynamic switching between goal-
driven and data-driven processing;

* managing data overload and avoiding the inclu-
sion of extraneous information;

e providing mechanisms for gaining a historical per-
spective;

e providing features that support the global situa-
tion awareness of Army battle planners; and

® supporting team communications and shared situ-
ation awareness among the dispersed planners.

In large teams often consisting of teams of teams,
team members are typically separated by space and
time, making the need for effective collaboration even
more critical. For example, given the task demands and
system dynamics of NASA Mission Control Center op-
erations, it is impossible for a unitary centralized com-
mand and control structure to effectively perform the
required tasks to achieve mission success (3). Multiple
ground personnel (e.g., mission control operators, re-
search scientists, and other space mission support per-
sonnel) must communicate information and coordinate
their efforts, not only among each other but with the
astronaut crewmembers in space. Thus, automation de-
sign considerations for such complex distributed com-
munication and coordination operations include the
implementation of automated information and commu-
nication technology to support effective information
flow. “Effective” is defined not only in terms of the
accurate exchange of data, but more importantly, the
appropriate interpretation, integration, and action
based on the data being exchanged (3).

Finally, it is also important to note that human-auto-
mation team performance is influenced not only by
in-process interactions, but also by pre- and post-pro-
cess interactions (15). Specifically, in-process interaction
occurs during actual task execution and reflects aspects
of the unfolding task. Pre-process interaction involves
preparatory pre-task behaviors (e.g., mission analysis),
where initial shared expectations and preliminary team
dynamics are created in anticipation of task-focused
team interaction. Post-process interactions would in-
clude post-task reflection on performance (e.g., after-
action review) and consolidation of the completed ex-
perience for future reference.

Pre-process human-automation interactions affecting
trust in automation involve considering human opera-
tors’ preconceived beliefs and prior experiences with
automation as well as developing pre-task training pro-
grams that present operators with information about
the automated system’s functional capabilities and lim-
itations. These factors serve as the basis for the opera-
tor’s initial mental model of the system and his/her
initial level of trust in the automation. In-process hu-
man-automation interactions would be influenced by
human operators’ active use (or disuse) of the automa-
tion, and should be supported with appropriate system
display design features that provide operators with
information about the automated system’s current sta-
tus and future actions. Of particular value during hu-
man-automation in-process interaction would be the
implementation of useful tools designed to increase
“other awareness” or “state projection” of the non-
human team member, so that the human operator could
understand what the future state of the system would
be under various levels of automation. Post-process
human-automation interactions would involve giving
feedback on performance to human operators regard-
ing the reliability and accuracy of both the human user
and the automated system following task execution.
This information would aid human operators in updat-
ing their mental model of the system and also in cali-
brating their trust in the automation.
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Future Development of Theoretical Framework

Numerous other attitudinal, behavioral, and cogni-
tive factors not discussed in this paper may also affect
human-automation interaction. Such factors include
human and non-human team members’ ability to gauge
the “intent” of their teammate, make accurate “infer-
ences” to remedy gaps in their knowledge, and make
“attributions” of their teammates’ capabilities and com-
petence (12). Further research in this area is clearly
warranted to better understand the cognitive and meta-
cognitive processes emerging within human-automa-
tion teams in order to develop the appropriate training
and system design interventions for augmenting team
cognition. Toward this end, our current and future
work is aimed at empirically investigating the links
specified in our preliminary theoretical framework. Our
research objectives are: first, to identify the factors in-
fluencing automation usage decisions in complex oper-
ational environments; and second, to identify the po-
tential for agent detection or assessment of human team
members’ attitudes and responses to automation.

In support of our first objective, we are investigating:
how automation can help humans build reliability/
trust models regarding non-human team members (e.g.,
intelligent agents, robotic systems); how variance in
automation reliability (systematic vs. random failures)
may differentially influence trust and subsequent reli-
ance on automation; and the design of decision support
tools that allow humans to establish an accurate mental
model of the current state, functioning, and reliability of
an agent assistant with dynamic role assignments. In
support of our second objective, we are developing a
metacognitive model that enables agents to adjust their
automation policy based on humans’ automation usage
behavior and are also assessing the impact of agent
attempts to alter performance parameters based on hu-
man team members’ attitudes and responses to auto-
mation. This line of research will result in design rec-
ommendations to enhance human-automation team
performance through effective calibration of human op-
erators’ trust and appropriate reliance on automation in
complex task environments.

Conclusions

Synchronization of actions in human-automation
teams during time-stressed, high-workload task perfor-
mance is critically dependent on the seamless and effi-
cient coupling between human operators and automa-
tion technology. We argue that team cognition provides
the binding mechanism to support human-automation
team members’ ability to engage in these coordinated
actions. In this paper, we presented a preliminary the-
oretical framework illustrating how automation tech-
nology may be effectively used to augment human-
automation team cognition and promote team
coordination in complex operational environments by
supporting the cognitive and metacognitive processes
underlying team cognition. We also discussed several
factors potentially influencing human-automation team
cognition, drawing attention to the importance of trust
in automation, the effect of automation processing

transparency on operators” mental models, and differ-
ences in human and non-human team members’ re-
sponse to incoming information and time pressure. Ad-
ditionally, we looked at these issues across differing
scales of human-automation interaction. When appro-
priately designed and employed, automation technol-
ogy holds great promise for augmenting team cognition
by supporting both low- and high-level information-
processing activities, and facilitating team members’
ability to monitor, evaluate, and regulate their human-
automation team’s performance.

ACKNOWLEDGMENTS

Work on this paper was partially supported by funding to the first
and fourth authors through participation in the Advanced Decision
Architectures Collaborative Technology Alliance sponsored by the
U.S. Army Research Laboratory (ARL) under Cooperative Agreement
DAAD19-01-2-0009, and by Grant Number N000140610118,
awarded to the second author from the Office of Naval Research
(ONR). The views and conclusions contained herein, however, are
those of the authors and should not be interpreted as representing the
official policies, either expressed or implied, of the ARL, ONR, the
Department of the Army, Department of the Navy, Department of
Defense, the U.S. Government, or the organizations with which the
authors are affiliated.

REFERENCES

1. Bolstad CA, Cuevas HM, Gonzalez C, Schneider M. Modeling
shared situation awareness. Proceedings of the 14th Confer-
ence on Behavior Representation in Modeling and Simulation
(BRIMS); May 16-19, 2005; Universal City, CA. Orlando, FL:
Institute for Simulation and Training; 2005.

2. Cadiz J], Venolia G, Jancke G, Gupta A. Designing and deploying
an information awareness interface. Proceedings of the 2002
ACM conference on Computer Supported Cooperative Work
(CSCW 2002); November 16-20, 2002; New Orleans, LA. New
York, NY: ACM; 2002:314-23.

3. Caldwell BS. Information and communication technology needs
for distributed communication and coordination during expe-
dition-class space flight. Aviat Space Environ Med 2000; 71(9,
Suppl.):A6-10.

4. Caldwell BS. Analysis and modeling of information flow and
distributed expertise in space related operations. Acta Astro-
naut 2005; 56:996-1004.

5. Cannon-Bowers JA, Salas E, Converse S. Shared mental models in
expert team decision making. In: Castellan NJ Jr, ed. Individual
and group decision making. Hillsdale, NJ: Lawrence Erlbaurm;
1993:221-46.

6. Cooke NJ, Salas E, Kiekel PA, Bell B. Advances in measuring team
cognition. In: Salas E, Fiore SM, eds. Team cognition: under-
standing the factors that drive process and performance.
Washington, DC: American Psychological Association; 2004:
83-106.

7. Endsley MR, Bolstad CA, Jones DG, Riley JM. Situation aware-
ness oriented design: from user’s cognitive requirements to
creating effective supporting technologies. Proceedings of the
Human Factors and Ergonomics Society 47th Annual Meeting;
October 13-17, 2003; Denver, CO. Santa Monica, CA: Human
Factors and Ergonomics Society; 2003:268-72.

8. Endsley MR, Kaber DB. Level of automation effects on perfor-
mance, situation awareness and workload in a dynamic control
task. Ergonomics 1999; 42:462-92.

9. Endsley MR, Kiris EO. The out-of-the-loop performance problem
and level of control in automation. Hum Factors 1995; 37:381—
94.

10. Entin EE, Serfaty D. Adaptive team coordination. Hum Factors
1999; 41:312-25.

11. Fiore SM, Jentsch F, Becerra-Fernandez I, Salas E, Finkelstein N.
Integrating field data with laboratory training research to im-
prove the understanding of expert human-agent teamwork.
Proceedings of the 38" Hawaii International Conference on

Awviation, Space, and Environmental Medicine * Vol. 78, No. 5, Section 1I * May 2007 B69



AUGMENTING TEAM COGNITION—CUEVAS ET AL.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

B70

System Sciences; January 3-6, 2005; Big Island, Hawaii.
Los Alamitos, CA: IEEE; 2005.

Fiore SM, Jentsch F, Rehfeld S, Finkelstein N. Situation awareness
and human-agent teams: integrating socio-cognitive theories
with the practice of human agent-teamwork. In: Salvendy G,
ed. Proceedings of the 11™ International Conference on Hu-
man-Computer Interaction; July 22-27, 2005; Las Vegas, NV.
Mahwah, NJ:Lawrence Erlbaum Associates; 2005. Available on
CD-ROM.

Fiore SM, Jentsch F, Salas E, Finkelstein N. Cognition, teams, and
augmenting team cognition: understanding memory failures in
distributed human-agent teams. In: Schmorrow DD, ed. Foun-
dations of augmented cognition. Proceedings of the 1st Inter-
national Conference on Augmented Cognition, Las Vegas, Ne-
vada, 2005 July 22-27. Mahwah, NJ: Lawrence Erlbaum
Associates; 2005: 1267-76.

Fiore SM, Salas E. Why we need team cognition. In: Salas E, Fiore
SM, eds. Team cognition: understanding the factors that drive
process and performance. Washington, DC: American Psycho-
logical Association; 2004:235-48.

Fiore SM, Salas E, Cuevas HM, Bowers CA. Distributed coordi-
nation space: toward a theory of distributed team process and
performance. Theor Issues Ergon Sci 2003; 4:340-63.

Garrett SK, Caldwell BS. Describing functional requirements for
knowledge sharing communities. Behav Inf Technol 2002; 21:
359-64.

Gutwin C, Greenberg S. The importance of awareness for team
cognition in distributed collaboration. In: Salas E, Fiore SM,
eds. Team cognition: understanding the factors that drive pro-
cess and performance. Washington, DC: American Psycholog-
ical Association; 2004:177-201.

Kantowitz BH, Campbell JL. Pilot workload and flightdeck auto-
mation. In: Parasuraman R, Mouloua M, eds. Automation and
human performance: theory and applications. Mahwah, NJ:
Lawrence Erlbaum; 1996:117-36.

Klein G, Ross KG, Moon BM, et al. Macrocognition. IEEE Intell
Syst 2004; 18:81-5.

Lee JD, See KA. Trust in automation: designing for appropriate
reliance. Hum Factors 2004; 46:50—-80.

Mathieu JE, Heffner TS, Goodwin GF, Salas E, Cannon-Bowers
JA. The influence of shared mental models on team process
and performance. ] Appl Psychol 2000; 85:273-83.

Maule AJ, Hockey GR]J. State, stress, and time pressure. In: Sven-

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

son O, Maule AJ, eds. Time pressure and stress in human
judgment and decision making. New York: Plenum Press;
1993:83-101.

Parasuraman R, Riley V. Humans and automation: use, misuse,
disuse, abuse. Hum Factors 1997; 39:230-53.

Parasuraman R, Sheridan TB, Wickens CD. A model for types and
levels of human interaction with automation. IEEE Trans Syst
Man Cybern 2000; 30:286-97.

Riley JM, Endsley MR, Bolstad CA, Cuevas HM. Collaborative
planning and situation awareness in Army command and
control. Ergonomics 2006; 49:1139-53.

Sarter NB, Woods DD. How in the world did we ever get into that
mode? Mode error and awareness in supervisory control. Hum
Factors 1995; 37:5-19.

Scerbo MW. Theoretical perspectives on adaptive automation. In:
Parasuraman R, Mouloua M, eds. Automation and human
performance: theory and applications. Mahwah, NJ: Lawrence
Erlbaum; 1996:37-63.

Sycara K, Lewis M. Integrating intelligent agents into human
teams. In: Salas E, Fiore SM, eds. Team cognition: understand-
ing the factors that drive process and performance. Washing-
ton, DC: American Psychological Association; 2004:203-31.

Tannenbaum SI, Beard RL, Salas E. Team building and its influ-
ence on team effectiveness: an examination of conceptual and
empirical developments. In: Kelley K, ed. Issues, theory, and
research in industrial /organizational psychology. Amsterdam:
Elsevier Science; 1992:117-53.

Vick RM, McNamara JE. Shared cognition and resource coordi-
nation in distributed decision-making teams. In: Salvendy G,
ed. Proceedings of the 11™ International Conference on Hu-
man-Computer Interaction; July 22-27, 2005; Las Vegas, NV.
Mahwah, NJ: Lawrence Erlbaum; 2005. Available on CD-ROM.

Wang E. Human-computer network interaction: delay effects and
its mediators [Doctoral Dissertation]. West Lafayette, IN: Pur-
due University; 2005.

Warner N, Letsky M, Cowen M. Cognitive model of team collab-
oration: macro-cognitive focus. Proceedings of the 49th Annual
Meeting of the Human Factors and Ergonomic Society: Sep-
tember 26-30, 2005; Orlando, FL. Santa Monica, CA: Human
Factors and Ergonomics Society; 2005.

Weick KE. Sensemaking in organizations. Thousand Oaks, CA:
Sage; 1995.

Aviation, Space, and Environmental Medicine * Vol. 78, No. 5, Section II * May 2007



