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PREFACE

In a 1976 report prepared for the Secretary of Defense, the Defense Science
Board Task Force on Training Technology recommended an increase in funds for
research and development in training technology. As an indirect result of that
study, the Psychological Sciences Division of the Office of Naval Research intends
to embark on a program of research in the area of Team Training and Performance.
Under ONR Contract N00014-79-C-0753, the Rand Team Performance Project was
formed to design this research program between September 1, 1979, and February28A080.

Fourteen Rand staff members and consultants participated in the project.
Knowledge of prior and current research on teams and research techniques of
potential utility in studying teams were garnered from several sources. These
included a review of the literature related to teams (a bibliography of this literature
appears at the end of this report), the compilation of a library of books and docu-
ments on teams, and the Rand Team Performance Workshop, held November 27-29,
1979. (The proceedings of this workshop are being published as a separate Rand
report.) In addition, conversations with representatives of the Military Depart-
ments and visits to Navy training and research installations provided insights into
the procedures and problems of operational Navy teams. Sites visited by project
personnel included the Pacific Fleet Training Command, the Fleet ASW Training
Center, the Fleet Combat Training Center, the Fleet Combat Systems Training
Unit, and the Naval Ocean Systems Center.

This report presents the project conclusions and recommendations for the de-
j isign and content of the research program. It describes a large-scale research and

development effort focusing on types of teams represented in all Service branches.
14 Thus, the report should interest potential contractors in the research and devek}p-

ment communities (including policy analysts, psychologists, computer scientists,
and management scientists), program management personnel in the Navy and
other Services, and personnel in training and operational commands.
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SUMMARY

Many Navy operations depend upon the coordinated actions of a team of indi-
viduals. Currently, several obstacles hinder the formation, training, and mainte-
nance of high-quality Navy teams. These obstacles include restrictions on training
time, the frequent lack of training objectives and performance criteria, increasing
complexity of equipment and jobs, declining basic skills of entering personnel, high
rates of personnel turnover, and frequent failures to translate successful research
results into improvements in the operational environment.

Against this background, the Office of Naval Research (ONR) charged the Rand
Team Performance Project with the task of designing a research program aimed
at the improvement of Navy team effectiveness. In particular, ONR requested that
this design project address research needs in the areas of team training, develop-
ment, and evaluation. ONR also sought recommendations on the proper roles of
different research disciplines and methodologies in the program.

The major recommendations for the design of the research program are con-
tained in a set of eleven conclusions. These conclusions provide a supporting frame-
work for a set of more specific recommendations for management activities to
implement the program and research projects within the program. The major
project conclusions follow; each contains a reference to that section of the report
presenting supporting arguments for it.

Conclusion 1: The teams for which ONR-supported research is likely to have
the greatest impact are those that process large amounts of symbolic information
and make tactical decisions under considerable time stress. These teams are the
most critical for combat effectiveness and ship survivability and are ubiquitous in
the Navy and in the other Services. Moreover, their effectiveness depends on the

f4 ~coordination and organization of the team in addition to the skilled performance
of individual team members (see Sections 2.1-2.4).

Conclusion 2: Current personnel problems and Navy policies limit team per-
formance. To improve Navy teams, research should identify organizational poli-
cies, technological advances, and changes in team training and procedures that will
improve the proficiency of the people staffing Navy teams in the future (see Sec-
tions 1, 2.5, and. 2.6).

Conclusion 3: Several techniques currently exist for making immediate im-
provements in the training of team members. These include providing objective
feedback during training, improving the match between training and job require-
ments, and expanding the use of computer-based instruction. Technology-transfer
studies should be undertaken to determine whether and how these improvements
should be implemented in operational environments (see Sections 2.5 and 5.1.3).

Conclusion 4: New, longer-term, basic research should include the study of
decisionmaking teams in realistic task environments. While this would not neces-
sarily require continual direct contact between researchers and Navy teams, re-
searchers should at least utilize simulated task environments similar to those in the
operational Navy. This will require observation of and familiarization with teams
in operational settings (see Sections 2.2 and 4.2).
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Conclusion 5: The more promising lines of research will require multivariate
studies of performance of teams over time. Such studies provide an integrated
approach to team research not adequately achieved by more narrow studies of
individual dimensions of team performance. The research will include development
of methods for simulating operational task performance in the laboratory, con-
trolled experimental studies of team performance, and studies of performance
evolution (see Sections 2.2 and 2.5).

Conclusion 6: Several approaches to improving team performance appear to
be promising areas for research (see Section 5). These include:

1. Improving understanding of the task by analyzing performance require-
ments. In particular, research should investigate the criteria for assessing
performance, the knowledge required for skilled performance, the vari-
ables that influence or limit task performance, and the relationship be-
tween individual and team performance.

2. Improving selection of team members by matching individual skills and
abilities to task demands.

3. Improving training and exercising of both individuals and teams by deve-
loping standard training methodologies, feedback procedures, personal-
ized instruction by computer, and training games.

4. Compensating for disruptive effects of turnover by improving training
efficiency, improving socialization and integration of a new member into
the team, and reducing attrition.

5. Improving the organization of the team by altering standard operating
procedures, communications networks and protocols, or decisionmaking
processes.

6. Developing improved human-machine systems and aids for task perfor-
*1 mance.

Conclusion 7: This multivariate, multidisciplinary research on teams re-
quires one or more Team Performance Research Centers (see Sections 2.5, 5.3, and
6.2). These Centers must have:

1. A laboratory facility for experimental studies of team performance.
2. A system for representing and controlling combat-like situations in which

teams perform their tasks. This system must include models of the envi-
ronment, models of the effects of the team's and enemy actions, mecha-
nisms for dynamic scenario control, an interface between the team and the
environmental model, and communications links among team members.

3. Advanced computer hardware and software sufficient to simulate impor-
tant functional characteristics of operational equipment and communica-
tions.

Conclusion 8: Designing a Team Research Center' and conducting the re-
search will require an interdisciplinary team of scientists. This team must include
experts in cognitive psychology, social psychology, human factors, software and
systems design, artificial intelligence, simulation, gaming, and instruction (see Sec-
tion 6.1).

Conclusion 9: Basic research supported by the program should be comple-

mented by policy studies to determine the potential impact and applicability of
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research results in the operating environment (see Sections 2.5, 4.1, and 5.1). These
studies should include:

1. An analysis of future Navy requirements and personnel resources to de-
termine (a) which teams are most critical to operational effectiveness and
which can realize significant performance improvements from research,
and (b) how procedures and training will need to be adapted to the abilities
of future personnel.

2. An analysis of the barriers to translating research results into changes in
policy and procedures in operational environments.

Conclusion 10. To increase the impact and effectiveness of the research pro-
gram, ONR should include the targeted user and applied research communities in
the program (see Sections 4.3 and 4.5), Representatives of these communities might
serve several functions, including-

1. Assisting in the identification of critical teams for study and the determi-
nation of highly skilled examples of such teams.

2. Suggesting problems or bottlenecks in improving team performance.
3. Facilitating the transition of research results into applied development

efforts.
4. Providing researchers with access to facilities and resources in operation-

al or training environments.

Conclusion 11: Implementation of the proposed program should proceed in
stages (see Section 6.3). These stages include:

1. Immediate initiation of a study to select the task domain(s) for inclusion
in the progrom and to specify the important task characteristics.

2. IdentificatiOn of research institutions willing and able to undertake a
long-term laboratory development and interdisciplinary research effort.

3. Initiation of activities to coordinate researchers and evaluate research1results, including
a. Formation of a steering committee to monitor the research program.
b. Sponsorship of a workshop to familiarize contractors with the pro-

gram structure, task domain, performance specifications, and oper-
ational equipment.

c. Insuring ARPANET access for all contractors.
4. Initial research focused on the development of laboratory facilities, simu-

lations, and games.
5. A program management decision, approximately three years into the

program, about how to continue. The decision should be based on contrac-
tors' progress in constructing laboratory facilities, the quality of the task
representations, initial results of studies using the laboratories, and
proposals for future research.

6. Continuation of major research efforts for two to seven years.
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1. INTRODUCTION

Many Navy operations depend upon the coordinated actions of a team of indi-
viduals. As a result, the quality of the selection, training, equipment, and perfor-
mance of teams significantly influences the effectiveness of Navy operations. Cur-
rently, several obstacles hinder the formation, maintenance, and training of high-
quality Navy teams. These obstacles include:

1. Restrictions on available training time,
2. Rapidly increasing training costs,
3. The absence of data on the cost-effectiveness of various current or poten-

tial training approaches,
4. The lack of consistent team training methods,
5. The frequent lack of specific training objectives and performance criteria,
6. Declining basic skills of entering Navy personnel,
7. Increasing complexity of equipment and jobs,
8. High rates of personnel turnover on teams as a result of rotation and

attrition, and
9. Organizational disincentives to incorporating new training technologies

in the operational environment.

Against this background, ONR charged the Rand Team Performance Project
with the task of designing of a research program aimed at the improvement of
Navy team effectiveness. ONR requested that this design address four specific
issues:

1. Research needs in the areas of team training, development, and eyalu-
ation.

2. Strategies for assuring the appropriate mix of training, organizational,
and human-factors considerations in the research program.

3. The roles of different research methodologies in the program, including
theoretical development, modeling, laboratory experimentation, field
studies, and simulations.

4. The utility and characteristics of a dedicated facility for research on
teams.

To determine where research could most benefit team effectiveness, we first
attempted to understand the obstacles to effectiveness faced by the Navy. Among
the most serious of the Navy's problems is the difficulty of attracting and retaining
people of the caliber needed to operate and maintain the sophisticated equipment
vital to the Navy mission. The Office of the Assistant Secretary of Defense for
Manpower, Reserve Affairs, and Logistics estimates that by FY 1990 the Navy will
acquire between 7 and 24 percent fewer higher-quality' males than they obtained
in FY 1978 (OASD, MRA&L, 1979). The lower percentage is predicated on a reces-
sion civilian economy; the higher, on a vigorous civilian economy. At the same time,
technologies and equipment used in military operations are becoming increasingly

Defined to be individuals who have obtained a high-school diploma and are in mental groups [-ill
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complex and sophisticated. Therefore, a major focus of the proposed team research
program is to determine how manipulations in team structure, redefinition of team
procedures, advances in training, and the development of human-machine perfor-
mance aids can best utilize the abilities of future Navy personnel and equipment.

Another problem facing the Navy is the high rate of personnel turnover on
teams. Much of this turnover is caused by rotation of personnel assignments. In
addition, however, many recruits are lost during the first term of service. OASD
has predicted that during FY 1979 the Navy will have experienced a loss of 28
percent of active-duty male enlistees before the end of their first three years of
service. Although many of these losses occur among lower-quality recruits, such
losses place heavy burdens on Navy training and operating resources.

People familiar with the Navy often attribute these personnel problems to the
discomforts of shipboard life and the isolation of persons aboard ship from the rest
of society. Yet the acquisition and first-term attrition rates predicted for the Navy
are not appreciably different from the corresponding figures for the Army, which
does not require sea duty. Nevertheless, we believe that work environment signifi-
cantly affects morale and job satisfaction. Therefore, another focus for the team
research program is the determination of whether and how the formation, training,
and exercising of teams can improve morale and job satisfaction aboard ship.

A third problem facing the Navy is the current lack of adequate training time
and resources. The declining quality of entering recruits has increased the demand
for training in basic skills. This, among other factors, has reduced the time available
for job-related training, particularly team training. Further, few facilities exist for
team training, and the equipment in those facilities that do exist is often not similar
to shipboard equipment. Finally, training curricula often lack systematic ap-
proaches to instruction, feedbdck, and performance evaluation. Thus, another focus
of the proposed research program is the enrichment of training for teams.

It is clear that the Navy will need to adopt a variety of measures to alleviate
these problems. Some of these measures, such as revised recruiting, training, and
rotation policies, may require policy changes in overall Navy personnel manage-
ment. Others will require the discovery of new knowledge and the development of
technology based on research. However, the ultimate goal of improving team effec-
tiveness is obviously too difficult and general to be achieved solely through basic
research efforts. Producing a measurable improvement in Navy team performance
requires the selection of research problems of concern to the operating Navy, the
orchestration of a set of coordinated activities in all 6.1-6.5 research and develop-
ment categories (research, exploratory development, advanced development, engi-
neering development, management and support), and the acceptance and im-
plementation of R&D products by operational personnel. Consequently, we broad-
ened our task to include the design of a program in which research results will lead
directly to changes in equipment or procedures in operational environments.

Such technology transfer will depend both on the success of the research and
on the ability of ONR to move results down the R&D pipeline. For the research
program to succeed, it must incorporate methods for improving the impact of
research results. Thus, this document outlines a broad organizational plan for the
management of the research program, in addition to a set of recommended specific
topics for research.

In attempting to design a program structure and select a set of research topics,
we considered a variety of program objectives that would enhance the prospects
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for success of the research program. We ultimately selected six objectives-three
to be met by the overall design of the program and three to be met by the successful
execution of the program research:

Program objectives

1. To limit the scope of the research program to the investigation of a small
set of critical Navy teams and research problems.

2. To support research that would attract the highest-quality scientists and
that would have early applicability to operational needs.

3. To encourage and facilitate the feed-forward ofpromising research results
to subsequent research efforts (within ONR) and applied development and
technology transfer efforts (in 6.2-6.5 programs).

Research objectives

4. To develop analytical and theoretical models of team performance (that
is, to answer the question, What does the team do?)

5. To improve the evaluation of team performance (that is, to answer the
question, How well is the team performing?)

6. To improve team performance (that is, to answer the question, How might
the team perform better?)

These considerations motivated the conclusions about program structure, man-
agement policies, and research topics discussed in the following sections. Section
2 provides an overview of the proposed research program and discusses the aspects
of current Navy teams and team activities that motivated the conclusions and
recommendations of this report. Section 3 presents the project conclusions and
general recommendations for the design, management, and content of the research

program. Section 4 discusses in detail specific recommendations for ONR manage-
ment activities to implement the program. Section 5 presents the set of specific
research areas that seem most promising and that should be supported within the
program. Finally, Section 6 outlines a time-phased plan, budgetary guidelines, and
resource requirements for the program.

miii a t77



2. AN OVERVIEW OF THE PROGRAM DESIGN

2.1. THE TEAM CONCEPT

To design a research program on teams, we were forced to consider at the outset
how to characterize a "team." Since recent reviews of military teams have dis-
cussed the concept of a team in some detail (Hall and Rizzo, 1975; Wagner, Hibbits,
Rosenblatt, and Schulz, 1976), we elected not to seek a precise definition or to make
fine distinctions between teams and other multi-individual groups (e.g., crews,
groups, units). Rather, we use the term "team" generically to refer to a set of
individuals working cooperatively -to achieve some common objective. We have
limited the scope of our consideration to teams with a sufficiently small member-
ship that, in principle, all members of the team could be exercised simultaneously.

This concept of a team embraces such diverse Navy functional groups as air
crews, gunnery teams, air traffic control teams, maintenance units, mess crews,
combat information center (CIC) teams, underwater battery plot teams (submarine
tracking and attacking), ship maneuvering teams, and propulsion and powerplant
teams. These teams may vary in any of several critical attributes characterizing
team composition, function, and organization. Over the years, researchers have
developed taxonomies to capture the important dimensions of variation (Glanzer
and Glaser, 1955; Haggard, 1963; Engel, 1970; Meister, 1976). However, Meister
(1976) concludes that "a satisfactory taxonomy of team dimensions has not yet been
developed". While we did not attempt to develop a definitive taxonomy of teams,
we did seek to identify some of the attributes that could describe teams with
different functiQns~nd structures. These attributes could serve as a basis for loosely
clustering teams with similar performance characteristics and research require-
ments. The following attributes seemed to capture much of the variation among
teams:

1. Team Size. Variations in team size influence both the complexity in team
communications and the feasibility of training teams in toto.

2. Team Function. Teams vary in the nature of their principal activities.
These activities include performing perceptual discriminations (e.g., a
radar team), utilizing perceptual-motor skills (e.g., a gun-loading team),
and processing symbolic information and making decisions (e.g., a CIC
team).

3. Performance Sequencing. The synchrony of team member performance
influences the requirements for control or supervision of behaviors. Team
members may perform simultaneously, sequentially, or asynchronously.

4. Performance Integration. Teams vary in the extent to which members
cooperate during performance. Tasks may require considerable interac-

tion, little interaction but the sharing of resources, or relatively indepen-
dent behaviors. These requirements influence the extent to which overall
team performance requires coordination skills and the extent to which
overall performance is predictable from aggregateI individual perfor-
mance.

4
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5. Command/Communications Structure. Teams vary in their command
and communications regimes, particularly in the extent to which specific
individuals act as central points for receiving messages and making deci-
sions. Alternative structures include hierarchical, linear, star, or modula-
rized organizations.

6. Role Flexibility. Teams vary in the extent to which the behaviors of the
different team members are rigidly fixed and segregated. The flexibility of
team roles will influence the extent to which team tasks can potentially
be reorganized to improve efficiency or performance.

Since teams may vary so widely in structure and function, the requirements for
selecting team members, organizing and training the team, and measuring team
performance will vary as a function of team characteristics. Thus, no research
program can address the needs of all Navy teams.

2.2. SELECTION OF TARGET TEAMS

We were next faced with the decision of whether to design a program based on
a broad-spectrum approach to teams or on a coordinated, in-depth study of a select-
ed team or team type. The broad-spectrum approach offers the advantage of
greater flexibility for contractors to select their own research focus. In addition, this
approach would provide better research coverage of the variety of team types
within the Navy. On balance, however, the selection of a more narrow research
domain seemed more consistent with ONR's goals and seemed to offer a better
chance of producing usable results. Several considerations supported this conclu-
sion:

1. A program with a major, focused thrust in a single domain would have
higher visibility and, if successful, higher impact than a less focused effort.

2. A single research focus would offer the opportunity for significant coopera-
I tion and synergy among contractors.

3. A single research focus would not limit the applicability of successful
research results. Rather, successful theories, methods, and technologies
developed in the chosen domain could be transferred to new domains.'

The selection of a particular focus for the research program required both a
review of prior research on teams and a consideration of the types of actual Navy
teams. We conducted an extensive search of the literature and compiled a library
of documents on teams. Sources of references included Psychological Abstracts,
Sociological Abstracts, National Technical Information Service (NTIS), Defense
Documentation Center (DDC), Educational Resources Information Center (ERIC),
Social Sciences Citation Index, the Rand library, and various documents recom-
mended by the Team Performance Project staff. We did not attempt a comprehen-

sive, formal review of this literature, since several recent reviews have provided
excellent digests of this work (Alexander and Copperband, 1965; Hall and Rizzo,

' This strategy proved successful in the Defense Advanced Research Projects Agency (ARPA) speech
understanding program. Moreover, the system architecture developed for speech understanding in the
Carnegie-Mellon HEARSAYII program has been adapted for use in subsequent efforts to create image
understanding systems.
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1975; Meister, 1976; Wagner, Hibbits, Rosenblat, and Shulz, 1976). However, we did
examine the domains, methodologies, and conclusions of these efforts to determine
the current state of knowledge about teams. (A bibliography of these sources ap-
pears at the end of this report.)

The Team Performance Project also conducted a three-day workshop on teams
at Rand on November 27-29, 1980. The workshop comprised a set of sixteen
presented papers that described past, current, and potential future research on
teams in a variety of disciplines. In addition, there were wide-ranging discussions
among the participants, the Rand project staff, and various Department of Defense
personnel.

Several conclusions emerged from the literature and the workshop. First, an
enormous body of research has addressed various aspects of team composition,
structure, training, and performance. Second, few of the research results appear to
be applicable to the solution of real Navy team problems. In general, prior research
has investigated teams dissimilar in structure, purpose, and activities to Navy
teams. Such research typically focuses on a small set of variables, a narrow range
of task and environmental variations, and simplistic laboratory methods. Finally,
the tested hypotheses and models are frequently too abstract or discipline-bound
to offer prescriptions for teams in the operational environment.

Consequently, we concluded that the research program should focus on the
study of a team or type of team similar to one that actually exists in the Navy. Since
research using actual operational teams and equipment may be problematic for
many potential contractors, the teams actually studied may only simulate critical
functional characteristics of the operational teams. Nevertheless, the task environ-
ments investigated by contractors should be motivated and constrained by the
properties of particular Navy teams.

Three criteria guided the search for an appropriate domain for intensive inves-
tigation. First, the program area had to be one in which successful research might
lead to significant improvements in the performance of the teams under investiga-
tion. This suggested that attractive candidates would be teams with considerable
variation in performance, poorly specified performance metrics and criteria, and
flexibility in operating procedures and training methods. Such teams might be able
and willing to alter their activities based on recommendations from research. Fur-
ther, teams that perform in a technologically changing environment (e.g., comput-
ers, communications, weapons) face changes in procedures as equipment is re-
placed. These teams offer an excellent opportunity to introduce innovations in

training, task allocation, and performance aids.

The second criterion for the selected domain was that team performance must
depend on more than simply the aggregated performance of the individuals. Other-wise, little would be gained in team research beyond what might be accomplished

in the improved training of individuals. This criterion suggested the desirability of
selecting a team or type of team that requires extensive interaction among team
members and that uses poorly specified or highly flexible operating procedures.

The third criterion for selecting a research domain was that it be an area in
which improvements in team performance would significantly improve overall
Navy survivability and combat effectiveness. Thus, research should focus on teams
whose performance is vital to the success of the Navy's missions.

These considerations and the program objectives outlined in Section 1 led us
to the following conclusion:
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The greatest leverage in team performance research can be attained by
focusing research on teams that receive and evaluate dynamic information
and perform time-stressed decisionmaking.

Such teams deal with the environment largely through symbolic representation
for the purpose of threat detection and evaluation, situation assessment, planning,
decisionmaking, and control (plan execution and monitoring). These teams tend to
have the following attributes:

1. They rely primarily on information-processing activities rather than per-
ceptual-motor skills.

2. They require the coordinated activities of several subteams, such as those
that process sensor data, display the data, use the data for decisionmak-
ing, or allocate and direct team resources.

3. They require a high degree of interaction among team members and
subteams.

4. They utilize relatively loosely structured standard operating procedures
(SOPs) because their data are highly volatile and time-dependent.

5. They are flexible because they must respond to surprises, emergencies,
and a variety of external situations.

6. Their activity level varies greatly, from routine operations to critical
decisionmaking under conditions of heavy load.

The next section describes some shipboard Navy teams that perform this type
of decisionmaking.

2.3. INFORMATION-PROCESSING AND DECISIONMAKING
TEAMS IN THE NAVY

Each Navy ship comprises several closely integrated teams that contribute to
command decisionmaking. While the details of team organization, procedures, and
equipment vary from ship to ship, the general descriptions presented here illus-
trate the variety of tasks and functions that these teams perform.

The CIC is the focus of each ship's tactical information processing and decision-
making. CIC teams provide command and control functions for the ship and for
shipboard and other aircraft in the immediate area. They detect and track surface
ships, submarines, and aircraft; they direct ship maneuvers; they monitor the
environment and the progress of the battle; they control the ship's weapons deploy-
ment; and they communicate with other CICs to coordinate battle group activities.'

While the commanding officer of the ship has ultimate command authority,
much of the tactical data evaluation and decisionmaking in the CIC is performed
by the Tactical Action Officer (TAO). He must evaluate threats, allocate resources
to meet the threats, and make ship maneuvering decisions. Three data sources
provide inputs to his decisionmaking process: air radar information, surface and

Navy documents that describe these tactical command and control procedures include Combat
Information Center Doctrine (prepared by individual ships), Combat System Operation Design (pre-
pared by Commander, Naval Sea Systems Command, for some classes of ships), and Staff Manuals (such
as that prepared by Fleet Combat Direction Systems Support Activity, Dam Neck, Virginia, for the
Navy Tactical Data System).

',,
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ff
sub-surface radar and sonar information, and electronic warfare information.
These three types of information are displayed more or less independently and
separately in the CIC.

The ship's weapons coordinator (SWC) coordinates the air and surface war
under the direction of the TAO. He views a computer-generated symbolic display
of targets and their movements, and he assigns responsibility for some air targets
to the air intercept controllers (AICs). The AICs communicate targets, commands,
and locations, etc., to the combat air patrol under the ship's control. The SWC
assigns responsibility for the tracking and engagement of other air and surface
targets to the fire control systems coordinator (FCSC) in the weapons area. The
FCSC controls the shipboard missile and gun systems and radars and supervises
the activities of the operators of these systems.

On aircraft carriers, the movement of aircraft on and in the vicinity of the
carrier is managed by the carrier air traffic control center (CATCC). This team,
which is not located in the CIC, provides air approach control and air launch and
recovery direction for carrier aircraft. Under the direction of the air squadron
leader, the CATCC must coordinate its activities with the CIC and the bridge.

The radar detection and tracking area maintains the updated radar displays for
the CIC. Search radar operators view radar repeaters and detect the presence of
objects (ships, aircraft, missiles). Track identifiers attempt to determine the identity
of these objects and whether they are friendly or hostile "platforms." The track
supervisor coordinates these activities and communicates with the SWC and other
ships to determine the current status of these platforms.

The electronic warfare (EW) area comprises several individuals who detect
electronic emissions from remote air targets. These emissions indicate the bearing
and identity of the targets. This information is communicated to a team member
in the CIC who maiptains current EW information on a Plexiglas status board. The
TAO and SWC integrate this information with radar displays to pinpoint the loca-
tion and identity of enemy targets.

Surface and subsurface information is aggregated and evaluated in the surface
area of the CIC. The surface watch officer coordinates the surface war and anti-
submarine war (ASW) under the direction of the TAO. The surface area maintains
a horizontal, manually operated plotting board to display the locations and move-
ments of surface ships and submarines. Information for maintaining this display
is provided by radar and by the sonar area, located outside of the CIC. The sonar
area, like the radar area, comprises several individuals who receive low-level sen-
sor data and attempt Vo determine target identities and locations. Requests for
weapons engagements are sent to the anti-submarine air controller and to the
underwater battery plot (UBP), also located outside the CIC.

Each ship performs this variety of CIC functions. The flag plot command center
(FPCC) is a CIC, commanded by the battle group admiral, that orchestrates the
activities of the entire battle group. The FPCC is typically located on the aircraft
carrier for the battle group. It formulates the fleet battle plan and monitors its
execution through communications with the fleet EW coordinator, the fleet ASW
coordinator, the fleet surface warfare coordinator, and the fleet air warfare coor-
dinator. These fleet coordinators, in turn, must coordinate the activities of the
various CICs in the battle group.
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2.4. THE DEMAND FOR RESEARCH ON DECISIONMAKING TEAMS

Each of the Services has teams that perform similar command decisionmaking
functions. Such teams are particularly important to military operations because
they make decisions and initiate actions that affect the positioning, the weapons
deployment, the combat readiness, and the ultimate survivability of entire oper-
ational units. The criticality of these teams is reflected in the heavy investment in
studying and training them, both in the research community and in operational
environments.

For example, a long history of man-machine studies have investigated the
training of such teams (Parsons, 1972), focusing on different aspects of team perfor-
mance, including operator capacity to process information, evaluations of informa-
tion displays, decisionmaking processes, communications procedures, and evalua-
tions of computer support options. Such research has primarily investigated indi-
vidual performance in team settings rather than team training or performance per
se. Project Cadillac (New York University) and The Rand Corporation's Systems
Research Laboratory, among others, pioneered broad-spectrum approaches to
team training and performance. Many other efforts, such as the Semi-Automatic
Ground Environment (SAGE) system (Systems Development Corporation), focused
more narrowly on specific training issues, methodologies, or hardware/software
configurations. In general, these efforts have shown that useful research results are
most likely to derive from a systems approach to multiple aspects of performance
rather than from studies confined to a few team attributes. This suggests that to
be successful, new research on teams must emphasize broad, multivariate, interdis-
ciplinary studies of performance.

More recently, numerous facilities have been developed and studies undertak-
en to investigate complex team decisionmaking, including the Battle Management
Laboratory developed at Rand for the Air Force, studies of Air Force battle man-
agement decisionmaking at MITRE (Wohl, 1979), the formation of an Air Force
Battle Simulation Working Group to improve simulation capabilities (AFBSWG,
1979), the development of various tactical decision aids for the Navy (reviewed in
Miller, Rice, and Metcalf, 1979), and the development and evaluation of various
Army team training systems (Thurmond and Kribs, 1978; Scott, Meliza, Hardy,
Banks, and Word, 1979; Meliza, Scott, and Epstein, 1979). In addition, the Navy
maintains several facilities for team training in complex shipboard decisionmaking
(Rizzo, 1980).

The importance of research on teams with command and control functions will
continue to grow. Sophisticated information-gathering systems will extend the
amount, scope, and type of information available from sensors. This will extend and
change the demands on individuals to integrate various data and assess the current
situation. More sophisticated weapons systems will require increased speed and
accuracy of deployment decisions. New hardware and software capabilities will
become available to support communications among team members, cooperative
problem solving and decisionmaking, and interfaces among sensors, weapons, and
humans. Finally, the increasing complexity of systems and procedures will make
it increasingly difficult to analyze, assess, and prescribe methods for performance.
These trends lead to a growing requirement for research aimed at achieving highly
effective performance by such teams. Consequently, we recommend the study of
these teams in the team performance program.
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2.5. THE FRAMEWORK FOR TEAM PERFORMANCE RESEARCH

As discussed in Section 2.2, the principal shortcomings of prior team research
are (1) the lack of similarity between laboratory teams and operational teams and
(2) the narrow focus and methodology of most laboratory studies. We sought a
framework and design for the research program that would avoid these shortcom-
ings; after considering several designs, we arrived at one that we believed could
best meet the program objectives outlined in Section 1. Figure 1 summarizes this
framework.

The center of Fig. 1 represents the research and development pyramid that
generates new systems, ideas, and procedures for the military Services. The vari-
ous levels in the pyramid are labeled on the left side of the figure with their R&D
category designations. At the top of the pyramid are the operational teams targeted
for improvement by the research program. (CIC and CATCC teams are merely
illustrative of the information-processing, decisionmaking teams we recommend
above as potential research targets.) The next three levels in the pyramid represent
the various stages in advancement of the development of systems and ideas for use
in operational environments. The bottom of the pyramid represents 6.1 research,
the type of scientific studies typically sponsored by ONR.

In this framework, the selection of target teams would constrain the set of
potential 6.1 research topics (indicated by the ovals). As in any research program,
only some of the research at the bottom of the pyramid will produce successful
results and be carried forward into 6.2 development studies. Such selective filtering
would occur at each stage in the pyramid. As results move up the pyramid, the
objectives of the work become more applied and more specific to particular appli-
cations. In addition, however, successful and promising research results at the

TYPE OF ACTIVITY THE R&D PYRAMID PROPOSED TEAM
PERFORMANCE STUDIES

Navy Operations "CIC" "CATCC" ",-.-Organizational Policy
Studies (5. 1)

6.4: Engineering Development

Technology Transfer
6.3: Advanced Development Studies (5. 1)

Application

6.2: Exploratory Developrn/ 
Research and

\6.1 Research (5.Z- .8)) Iesearcn a2)

Research Center I Research Center 2

Fig. 1-A framework for team performance research

........................ ,-.'
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bottom of the pyramid will presumably suggest new applications both in the Navy
and in the other Services. Thus, research will generalize to domains and appli-
cations beyond those targeted by the research program.

We believe that successful research on command decisionmaking teams will
require the coordination of a variety of research approaches in a simulated task
environment. As previous studies of man-machine systems illustrate, the establish-
ment of facilities and capabilities required to simulate a complex task environment
is itself a substantial undertaking (Parsons, 1972). Therefore, we concluded that
research projects conducted in the program should be clustered in large-budget
research centers. The actual number of such centers that ONR could support would
depend on the budget available for the program and the proposed size of each
center. (Section 6 discusses the anticipated requirements of these centers). Each
center would create a task simulation environment and conduct a number of re-

lated but distinct interdisciplinary studies of team performance. As shown in Fig.
1, the activities of these centers would overlap to the extent that different centers
develop laboratories with similar equipment or for the study of the same teams.
However, each site would presumably investigate a unique set of research ques-
tions.

We believe that three classes of studies in the research program could lead to
significant improvements in team effectiveness. These classes differ in the location
in the R&D pyramid at which improvements would occur. They are indicated on
the right-hand side of Fig. 1.

Organizational policy studies would focus on current operational teams and
Navy policies and plans that may affect their performance and shape the basic
research of the next five to ten years. Several studies of Navy operations, discussed
in Section 5.1, may produce recommendations for improving team effectiveness.
These include assessing the requirements and characteristics of future Navy teams,
understanding the organizational factors involved in introducing innovation, and
assessing the causes and effects of personnel turnover on teams.

The second class of studies would focus on the translation of current knowledge
and technologies into the operational environment. Section 5.1.3 presents several
examples of current technologies that could immediately improve the performance
of Navy teams. This class of studies would develop plans and specific methods for
introducing these improvements into operational environments.

Finally, the bulk of the research activities proposed in Section 5 (5.2-5.8) focus
on new studies of team performance. These studies would include laboratory design
and development, theoretical development, simulations and games to investigate
team interactions and man-machine communications, experiments in manipulating
variables of theoretical interest, and research on a variety of software aids for
performance modeling, training, and improving task performance. The recom-
mended studies are based on evaluations of the current state of development in
psychology, computer science, simulation, and military gaming,

2.6. PRODUCTS OF THE RESEARCH PROGRAM

The ultimate outcomes of the research program will be measured by its prod-
ucts. The quality of these products will be influenced by many as yet undetermined

*factors, including program budget, program longevity, contractors, the content of
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the research, and the success of the research. Despite the uncertainties, we antici-
pate that the research program should support four types of products: scientific
knowledge, operational norms, designs for technology transfer, and laboratory
facilities. Each of these products and their consumers are discussed below.

The scientists participating in the research will produce and document results
for the scientific community in technical reports, journal publications, books, and
conference presentations and/or proceedings. The knowledge and theories derived
from the research should benefit a scientific community that extends beyond indi-
viduals involved in the study of teams, particular teams, or military problems.

Successful research results should also be aggregated into documents for use
by the operational community. Thus, contractors might produce a manual for Navy
commanders that provides a practical guide on how to train, reward, rotate, evalu-
ate, or organize particular shipboard teams. The recommendations in such a docu-
ment would be based on behavioral principles derived from the research.

Some research results might take the form of promising technologies for aiding
teams, including hardware configurations, design architectures, man-machine in-
terfaces based on human factors studies, computer-assisted training methods or
programs, and/or demonstration systems for supplementing or replacing team
functions. Thus, researchers might produce hardware or software specifications
and designs for technology transfer to further development efforts.

Finally, the research program will support the development of laboratory facili-
ties and capabilities. These laboratories might be used in subsequent research and
development by the same or other contractors, or they might be delivered and
installed at Navy training sites for use in operational training and training develop-
ment.

II



3. GENERAL CONCLUSIONS

Guided by the six goals presented in Section 1 and the considerations discussed
in Section 2, we arrived at a set of general conclusions about a program structure
offering the best chance of success. These conclusions constrained and suggested
the specific recommendations for activities to be undertaken by program manage-
ment and projects to be sponsored in the research program. We give here our set
of general conclusions. In the remainder of the report we elaborate these conclu-
sions as recommendations for specific research and program management activi-
ties.

Conclusion 1: The teams for which ONR-supported research is likely to have
the greatest impact are those that process large amounts of symbolic information
and make tactical decisions under considerable time-stress. Such teams include
those in the tactical flag command centers, CICs, nuclear submarine attack centers,
ASW attack centers, and carrier and shore-based air traffic control centers. These
teams are the most critical for combat effectiveness and ship survivability and are
ubiquitous in the Navy and in the other Services. Moreover, their effectiveness
depends on the coordination and organization of the team in addition to the skilled
performance of individual team members.

Conclusion 2: Current personnel problems and Navy policies limit team per-
formance. Research should identify organizational policies, technological advances,
and changes in team training and procedures that will improve the proficiency of
the personnel staffing Navy teams.

Conclusion 3: Several techniques exist that could make immediate improve-
ments in the training of team members: providing objective feedback during train-
ing, improving the match between training and job requirements, and expanding
the use of computer-based instruction. Technology-transfer studies should be un-
dertaken to determine whether and how these improvements should be implement-

. !ed in operational environments.
Conclusion 4: New, longer-term, basic research should involve the study of

decisionmaking teams in realistic task environments. This would not necessarily
require continual direct contact between researchers and Navy teams, but re-
searchers should at least utilize simulated task environments similar to those in the
operational Navy. This will require observation of and familiarization with teams
in operational settings.

Conclusion 5: The more promising lines of research will require multivariate
studies of team performance over time. Such studies provide an integrated ap-
proach to team research that is not adequately achieved by narrower studies of
individual dimensions of team performance. Research should include development
of methods for simulating operational task performance in the laboratory, con-
trolled experimental studies of team performance, and studies of performance
evolution.

Conclusion 6: Several approaches to improving team performance appear to
be promising areas for research:

1. Improving understanding of the task by analyzing performance require-
ments. In particular, research should investigate the criteria for assessing

13
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performance, the knowledge required for skilled performance, the vari-
ables that influence or limit task performance, and the relationship be-
tween individual and team performance.

2. Improving selection of team members by matching individual skills and
abilities to task demands.

3. Improving training and exercising of both individuals and teams by deve-
loping standard training methodologies, feedback procedures, personal-
ized instruction by computer, and training games.

4. Compensating for the disruptive effects of turnover by improving training
efficiency, improving socialization and integration of new members into
the team, and reducing attrition.

5. Improving the organization of the team by altering standard operating
procedures, communications networks and protocols, or decisionmaking
processes.

6. Developing improved man-machine systems and aids for task perfor-
mance.

Conclusion 7: This multivariate, multidisciplinary research requires one or
more Team Performance Research Centers that have:

1. A laboratory facility for experimental studies of team performance.
2. A system for representing and controlling combat-like situations in which

teams perform their tasks. This system must include models of the envi-
ronment, models of the effects of the team's and enemy actions, mecha-
nisms for dynamic scenario control, an interface between the team and the
environmental model, and communications links among team members.

3. Advanced computer hardware and software that can simulate important
functional characteristics of operational equipment and communications.
Requisite hardware includes multi-user time-shared processors and/or a
network of small processors, and terminals with graphics display capabili-
ties.

Conclusion 8: Designing a Team Research Center and conducting the re-
search will require an interdisciplinary team of scientists. This team must include
experts in cognitive psychology, social psychology, human factors, software and
systems design, artificial intelligence, simulation, gaming, and instruction.

Conclusion 9: Basic research supported by the program should be comple-
mented by policy studies to determine the potential impact and applicability of
research results in the operating environment. These studies should include:

1. An analysis of future Navy requirements and personnel resources to de-
termine (a) which teams are most critical to operational effectiveness and
which can realize significant performance improvements from research,
and (b) how procedures and training will need to be adapted to the abilities
of future personnel. Current team problems and obstacles to improving
performance may change rapidly as the character and technology of the
Navy changes. Appropriate targets toward which to aim research thrusts
must be identified.

2. An analysis of the barriers to translating research results into changes in
policy and procedures in operational environments.

JMPM
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Conclusion 10. To increase the impact and effectiveness of the research pro-
gram, ONR should include the targeted user and applied research communities in
the program. Representatives of these communities might serve several functions,
including:

1. Assisting in the identification of critical teams for study and in the deter-
mination of highly skilled examples of such teams.

2. Suggesting problems or bottlenecks in improving team performance.
3. Facilitating the transition of research results into applied development

efforts.
4. Providing researchers with access to facilities and resources in operation-

al or training environments.

Conclusion 11: Implementation of the proposed program should proceed in
stages:

1. Immediate initiation of a study to select the task domain(s) for inclusion
in the program and to specify the important task characteristics. In addi-
tion, the study should identify Navy personnel and facilities willing to
cooperate with research contractors in the program. These studies could
be carried out in the current fiscal year.

2. Identification of research institutions willing and able to undertake a
long-term laboratory development and interdisciplinary research effort.

3. Initiation of activities to coordinate researchers and evaluate research
results, including
a. Formation of a steering committee to monitor the research program.
b. Sponsorship of a workshop to familiarize contractors with the pro-

gram structure, task domain, performance specifications, and oper-
ational equipment.

c. Insuring ARPANET access for all contractors.
4. Initial research focused on the development of laboratory facilities, simu-

lations, and games.
5. A program management decision, approximately three years into the

program, about how to continue. The decision should be based on contrac-
tors' progress in constructing laboratory facilities, the quality of the task
representations, initial results of studies using the laboratories, and
proposals for future research. Potential decisions include

a. Continued funding of all contractors to perform additional research.
b. Continued and possible increased funding of fewer contractors.
c. Delaying the decision because no contractor has assembled the desired

facilities.
d. Redirecting the program to smaller efforts either more removed from

specific applications or focused on a smaller 'set of research issues, as
in current ONR 6.1 programs.

e. Terminating the program.
6. Continuation of major research efforts for two to seven years.
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4. MANAGEMENT POLICIES AND ACTIVITIES

The program proposed in the previous sections is characterized by the close
coupling of field research, the development of experimental laboratory facilities,
and basic research activities. This reflects a belief that the research environment
should functionally resemble a targeted operational environment. Such coupling
should also facilitate the transition of 6.1 research results into applied development
efforts.

Another important feature of the program is that the recommended domain is
represented by critically important teams in all three Services. Thus, the proposed
research program could be of significant benefit to the entire defense community.
However, the ultimate utility of the research results for improving operational
team performance will depend largely on

1. Anticipating the nature and needs of military personnel, teams, and sys-
tems 10 to 15 years from now.

2. Communicating to potential contractors the ultimate applied objectives of
the research as well as the immediate objectives of the basic research
program.

3. Identifying the best research projects and researchers.
4. Attracting these high-quality researchers to the research program.
5. Communicating the benefits of the research enterprise to potential users

in the Navy and other Services.
6. Participating in the translation of successful basic research into applied

systems and contexts.

These activities represent refinements of the program objectives outlined in
Section 2. ONR management should include these activities within the administra-
tion of the research program. We suggest below a set of detailed methods for
implementing these activities.

4.1. ORGANIZATION OF THE RESEARCH PROGRAM
AROUND PROJECTED OPERATIONAL NEEDS OF THE 1990s

Navy teams and their training requirements undergo rapid and continual
change. The changes include the composition, skills, and term-expectancies of en-
tering Navy personnel, as well as in the sophistication and complexity of equip-
ment. By the 1990s, significant changes may occur in the relationship between
humans and machinery, introducing new training, job-skill, and team-organization
requirements. The prominent and critical Navy team activities of the 1990s will
very likely be different from those currently central to Navy operations.

If research begun now is to have impact on Navy operations and technologies
of the 1980s and 1990s, it must consider the requirements of the future, as well as
the present, operational Navy. Thus, one of the first activities of the research
program should be a policy study of the types of teams that will be required to make
command decisions in the 1990s, what the skills of available personnel are likely

16
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to be, and where improvements in team performance would have the greatest
impact on Navy operations.

4.2. FOCUSING PROGRAM RESOURCES IN A PARTICULAR
TASK DOMAIN

The range of Navy teams and team problems far exceeds the set of issues that
the research program could reasonably support. To produce results with the great-
est impact on the operational Navy, the program should focus attention on im-
provement of the operation of information-processing, decisionmaking teams,
which are critical to successful Navy functioning.

To guarantee the applicability of research results obtained in the laboratory to
the solution of Navy problems, contractors should be required to simulate actual
operational teams. This requirement may entail a significant development effort to
design and create a team performance laboratory, but such a laboratory will facili-
tate technology transfer to applied research programs.

4.3. PROMOTION OF COHESIVENESS AND SYNERGY
AMONG THE RESEARCH-PROGRAM PROJECTS

To obtain maximum leverage from the research program, progress should
derive not only from the accumulation of results from individual projects but from
synergy and cross-fertilization of ideas among contractors. To promote close ties
among researchers, all projects should be constrained by a common set of target
teams, problems, and ultimate operational objectives. Individual researchers or
research projects could investigate different but complementary components of a
larger problem, while sharing a common task environment and set of research
objectives. Cohesion in the research program could be encouraged by the following
recommendations:

1. Structure the research program around a small number of large-budget,
interdisciplinary projects. Each project should include a number of individual or
subproject research activities, such as the design and implementation of laboratory
hardware and software, the design and execution of social- and cognitive-psychol-
ogy experiments, task simulations, games, and the development and testing of
training methods. Each project would thus utilize a multipurpose laboratory facili-
ty and researchers from several discipline areas. The scale of the individual re-
search efforts and the existence of team observation and experimentation laborato-
ries would give the research program high visibility.

2. Form a steering committee to select, coordinate, and administer the projects

in the research program. The committee's functions should include reviewing
proposals, determining the relevance of specific proposals and projects to the over-
all goals of the program, coordinating and promoting communication among the
contractors and operational personnel (see 4.4 and 4.5 below), and periodically
evaluating the progress of the various research projects. A representative of the
research community could organize and manage the activities of the steering com-
mittee.
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3. Conduct annual workshops at which contractors present research results
and representatives of the applied research and operational branches of the Navy
discuss their current activities and problems.

4. Establish a clearinghouse for publications produced by contractors to ensure
wide distribution and availability of research reports.

5. Provide access to the ARPANET for all contractors in order to facilitate
communications and resource-sharing within the program.

4.4. THE DEVELOPMENT OF A NATIONAL COMMUNITY OF
TEAM RESEARCHERS

To develop an outstanding national team performance research program, ONR
should attempt to promote interest in team problems among researchers in the
fields of psychology, computer science, management science, and education. While
a considerable body of research on teams has accumulated over the past 20 years,
that research has, by and large, been isolated within disciplines, and little of it has
had any direct relevance to real Navy team problems. Consequently, ONR should
attempt to generate, support, and reward interest in Navy team problems in order
to attract researchers to the program.

The problems embraced by the research program must be scientifically tracta-
ble, interesting, and intellectually stimulating. To guarantee this, the research
problems and the applicability of research results should extend beyond the par-
ticular task domains under investigation.

In addition, the research issues must be communicated to and publicized in the
research community. Researchers must be attracted to the program and their
interest must be sustained. ONR might consider sponsoring an annual conference
or workshop, such as the one held at Rand in November 1979, for team performance
researchers; awarding an annual prize for the most outstanding publication or
other contribution to the field; providing fellowship funds or allowances to support
the training of graduate students in research on teams; and providing funds for the

* Iestablishment of a research institute to operate in conjunction with one or more of
the program-supported laboratory facilities. Such an institute might support the
post-doctoral or sabbatic research of professionals interested in beginning research
on teams and could sponsor symposia, colloquia, or workshops on various aspects
of team performance.

4.5. ACTIVE PARTICIPATION IN TRANSFER OF BASIC RESEARCH
RESULTS TO APPLIED DEVELOPMENT PROGRAMS

Many useful results from ONR-sponsored research have not been translated
into 6.2-6.4 development programs. For results produced in the team performance
program to have visibility and impact, they must be transferred to and tested in
operational environments. To facilitate this process, ONR should invite key individ-
uals from other R&D areas and from the operational and training commands to
participate in the research program. As mentioned above, such individuals might
participate in annual contractors' meetings or research conferences, or they might
serve on the program steering committee. Such participation would help to ensure
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the proper research focus and to solidify the investment of these communities in
the program. In addition, ONR should attempt to involve basic researchers in the
development process to guide the implementation of research results in initial
prototype demonstrations.

4.6. CONTINUING EVALUATION OF RESEARCH PROGRESS

The progress of program researchers should be critically evaluated periodical-
ly. Contractors should initially develop five-year research plans, but continuation
of funding should depend on contractors' abilities to reach research milestones and
on their progress in comparison with other contractors. Research teams should, to
some extent, be in competition with each other, at least during the early stages of
laboratory and simulation development.

The program should also allow flexibility for altering research directions as
dictated by the results of early policy studies. For example, if studies uncover a
particular type of team or function critical to Navy operations of the 1990s, existing
or new projects might be directed toward investigating issues particular to this
team or function.

4.7. ESTABLISHMENT OF A TRI-SERVICE RESEARCH PROGRAM

The research issues in the proposed research program transcend the interests
of the U.S. Navy. Information-handling teams that assess situations, plan, make
decisions, and allocate resources are ubiquitous in the Air Force and the Army as
well. The Tactical Air Control Systems of the U.S. Air Force and the Tactical
Operations Centers of the U.S. Army resemble Navy combat information centers,
so many research results in this program will apply to activities in the other
Services. A major tri-Service research program would offer the opportunity for
increased leverage in many aspects of the program, including its cohesiveness and
synergy, the development of a community of team researchers, the transfer of
applicable technology, and the overall cost of facilities. ONR should lead the effort
to develop a such a tri-Service program in team performance.

At a minimum, ONR should propose to the other Services a time-phased multi-
Service entry and commitment to research activities. The suggested steering com-
mittee for the ONR research program should therefore include members of the
other military Services with responsibility for establishing interfaces with their
respective research offices as a move toward an integrated and jointly funded
program.
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5. RESEARCH ACTIVITIES

This section outlines the set of R&D activities that should be supported under
the Team Performance program. The set comprises 26 distinct but interrelated
research activities, which fall into the following eight broad areas:

1. Provide policy recommendations that will maximize the impact of the
team performance research (Sections 5.1.1-5.1.4).

2. Develop task specifications and models (Section 5.2).
3. Develop facilities for task simulation and experimentation (Sections 5.3.1-

5.3.3).
4. Develop improved performance models and evaluation metrics (Sections

5.4.1-5.4.4).
5. Investigate the effects of team synergy and personnel turnover (Sections

5.5.1-5.5.2).
6. Improve the organization of teams (Sections 5.6.1-5.6.3).
7. Improve the training of teams and team members (Sections 5.7.1-5.7.6).
8. Improve man-machine systems for task performance (Sections 5.8.1-

5.8.3).

In each of these areas, we suggest several promising topics for research. For
each activity, we describe the problem that motivates our recommendation and the
important issues to be addressed.

5.1. POLICY ASSESSMENTS OF NAVY NEEDS

To assess the potential impact of basic research, ONR must undertake a set of
policy studies to identify (1) those issues related to team effectiveness that are likely
to remain critical over 15 years of strategic and technological change and (2) those
approaches to team improvement that, if successful, have some likelihood of being
adopted in the operating environment. We recommend four specific projects below.

5.1.1. Navy Teams of the Future'

A research program on team training and performance should support long-
term Navy requirements in three ways:

1. By determining the types of team activities and functions that will be
required to operate threat-evaluation and decisionmaking systems
projected for procurement over the next two decades.

2. By directing research toward these anticipated team functions and activi-
ties.

3. By providing guidance, based on results of program research, early
enough that adequate team training and evaluation capabilities and hu-

-Written by Milton Weiner.
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man-factors design principles can be incorporated into the design of new
equipment.

This proposed effort would focus on the first two items: defining the team
functions and activities needed to support advanced systems, and identifying re-
search program requirements to produce relevant results. There are a number of
sources of data on anticipated Navy needs for personnel and for particular skills,
as well as sources that categorize naval personnel functions and activities, e.g., the
Navy Manpower Mobilization System (NAMMOS). Other sources of Navy data on
longer-range planning needs for manpower and skills for new systems would also
contribute to the investigation of future Navy teams. Procurement decisions may
have already generated requirements for team skills several years into the future,
but there is no documentation or longer-term projection of anticipated needs for
different types of teams or for the skills associated with these teams. Such a projec-
tion could assist in determining the types of team activities and functions for which
research would have the greatest utility and it could be used to establish policy
guidelines for the research program in terms of(1) what team functions or activities
seem critical, (2) which research questions have highest priority, (3) what research
strategy is indicated, and (4) how the research results are to be used.

This effort would require no more than a 9- to 12-month study by two or three
analysts, since a great deal of data may already be available. The major effort would
focus on the development of the research guidelines implied by these data. Such
a study would assure that the research program is compatible with, and perhaps
could contribute to, the design and operation of advanced systems.

5.1.2. Organizational Factors in Introducing Innovation'

The frequent rotation of operational command personnel produces disincen-
tives to undertake time- and resource-consuming programs of innovation. Such
resistance may discourage the development of more effective technologies for trein-
ing or the adoption of current technologies. The Task Force on Training Technology

recommended in 1976 that the DoD must change management policies to provide
greater incentives for the development and adoption of training technologies (De-

fense Science Board, 1976). In line with this recommendation, the research program
should include studies focused on understanding and improving the adoption pro-
cess. The two principal activities of these studies are described below.

1. Understanding the Adoption Process. Several factors inhibit the adoption
of new technologies and methods for tactical decisionmaking teams. Since it is
difficult to define precisely the activities of such teams, it may not be clear what
innovations are necessary or how they should be evaluated (Kaplan and Barber,
1979). Even when requirements for team performance can be established, innova-
tion may be too technically demanding, costly, or inconvenient (Hall and Rizzo,
1975). Finally, the receiving organization may resist some innovations because it
fears that they will result in other, unwanted changes. For example, a training unit
may be reluctant to urge operating organizations to evaluate the adequacy of its
graduates because resulting criticisms may dictate changes in training procedures.

Written by Polly Carpenter-Huffnan, with the assistance of Theodore Donaldson, Perry Thorn-
dyke, Milton Weiner, and Keith Wescourt.
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Resistance to change is especially strong where tradition is highly valued for its
own sake-and some Navy units may be strongly bound by tradition.

Problems of transferring successful research results to operating environments
have been studied extensively in several contexts, including education (Carpenter-
Huffman, Hall, and Sumner, 1974; Carlson, 1975) and manufacturing (Mansfield,
1961). Using a multivariate analysis of Teacher Corps programs, Corwin (1973)
derived a profile of a "social system likely to be highly responsive to deliberate
efforts to change it." A number of characteristics of this profile, including as central-
ization of authority and a clear-cut division of labor, apply to the Navy. Finally,
Berman and McLaughlin (1978) proposed that successful innovation in education
requires a process of mutual adaptation in which both the innovator and the
recipient of the innovation are active partners.

Similar research should investigate these issues in the Navy organization,
possibly combining the case study and multivariate analytical approaches adopted
by previous analysts. If successful, this work will reinforce the entire research
program by articulating constraints on and methods for translating research into
improvements in Navy operations.

2. Establishing the Value of Innovation. Since innovation can be costly in
itself and can levy additional costs on the units that adopt it, a second research
effort should develop methodologies for establishing the costs and benefits to the
Navy of any proposed innovation. These include procurement and implementation
costs, organization disruption, and increments in resulting operating performance.
Recent studies of this nature conducted for the Air Force have produced conclusive
assessments of alternative training courses for electronic and avionics equipment
repairmen (Air Training Command, 1968, 1970; Carpenter-Huffman and Rostker,
1976).

Additional research to develop methodologies for establishing the value of
innovations could begin with small-scale demonstrations in the operating environ-
ment. Their results could then be used to help determine the Navy-wide applicabili-
ty of the innovation and its overall cost and value.

The first step will be to choose a promising innovation whose effects may be
demonstrated in the near future. Likely candidates include (1) improved feedback
in team training and shipboard exercising, (2) improved matching of training in
individual skills to team operating requirements, and (3) computer-directed individ-
ual drill and practice for potential team members.

Demonstrations of this kind may require a year or more to design, implement,
and evaluate. The design phase is the most crucial because it must ensure that the
obtained data will permit assessment of the cost of the innovation and its value in
operating units. Much of this work should probably be conducted by Navy oper-
ations and research personnel, with contractor assistance, in existing Navy facili-
ties.

It will probably not be difficult to demonstrate positive value for the innovation
chosen for study. However, development of generalized methodologies for estab-
lishing value will be more demanding. Nevertheless, the potential payoff of this
study is sufficiently high to warrant the risk of failure.
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5.1.3. Current Technologies for Improving Navy Teams2

During the past decade, several advances have created opportunities to im-
prove training, most notably the development of systematic techniques to (1) im-
prove feedback to the performer during training and exercising, (2) improve the
match between training and requirements for job performance, and (3) improve
training through the expanded use of computer-based techniques. The Services,
however, have not adopted these advances widely. Therefore, new studies should
develop plans and specific methods for introducing the following improvements into
operational environments.

1. Improved Feedback. As discussed in Section 5.7.6, previous experimental
research has established several principles governing the relationship between
feedback and performance. Currently, feedback in Navy team training does not
adhere to these "rinciples; it is generally haphazard and subjective, varying across
team roles, insti actors, and training installations (Hall and Rizzo, 1975). With little
additional cost or research, it may be possible to improve and systematize feedback
in such training situations.

2. Improved Match Between Training and Job Requirements. Hall and Rizzo
(1975), among others, have pointed out the frequent discrepancies between the
content of training and the requirements for job performance. Failure to provide
adequate training places added burdens on operating units and can ultimately
degrade combat capability.

A systematic procedure, Instructional System Development (ISD), has been
developed to deal with the problem, and the Navy has recently established Instruc-
tional Program Development Centers to facilitate application of ISD (Vineberg and
Joyner, 1980). These centers are attempting to document the skills required for
every Navy job rating, but they are currently staffed primarily by training person-
nel rather than persons with direct experience in team operation.

Studies in this area should focus on strengthening participation of operational
personnel in the ISD process. Policy analysts and management specialists should
test the efficacy of different approaches to improving cooperation between trainers
and operators, ranging from workshops to formal organizational structures. Ve-
hicles for these tests will arise in the normal course of revision of training for
selected teams. Researchers could observe the efficacy of a variety of approaches
and procedures to select the most promising for implementation.

3. Application of Existing Computer-Based Techniques. Two techniques in
computer-based instruction could immediately improve team training: drill-and-
practice and simulation. (It is not clear that "frame-type" CAI, a third technique
now available on many commercial systems, is more effective than conventional
programmed texts.)

Drill and Practice. Effective training requires that team members master the
factual knowledge required to perform their individual jobs. Adaptive systems for
drill-and-practice based on psychological learning theory train learners faster than
non-adaptive drill-and-practice systems, result in better long-term retention of
knowledge, and enable the instructor to monitor the learners' progress. For some
knowledge domains, drill-and-practice can be embedded in games to motivate the

'Written by Polly Carpenter-Huffman, with the assistance of Theodore Donaldson, Milton Weiner,
and Keith Wescourt.
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learner and thus further reduce training time. Team jobs that require memorizing
a substantial body of simple factual relationships will probably benefit most from
this technology.

The Navy Personnel Research and Development Center in San Diego is deve-
loping an experimental prototype drill-and-practice system for teaching tactical
action officers the characteristics of enemy platforms. Other drill-and-practice sys-
tems could be implemented on inexpensive, personal microcomputers, placed at
several locations within a training site.

Simulations for Team Practice. Some teams have inadequate opportunities
for hands-on practice of routine procedures or have no chance to practice emergen-
cy procedures, particularly when the procedures are expensive or dangerous. This
problem could be alleviated by combining operational systems and general-purpose
digital computers to create the relevant features of the task environment and
provide functional simulations.

Simulations have several advantages over operational exercises. They permit
creation of situations that are difficult to arrange in the real world, such as emer-
gencies. They allow systematic manipulation of the team functions to enhance
trainee perception of critical task features. And they can store performance proto-
cols in the computer for replay during debriefing and critique. Simulations have
been used successfully in a number of task domains. The Navy Training Equipment
Center at Orlando is developing prototype simulators that rely more heavily on
general-purpose computers and input/output (I/O) devices (e.g., graphics) for
teaching than have previous simulators. In addition, the Navy Air Traffic Control
School at Memphis Naval Air Station trains carrier air traffic control teams using
computer-based systems and operational radar displays. The Army Research Insti-
tute at Alexandria is developing experimental prototype low-fidelity, functional
simulations to teach a range of individual skills. Finally, the Air Force is developing
simulators for training maintenance technicians.

More extensive use of simulations could improve training in other domains as
well. Past development of simulations for training seems to have proceeded most
effectively where computer technology is an accepced part of the operational envi-
ronment, as in aviation and air traffic control. Expanded application of this technol-
ogy will require a commitment to computer-based training and a systematic effort
to identify individual and team tasks for which such techniques can be used.

5.1.4. Causes and Effects of Personnel Turnover in Navy Teams4

Fluctuations in team membership may result from personnel rotation, attri-
tion, illness, rotation of personnel on watch stations, and so on. Turnover in the
Navy may well be both a cause and a consequence of low team performance and
morale. Organizational studies of turnover and its consequences are needed to
determine (1) the impact of turnover on morale and performance, (2) the additional
training requirements and costs introduced by turnover, (3) the principal sources
and causes of turnover, (4) the feasibility of altering policies producing turnover,
and (5) implementable policies and techniques for reducing turnover or its effects.

While a few organizational studies have investigated attrition among military

4 Written by Shelley Taylor, with the assistance of Polly Carpenter-Huffman, R. Stockton Gaines,
Gary Martins, and Perry Thorndyke.
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personnel (see review by Hand, Griffeth, and Mobley, 1977) little previous research
has attempted such a broad approach to the study of turnover. Experimental
studies of teams rarely track performance over time or in cases in which team
composition changes. Thus, several new policy studies could be valuable in assess-
ing the influences of turnover on team performance. These studies are outlined
below.

1. Sources of Turnover. One line of research might investigate the principal
sources of turnover and the typical timing of personnel replacements. Is turnover
due primarily to personnel rotation and attrition? If so, how much lead time is
available to prepare for team member departure? Does most turnover, permanent
(attrition, rotation) and temporary (illness), occur while ships are deployed at sea
or while stationed in port? The

answers to these questions may suggest methods for better anticipating and
compensating for personnel turnover.

2. Reduction of Turnover. Another line of research might investigate the
extent to which turnover can be reduced. This would require (1) a study of why
personnel choose to leave the Navy, and (2) fieldwork to determine the principal
sources of dissatisfaction among Navy personnel, how turnover is viewed within
the Navy, and what incentives would reduce turnover. Research could assess the
effects of the Navy's personnel rotation policy on its team operations and the
feasibility of alternative personnel management policies. The consequences of such
alternatives for training, team member satisfaction, and overall performance could
then be examined.

For example, individuals might be organized into teams fairly early in their
duty cycle and then trained, assigned, and housed thereafter as a team. In the event
of personnel losses from this team, the entire unit might then be replaced by
another similarly trained team. The original team would then receive and integrate
new members during a retraining cycle. Where full replacement of the team is not
practical, two options remain. A team with only slightly diminished membership
could continue to perform short-handed. Since teams would presumably be trained
to operate under such circumstances, their performance might be quite good, even
if not comparable to that of a well-trained team operating at full capacity. On the
other hand, when the membership of the team has been drastically reduced, new
assignments could be made as is done today. Such a scheme is only illustrative of
the types of alternative policies that might be considered.

3. Reduction of the Impact of Turnover. Research should also investigate
methods for compensating for the adverse effects of turnover within existing orga-
nizational constraints. For example, it may be useful for departing team members
to overlap with replacement members to facilitate indoctrination and socialization,
or to provide informal training. Section 5.5.2 proposes basic research to examine
the efficacy of other compensatory measures. In addition, organizational studies
should examine the feasibility and costs of introducing these new procedures into
Navy operations. It may also be instructive to identify teams whose performance

is not degraded by turnover, in order to determine task characteristics that govern
vulnerability to turnover. This might suggest techniques for structuring teams to
reduce the negative effects of personnel turnover.

Since turnover is a problem that affects all Navy teams, this research should
have a high payoff and wide applicability. It would entail lengthy observation of
several different teams undergoing personnel change, studies of organizational

, I,
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policies, and the widespread collection of survey data, and close contact with vari-
ous Navy personnel and installations would be required. The project staff would
have to provide expertise in policy analysis, military operations, social and organi-
zational psychology, and survey research.

5.2. DEVELOPMENT OF A TASK SPECIFICATION FOR
TACTICAL DECISIONMAKING 5

The military Services use many information-processing, decisionmaking teams,
comprising many individuals, many diverse and difficult functions, and various
types of equipment. In operational environments, the scope of a team is not clearly
defined but may vary depending upon the desired degree of functional aggregation.
For example, an ASW team comprises the ship's TAO, the anti-submarine air
controller (ASAC), the UBP for weapons deployment, several sonar operators and
plotters, helicopter crews, and ASW air crews. Similar teams of individuals monitor
and control surface warfare and anti-air warfare (AAW). However, the CIC "team"
contains individuals from each of these other teams, as well as the AIC and the
ship's weapons coordinator (SWC). Thus the partitioning of these individuals into
particular teams is somewhat arbitrary.

To identify a critical team or teams for study, research should investigate a
variety of teams, perhaps across Services, to assess the similarities and differences
among them. This study should produce several results, including:

1. The selection and definition of a domain to be investigated in depth by
subsequent research efforts. The selected domain may be either a particu-
lar real military team, two or more teams that are highly similar in
function and resources, or an artificial team or "game" that closely resem-
bles one or more actual teams.

2. The documentation of the functional specifications and information-proc-
essing characteristics of the task and task equipment for use in designing
laboratory facilities and subsequent team research. This will require the
specification of the inputs (sensor data, environmental conditions, enemy
actions, action outcomes, messages) and outputs (console operations,.
plans, decisions, weapons and equipment deployment, messages) for each
team member's task.

3. The characterization of typical scenarios for team performance.
4. The documentation of relevant Navy resources (e.g., trainers, simulators,

software, task and/or training experts) that are potentially available and/
or training experts) for use the study of the selected team(s).

This work should be undertaken as the first activity of contractors in the
research program. Adequate analysis and documentation of such tasks and facili-
ties will require expertise in military operations, engineering, computer science,
and cognitive psychology.

Written by Perry Thorndyke.
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5.3. DEVELOPMENT OF FACILITIES FOR TASK
SIMULATION AND EXPERIMENTATION

Research on the training and performance of decisionmaking teams will re-
quire laboratory facilities for the observation of these teams under controlled
conditions. Several problems must be addressed in the development of research
facilities to support realistic task simulations. This section addresses the major
tasks required for that development.

5.3.1. Environmental Simulations for Mock Operational
Equipment6

The use of simulator-driven exercises would improve much current Navy train-
ing and team performance. Training simulators embody two components: an envi-
ronmental simulator and mock operational equipment. The simulator provides a
source of data and stimuli for the decisionmakers and then reacts to their actions
in a manner that mimics the actual combat environment. The mock operational
equipment permits sensory-motor inputs and outputs similar to those encountered
in actual operations. Ordinarily, simulators are designed exclusively for use with
special training equipment, but we see an opportunity to separate them so that the
simulators can support continuing learning in operational environments. These
environmental simulators could then support laboratory studies of team perfor-
mance.

For many reasons, it would be advantageous for simulated training experience
to be distributed more widely than current practices permit. For example, to in-
crease vigilance, motivation, and skills, individual operators of operational equip-
ment could train or practice on the job with simulated team problems during idle
or low-stress periods. This would require operational equipment that could accept
simulated events or could execute such simulations itself.

Some specific topics for research supporting these objectives follow.
1. Design of a Hardware/Software Configuration for Laboratory Simulations.

Initial work should focus on the development of experimental facilities for task
simulation. Each contractor should choose an advanced set of hardware and soft-
ware capabilities that can (1) support the environmental simulation tasks of labora-
tory exercises, (2) provide a basis for simulation archiving and sharing, and (3)
exploit favorable economic and computer-science trends in system architecture and
languages. These trends favor high-level languages for software implementation
(e.g. SIMULA, SMALLTALK, DIRECTOR), large address-space computer main-
frames (at least 24-bits), interactive file systems (as in TENEX or UNIX), closely
coupled interactive graphics for debugging and monitoring simulations, and local
networking to allow environmental simulations and operational equipment emula-
tors to execute on different machines.

2. Representation of the Environment. Research should develop models of the
peacetime and combat environments of the decisionmaking team under study,
using a simulated source of inputs and reactions. This simulation should provide
for incremental development and, if possible, variable execution speeds in ex-
change for variable precision and fidelity. Emulators for operational equipment

Written by Frederick Hayes-Roth, with the assistance of Perry Thorndyke and Milton Weiner.
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should also be developed that reflect the principal information processing functions
of future equipment (e.g., storage, display, and analysis of intelligence reports and
sensor data). Detailed physical characteristics of the equipment emulators, such as
function keys, specific visual displays, and keyboard layouts, are less critical and
may be ignored for the present.

Most simulators model the uncertainty of the real world poorly. Because teams
will be trained to perform against an artificial environment, the simulation should
incorporate appropriate kinds of variability and should possess the capability to
generate surprising events (i.e., highly unlikely but not impossible situations) spon-
taneously. These efforts should be coordinated with those addressing the problem
of scenario generation described in Section 5.3.2.

3. Coordination of Multiple Data Sources for Scenario Control. When a team
participates in an exercise, the systems must coordinate and control the simulated
scenario and the timings of remote events. Simulations must incorporate a control
structure for such multi-event team exercises. The inherent limitations of distrib-
uted simulations and exercises (e.g., bandwidth, synchrony, validity) should there-
fore also be assessed.

4. Linking of Simulators with Operational Equipment. Research should in-
vestigate a suitable technology to embed simulators directly within operational
equipment (such as operator consoles) or a methodology for coupling modularized
simulations and operational equipment. Later, a method for standalone training or
combined operational/simulated tasks should be developed. Finally, research
should develop methods for exploiting the resident simulator as part of a built-in
test (BIT) system. The BIT system in each operational equipment unit would con-
tinuously contrast simulator-produced data with actual operational I/O to monitor
the equipment's behavior and to promote the early detection of unexpected situa-

* . tions.
This research requires modern computing hardware and advanced program-

ming languages. It requires the collaboration of individuals with expertise in the
task environments, characteristics of the operational equipment, interactive sys-
tems, simulation languages, distributed computing, and computer-controlled mul-
tiperson gaming.

This research will help to provide the basis for a team research laboratory, and
it could also lead to a much-needed new generation of systems in the Navy (and
elsewhere). Such systems could be used either for operational requirements or for
simulator-driven on-the-job training. Moreover, improved team training simula-
tions would provide increased access to realistic, challenging, and unpredictable
scenarios.

5.3.2. Simulation and Gaming Scenario Development'

The simulation of the task environment emphasizes representing that environ-
ment in a manner that permits flexible world modeling (e.g., incremental develop-
ment, variable executive speeds, the introduction of uncertainty and surprise).
These qualities ultimately reflect "scenarios," sequences of conditions and events
that might occur in combat situations. Because of the almost infinite variety of
potential combat scenarios, new research must develop scenarios that are

Written by Milton Weiner.
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1. Appropriate (provide useful training on the variety of team tasks),
2. Adequate (challenge the trainees),
3. Realistic (resemble potential combat situations), and
4. Flexible (cover a variety of situations, including surprising and unlikely

events).

Virtually every large-scale combat simulation or war game requires consider-
able preparation of the input events in order to create the task environment.
However, there is little sound theoretical basis for determining which scenarios will
provide effective training. Generally, the emphasis has been on "realism," but the
relationship of particular scenarios to training objectives or outcomes is seldom
explicit. That is, there is seldom an "experimental design" for the scenario or the
simulated events derived from it. Thus it is difficult to relate the results of the
simulation (the dependent variables) to the scenario inputs (the independent vari-
ables). New research in this area should include a number of tasks:

1. Review of current Navy training simulations to determine the relation-
ships among scenario inputs, training outputs/performance evaluations,
and training objectives; these data would be used to construct a prelimi-
nary model of these relationships and to assess scenario appropriateness,
adequacy, realism, and flexibility.

2. Identification of scenario attributes that are useful in a variety of team
experiments and training situations.

3. Testing of scenario attributes in training experiments under the hypoth-
esis that team performance can be predictably improved by efficient sce-
nario control (see Section 5.7.5).

4. Development of computer capabilities for flexible scenario generation ac-
cording to the team training and experimentation objectives of the re-
search center and the derived principles of scenario utility.

Some of these tasks are likely to form a part of any research using simulation
or gaming techniques. But they also represent an attempt to understand the rela-
tionship of stimulus material to resulting learning. A machine-based flexible sce-
nario generator would reduce training costs while enhancing training capabilities.
The resource requirements for the research are similar to those required for simu-
lating the task environment, but they place greater emphasis on training and
experimental-design specialists.

5.3.3. Capabilities for Distributed Exercises'

Decisionmaking teams are typically spatially distributed. While the spatial
distribution generates requirements for communication, cooperation, and coordi-
nation of decisions and actions, these requirements are poorly understood, as dem-
onstrated by the limitations of the Naval Tactical Data System (NTDS), currently
the best system supporting distributed decisionmaking. The distribution of team
members or subteams makes it generally difficult and expensive to run training
exercises, particularly when the exercises include trainees both in land-based

* Written by Frederick Hayes-Roth.
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simulators and on ships at sea. Thus, there is a need to develop training capabilities
that can support distributed exercises.

Significant technology-based advances toward distributed computing, telecon-
ferencing, and group decisionmaking have recently been mediated by various kinds
of communication links and conferencing protocols (see review by Scher, 1977).
Research sponsored jointly by ARPA and the Navy through the Advanced Com-
mand Architecture Testbed (ACCAT) program has, for example, developed graph-
ics teleconferencing, satellite message-handling and data-processing systems-all
connected over a secure packet-switched network. However, only a few distributed
military exercises have been conducted, and these have not exploited or en-
couraged the technologies required for improved training or cooperative task per-
formance.

Plans have recently been developed within the Navy to provide some of the
tools required for distributed exercises and training. In particular, the Naval Ocean
Systems Center in San Diego is developing a Warfare Environmental Simulator
(WES) running on a Digital Equipment Corporation (DEC) VAX 11/780 to be placed
aboard all carriers. WES provides simulation capabilities for naval engagement
exercises and can be expected to support training activities on-board each carrier,
if not between two or more carrier task forces.

In addition to a standalone simulator and training system, distributed exercises
require facilities to coordinate scenarios involving multiple agents (command-con-
trol or force elements) on nultiple computers. This requires communications, syn-
chronization, and responsive simulators.

Two major approaches to distributed exercises seem promising. In both ap-
proaches, a distributed set of team members or teams participate simultaneously.
In one case, all of the participants are humans; in the other case, some of the
participants are replaced by computer-based simulations. The primary difference
between the two is that simulated team members can reduce some of the problems
of synchronization and feedback that arise in all-human exercises.

Existing nets and teleconferencing systems should provide suitable communica-
tions media for the research. However, new research must explore cooperative
problem-solving techniques using these media. The questions to be addressed in-
clude the following: How can distributed problem-solvers divide and conquer
shared tasks? How can they minimize communications and response times? How
can they manage dynamically changing and locally dissimilar situation assess-
ments? New software aids to support these functions will be required.

Providing simulated training problems to distributed elements will create band-
width and synchronization problems. If, for example, two carrier task forces are to
receive sensor reports that originate simultaneously from one simulated engage-
ment, several problems arise. These will probably require some advances in simula-
tion technology to provide a basis for distributing simulators themselves, so that
the overall scenario can be controlled from one processor which in turn synchro-
nizes two local subsimulators at distributed sites. The local subsimulators would
then translate the high-level commands of the central simulator into the detailed
events that trigger sensor reports and local situation displays. This architecture
would avoid the problem of excessive data-communication requirements by moving
most of the detailed computing to local processors. Similar multilevel architectures
had to be developed for the simpler problem of network graphics communication
in the ACCAT program. The present problem will require research on the best way



31

to create multilevel scenario and environment simulators that support distributed
computing.

This effort will require simulation software, networked computers, graphics,
and teleconferencing software. Cognitive psychologists, computer scientists, and
military personnel familiar with the distributed exercise will be needed to carry out
the proposed research.

5.4. DEVELOPMENT OF IMPROVED PERFORMANCE
MODELS AND EVALUATION METRICS

The development of techniques to improve team performance requires an
understanding of team functions and techniques for measuring team behavior. This
section describes projects aimed at the modeling and evaluation of team perfor-
mance.

5.4.1. Cognitive Models of Individual Performance'

A first step in modeling the performance of teams must be the detailed analysis
of the cognitive processes required to perform the tasks of individual team mem-
bers, e.g., enumeration and characterization of the various kinds of information
received by an air intercept controller (AIC) in a CIC. A performance model of the
AIC would specify the recognition, classification, transformation, storage, and deci-
sion processes he uses to handle enemy air threats. This cognitive modeling ap-
proach has proven effective in studies of individual behavior in various problem
domains (e.g., Bhaskar and Simon, 1977; Brown and Burton, 1978; Card, Moran,
and Newell, 1980; Collins, Brown, and Larkin, 1977; Greeno, 1978; Hayes-Roth and
Hayes-Roth, 1979; Newell and Simon, 1972; Resnick, 1976). Thus, an established
research technology can be applied to this aspect of team performance.

A well-developed cognitive model would provide a basis for subsequent re-
search on the training and composition of effective teams. Possible applications
include (1) selection of individuals and assignment to particular team roles based

*on their performance of specific information-processing functions; (2) training indi-
viduals in the component information-processing functions they will be required to
perform (see Section 5.7.1.); (3) diagnosis of faulty information-processing compo-
nents underlying suboptimal team performance (see Sections 5.4.3, 5.5.1, and 5.6.2);
(4) provision of informative feedback to individual team members (see Section
5.7.6); and (5) designing computer-based aids to performance (see Sections 5.8.1 and
5.8.2).

While modeling task performance of team members can utilize many of the
methods of earlier studies, it will also require an important conceptual modifica-
tion. Because the earlier studies focused exclusively on individual performance,
they considered only information-processing functions performed by individuals in
isolation. In the case of teams, however, interactions among team members consti-

tute a large part of the task. Thus, comprehensive task analyses must also describe
information-processing functions that mediate interpersonal communications.
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Some existing analytic techniques (e.g., Bales, 1950) may be adaptable for studying
these coordination and communication functions.

This modeling effort is a low-risk undertaking, since it is largely a new appli-
cation of existing methodologies. At the same time, it is extremely important,
because the results will provide a theoretical basis for many of the other research
issues.

5.4.2. Team Members' Mental Models for Task Performance"°

Many cognitive researchers have emphasized the importance of mental models
in problem solving (Brown and Burton, 1975; Stevens and Collins, 1978; Chi and
Glaser, 1979; Hayes-Roth, 1980; Larkin, 1979; Schank and Abelson, 1977; Simon
and Simon, 1978). A mental model is the problem-solver's internal representation
of the problem at hand. It comprises explicit or implicit assumptions regarding the
various objects in the problem, the behaviors of these objects, and the interactions
among them. Mental models frequently instantiate these objects and behaviors by
analogy to some known physical or symbolic system. (For example, one may under-
stand electricity by analogy to a hydraulic flow model.) The model may also entail
assumptions about the details of the goal and about knowledge and strategies that
would be useful in achieving the goal. Mental models are important because they
determine the problem-solver's approach to the problem. This, in turn, determines
the ease with which he finds a solution and the quality of the solution.

The concept of mental models relates to team performance in two ways. First,
mental models influence the problem-solving performance of individual team mem-
bers. Team members may perform better if they understand how their task relates
to the other members with whom they interact as well as to overall mission goals.
Second, the relationships among mental models held by various team members
may influence their performance as a team. For example, if team members share
the same mental model, this might facilitate overall decisionmaking-they would
work under the same assumptions, would have shared expectations about the
responsibilities and procedures of various members, and would use similar decision
strategies. Their shared conceptualization should facilitate communication, coordi-
nation of decisionmaking activities, and cooperation in solving particular subprob-
lems. On the other hand, sharing the same mental model might inhibit team perfor-
mance if team members became "locked" into an unproductive approach to a
problem.

It is also possible that having different mental models might facilitate other
aspects of performance. For example, by trying alternative decision strategies
entailed by the different mental models of various team members, the team might
benefit from synergistic interactions between the products of two or more ap-
proaches. Effective exploitation of alternative mental models probably would re-
quire an awareness of the characteristics of different models and intelligent deci-
sions about how to coordinate them.

Given this analysis, new research should address the following questions:

1. How can the mental models of team members on information-processing
decisionmaking teams be represented? One approach, suggested by Col-

"Written by Barbara Hayes-Roth, with the assistance of Alain Lewis.
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lins (1980), would model the goal hierarchies of various team members.

Alternatively, models might reflect emphases on procedures or informa-
tion flow rather than on goals.

2. How do team members' mental models differ?
3. What are the advantages and disadvantages of specific mental models?
4. What are the performance consequences of team members using the same

or different mental models?
5. How do particular combinations of models interact?

The proposed work would constitute basic research in a relatively unexplored
area. As such, it must be considered somewhat risky. If successful, however, the
research would have a high payoff, since decisionmaking teams currently work
with ill-structured problems, poorly specified problem-solving methods, and loosely
defined SOPs.

5.4.3. Investigation of the Relationship between Individual and
Team Performance"

The necessity for a research program on team training, in addition to individual
training, rests on the assumption that team behavior represents more than aggre-
gated individual behavior. Informal simulation experiments have demonstrated
that team decisionmaking performance can continue to change after individual
member performance has stabilized (Weiner, 1960). However, the relationship be-
tween individual and team performance must be systematically investigated to
determine the appropriateness and utility of team studies.

New research in this area should address three related issues: (1) the relation-
ship between a team's effectiveness and that of its members, (2) the influence of the
leader's skills and behavior on overall performance, and (3) the extent to which
training should focus on entire teams (i.e., communication and coordination skills)
or on individual members (i.e., individual operator skills).

Two observations should guide the design of experimental studies in this area.
First, there is not a strict dichotomy between team and individual training; and
second, observations of individual and team performance should be made in the
team's working environment or a simulation of that environment. Whether it does
so implicitly or explicitly, individual training for later team membership must
assume a task structure and, more generally, the team's working environment.
Effective transfer of individual training may depend on accurate simulation of the
team environment. Moreover, team and individual training may be combined.
Individual training of basic, elemental skills may precede team training of com-
munication skills and behavior in unusual situations, which often takes place in
shipboard exercises.

Four aspects of the research in this area deserve special attention:
1. Measurement of Individual and Team Performance. Two factors interfere

with the straightforward assessment of the performance of information-processing
decisionmaking teams. First, "true" performance occurs only during actual battle,
and thus little data are available from which to assess effectiveness. Second, team
performance may be assessed either for its efficiency or for its ffectiveness. Efficiency

"Written by Mark Menchik, with the assistance of Barbara Hayes-Roth, Frederick Hayes-Roth, and
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refers to easily obtained measurements of the process characteristics of team per-
formance, including detection errors, plotting errors, response time to threats, and
accuracy of weapons targeting. Effectiveness refers to the ability of the team to
achieve the mission objectives, which typically require the team to defuse the
enemy threat with minimal loss to its own resources and within the constraints
specified by the battle group commander. Thus, performance of both individuals
and teams can be measured in a variety of ways and at different levels of abstrac-
tion. While team efficiency bears some relationship to effectiveness, this relation-
ship is in practice simply assumed, but in fact it is rarely known. Research will be
required to understand this relationship, to devise techniques for aggregating indi-
vidual performance, and for directly contrasting it with measures of team perfor-
mance.

Currently available measures of performance in operational training are based
on subjective ratings by instructors. Such ratings, however, are prone to various
types of systematic and random error (Landy and Farr, 1980). Thus, new, objective
performance measures must be developed based on analyses of the task require-
ments (see Section 5.4.1).

2. Determination of Individual Contributions to Team Performance. Re-
search must improve methods for determining how an individual's actions affect
overall outcomes in team performance. so that the criticality of the various individ-
ual roles can be assessed. One approach to this problem would be to interpret
overall outcomes in terms of causal precursor events and then attribute responsibil-
ity to appropriate actors. To assist in this analysis, some evaluation should be made
of alternative courses of action that were open and what their effects would have
been.

3. Analysis of Task Independence, Concreteness, and Segmentation. The rela-
tionship between the performance of team members and the overall performance
of the team may well depend on attributes of the task. Concrete (e.g., requiring
motor rather than cognitive skills) or segmented (i.e., separated in time or space)
team performance may be simply related to individual performances. In this case,
individual training should be sufficient to produce good performance. However,
these cass fail to obtain when individual tasks are complex or ill-defined, when
coordination among team members' activities is essential, or when the organization
of tasks and communications within the team is flexible. In such cases, team perfor-
mance depends heavily on intrateam interaction and leadership, and team training
should especially improve performance.

4. Analysis of Environmental Predictability and Control. The relative impor-
tance of individual and team skills may also be governed by the predictability of
the operating environment. The more the training environment (including enemy
weapons and actions, the reliability of equipment and resources, and the behaviors
of other team members) resembles the conditions experienced during training
exercises, the more team performance may simply relate to individual perfor-
mances. However, in unpredictable environments (and especially in combat situa-
tions that cannot be handled successfully by the team's weapons and SOPs), team
performance may depend more heavily on team coordination skills and effective
leadership. In such situations, teams cannot successfully follow SOPs. Team mem-
bers must not only change behaviors, they must coordinate the new behaviors.
Effective leadership, experience as a team, and good working relations among team
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members (perhaps brought about by team training) should speed adaptation to the
new environment and therefore improve performance.

This research is central to the interests of a Team Performance Research
Center, since it focuses on the determination of team training requirements. The
proposed studies will require the use of a team performance laboratory to provide
training, to provide problems on which performance can be measured, and to
record performance measures. Expertise will be required in measurement, experi-
mental methodology, instruction, and military simulation and gaming.

5.4.4. Theories of Team Performance'2

Simply stated, there is no adequate theory of team performance. Such a theory
should describe the major factors affecting team performance and should enable
interpretation or prediction of the effects of interventions in the team training and
performance process.

Many variables and processes interact in determining the performance of a
team. These include individual and team morale, retention rates, individual skills,
individual and team incentives, individual and team objectives, experience levels,
homogeneity or variability of personnel backgrounds, and task difficulty. The de-
velopment of a theoretical framework requires formulating the key concepts,
hypothesizing the causal relations among them, and empirically testing predicted
relationships. With a theory in hand, one should be able to identify the crucial
factors for Navy intervention. Without such a theory, as is currently the case, one
can only guess about the relative impact of alternative programmatic plans.

Prior research on teams in other domains may provide a source of initial ideas
for this research. Studies of sports teams and industrial groups have produced
informal theories of the influence of training, feedback on performance, motivation,
etc. Much previous experimental research on team performance has abstracted
tasks from real operating environments to observe how theoretically derived vari-
ables influence team behavior (e.g., Steiner, 1972; Ofshe, 1973; Meister, 1976).
Studies of this type typically manipulate variables such as stimulus inputs and
reinforcement schedules, performance sequencing, team size, and other factors that
derive from theories of learning or group behavior. However, how the experimen-
tal measures of performance relate to actual team performance and team effective-
ness is not known.

Research aimed at developing a theory of team performance should concen-
trate on two areas:

1. Development of an Aggregate Theory of Team Performance. Such a theory
might take the form of a causal network expressing dependencies among social,
organization, and cognitive variables. A similar approach has been adopted in work
on job design for individuals (Hackman, Oldham, Janson, and Purdy, 1975; Barrett,
Alexander, and Dambrot, 1979). A causal network for teams might, for example,
relate esprit de corps and skill level to performance under stress, performance
under varying stress conditions to job satisfaction, satisfaction and promotion poli-
cies to longevity on the team, and, recursively, longevity to esprit de corps. The
initial framework should reflect the significant, plausible influences on team perfor-
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mance. These might include, in addition to those cited above, person- and task-
specific indices such as measures of the complexity, difficulty, and variability of job
roles; personnel intelligence; on-the-job experience; and professional commitment.
These initial hypothetical relationships would motivate empirical or experimental
assessments, perhaps using covariate structures analysis or longitudinal experi-
mental methods (see Hunt, 1980).

2. Development of a Micro-Theory of Team Performance. A micro-theory
would elaborate team performance phenomena within the problem-solving frame-
work of cognitive science. Such an analysis of team behavior would articulate the
team's goals, its information-processing resources, the hypotheses it must generate
and evaluate in the course of working toward its goals, its overall organization, and
its control procedures (see Section 5.4.1). In addition, this viewpoint aims at build-
ing a theory in finer detail than an aggregate approach would permit.

Two particular problem-solving models seem promising for this approach. This
first would model the team as a causal network with input-output dependencies
between team members (e.g., between the producers of intermediate decisions and
the subsequent consumers). The second would view a team as a loosely coupled
collection of problem-solving specialists (see Section 5.6.2). This model raises ques-
tions about how decisions are communicated between specialists, how one's actions
affect others' concurrent or subsequent responses, and the overall coordination of
problem-solving efforts.

Given an initial structural framework, human or machine experiments could
test hypotheses about performance determinants. Specifically, particular command
structures, communications networks (Section 5.6.3), types of decisionmaking col-
laboration (Section 5.6.2), or task definitions (Section 5.6.1) of theoretical interest

*could be empirically tested by evaluating the performance of an experimental team
having the appropriate characteristics. The team could consist of several humans
following prescribed rules of behavior or, in a completely controlled test, the team
could be composed of artificial (computer-based) team members following the same
rules. Both types of experiments have been conducted previously in several task
domains (e.g., Hayes-Roth and Wesson, 1978; CMU Computer Science Research
Group, 1977). Another hypotheses-testing method might contrast the processes and
performance of expert teams with those of novice teams. Such comparisons could
be made either for real Navy teams or for teams formed and trained in the labora-
tory.

Such research would require expertise in military decisionmaking, manpower,
training, social and cognitive psychology, and computer science, especially the area
of cooperative problem-solving. Long-term studies of manpower and personnel data
would require access to existing data bases and/or new longitudinal studies. Both
human and machine experimental studies should be conducted using interactive
computer-based simulation and communication facilities. Computer-based experi-
mental studies could be performed best with a network of powerful midsize comput-
ers (e.g., Digital VAX 11/780, Xerox DORADO, or perhaps Three-Rivers PERQ)
supporting artificial intelligence programming languages (e.g., LISP).

This research should be considered somewhat long-range, although early re-
suits might be obtained in the area of aggregate modeling from existing manpower
data. The aggregate effort should, within a few years, influence policy decisions
regarding team performance questions. For example, alternative rotation schemes
might be found that simultaneously increased assignment durations, esprit de
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corps, retention, and individual and team performance. The micro-theoretical effort
could, if successful, have a tremendous impact on management science, organiza-
tional design, cognitive science, systems engineering, and computer science. This
impact would result from the ability to apply the performance theory to practical
questions for which no engineering practices or guidelines exist.

5.5. INVESTIGATION OF TEAM SYNERGY AND TURNOVER

It is axiomatic that team performance changes over time and with practice.
However, the development of cohesive and efficient teamwork is frequently dis-
rupted by personnel turnover. One approach to improving team performance in-
volves compensation for the disruptive effects of turnover. The following studies
based on this approach should be included in the team performance research pro-
gram.

5.5.1. The Dynamics of Team Evolution"3

When a team first assembled, the members perform the activities of the team
with a great deal of confusion and with rather poor results. With continued prac-
tice, however, the team may perform in a highly skilled manner. Little research has
systematically investigated the dynamics of team performance evolution. Section
5.4.3 posits circumstances under which a team's performance is not simply predict-
able from the performance of individual team members. If this hypothesis is cor-
rect, the issue of how a collection of individuals evolves into an efficient organiza-
tion is central to a team performance research program.

The concept of team learning, as opposed to an aggregation of the learning of
individual team members, has received only limited research attention. The Sys-
tems Research Laboratory at The Rand Corporation, the Naval Research Labork-
tory, and a few other facilities pioneered interest in man-machine systems research,
particularly for information-processing teams (Parsons, 1972). The Rand research
efforts provided some of the initial conceptual formulations of team evolution or
"system growth" (Weiner, 1960). This research identified the importance of having
explicit team goals, of providing feedback on the results of team performance, and
of allowing teams to change procedures, develop a special language, and alter rules
to cope with increasingly difficult tasks. It also provided a framework for viewing
team evolution as an interaction among three "environments": the task, the equip-
ment, and the sociocultural environment of the team.

This framework provides a rich source ofquestions that merit further research:

1. What are the stages or phases through which a decisionmaking team
evolves? Do teams always progress through the same stages? How do
these stages correspond to the development of individual member skills?

2. What mechanisms or processes in the task, equipment, or sociocultural
environments stimulate or underlie change?

3. How do teams modify their standard operating procedures (SOPs) and
their decisionmaking processes over time and with practice? How do they
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develop their own "shared language"? Do these modifications occur con-
tinuously or only at certain stages of evolution? Do team-specific SOPs and
shared languages in fact increase team efficiency and ease intra-team
communication? Do such team idiosyncrasies cause difficulties in com-
municating outside the team? Does the evolution of team-specific SOPs
belie outsiders' understanding of team behavior?

4. How can these mechanisms or processes be incorporated into team train-
ing technologies or strategies? Are team members aware of and can they
learn to control evolutionary changes?

Early studies of team evolution provided only limited data on these issues, most
of which were derived from elaborate simulations of military installations such as
Navy CICs and Air Force Air Defense Direction Centers. Simulation still appears
to be an appropriate methodology for the research, since an important factor in
team performance is the realistic portrayal of consequences of team actions. Thus,
a simulation laboratory and the cooperative efforts of specialists in military gam-
ing, computer simulation, graphics, experimental methodology, and protocol analy-
sis will be required. If successful, this research can not only influence team perfor-
mance, it can also lead to system and equipment designs that enhance overall
operational effectiveness.

5.5.2. The Effects of Team Turnover on Performance 4

The evolution of team performance is frequently disrupted by personnel turn-
over. While previous studies have investigated some of the factors influencing
turnover (Porter and Steers, 1973) and the impact of turnover on system design
(Meister, 1976), little or no research has explored the impact of turnover on team
performance. Section 5.1.4 outlines proposed policy studies of the impact of turn-
over on Navy teams. In addition, new research should assess, in the experimental
laboratory, the disruptive effects of turnover and the efficacy of various techniques
for reducing this disruption.

The high degree of turnover in naval teams must result in considerable cost to
overall performance. Team members must frequently learn new jobs and must
learn to interact effectively with new teammates. Rapidly changing teams are
unable to develop "empathetic models," or models of the goals, skills, and tasks of
other team members (see Section 5.7.3). Moreover, they may not have time to
evolve specialized interaction protocols or operating procedures, as described in
Section 5.5.1. In short, excessive turnover may prevent teams from performing
beyond the level predicted by the simple aggregation of individual behaviors. On
the other hand, members of completely static teams may become overly dependent
upon their particular teammates and the performance protocols and mental models
they have developed together (see Section 5.4.2). When unanticipated situations

arise, highly structured and integrated teams may be too inflexible.
One major thrust in this research area should be an exploration of the effects

of replacing one or more team members during various stages of the team's evolu-
tion. Are the old members of the team able to compensate rapidly for the introduc-
tion of new members? A second focal area for research would be an investigation
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of techniques for compensating for the disruptive effects of turnover. For example,
members of stable teams might benefit from different types of training than are
effective for turbulent teams. Members of stable teams might benefit most from
training with their own team members (developing empathetic models, interaction
protocols, and so on), while members of turbulent teams might benefit from training
with a variety of other team personnel, where they would be given experience in
cooperating well with a variety of individuals. These people might also benefit from
specific training in social and functional adaptability.

Such studies of the costs and benefits of turnover require relatively long-term
observation of team performance in the laboratory. Experimental studies manipu-
lating two or three levels of turnover would probably be sufficient to observe
significant effects. The research, if successful, will have two payoffs: (1) it will
provide knowledge of the consequences of existing team composition policies, and
(2) in conjunction with policy decisions about acceptable levels of personnel turn-
over, it will constrain the set of approaches that are likely to improve performance.

5.6. IMPROVEMENT OF TEAM ORGANIZATION

Most information-processing decisionmaking teams have relatively loose and
flexible organizations. Thus, team performance might be improved through the
determination of effective organization, communication, and decisionmaking struc-
tures.

Several such studies of team organization are described below.

5.6.1. Task Restructuring'5

Complex information-processing systems are increasing rapidly both in number
and in importance for military systems. A basic supposition is that information
systems increase weapon effectiveness through increased data acquisition and
precision. However, such complex systems also increase the processing demands on
teams and the requirements for combining and evaluating knowledge. Thus, it is
necessary to develop a methodology for determining task structures that will en-
hance the use and performance of these systems.

The allocation of operating tasks to team members in military systems is usu-
ally determined by system design and by operating procedures developed as part
of the design process. Tasks are often allocated according to Service policies and
organizational factors. For example, the most important decisionmaking in CICs is

performed by members with the highest ranks. Allocation of tasks in terms of
system design and institutional constraints may not lead to the most efficient utili-

zation of team resources. Furthermore, the allocation of individuals to tasks within
a team varies from ship to ship according to the desires of the commanding officer.
Hence, research should consider methods for task structuring that could improve
team performance.

The most hasic issue regarding task allocation is the determination of the joint
requirements for task performance and for information at various system levels.
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Task allocations are often based on broad policies that do not take into account
their effect on system and team performance. For example, the policy to centralize
command decisions in CICs results in most decisions being made at high levels, the
flooding of information channels, the requirement for rapid and accurate aggrega-
tion of information, and delays in response time. Thus, even when low-level sensor
data have high fidelity, system response may be poor as a result of failure to rapidly
aggregate the data, assess the situation, make decisions, and execute responses.
Research is needed to determine how to structure tasks requiring decisionmaking,
plan execution, and information transmission to optimize team effectiveness. The
success of previous attempts to influence team performance through manipulation
of the task structure (e.g., Weiner, 1964; Lawrence and Lorsch, 1967; Shaw, 1971;
Hayes-Roth and Wesson, 1978) indicates the promise of this approach.

Another issue is the influence of key personnel on decisionmaking teams with-
out rigid procedures and strict task allocations. A recent Air Force assessment of
operating Tactical Command and Control Systems found that actual task struc-
tures were often derived from the influence of a single resourceful and energetic
person who controlled the system (or a large part of it), rather than from standard-
ized procedures. Teams that depend heavily on particular individuals may degrade
dramatically when these key people are lost or overloaded. New research would
develop both methods for allocating tasks that exploit such resources effectively
and methods for reallocating resources when key personnel are removed.

This research will require the use of laboratory simulations and experiments.
While it could have some relatively short-range payoffs, it is most promising as a
rather long range (over two years), sequential effort in which earlier studies pro-
vide design requirements for later ones.

5.6.2. Investigation of Alternative Decisionmaking Strategies'6

In the past few years, cognitive scientists have developed team-like models of
individual cognitive processing (Newell and Simon, 1972; Lenat, 1975; CMU Com-
puter Science Research Group, 1977; Engelmore and Nii, 1977; Hayes-Roth and
Hayes-Roth, 1979; Waterman and Hayes-Roth, 1978). These models assume that
individuals possess many functionally independent cognitive "specialists," each of
which has its own expertise which it can bring to bear on particular problems.
Ordinarily, problem solution requires the combined performance of many such
specialists.

The power of these lodels lies not only in the expertise of the individual
specialists, but also in the "executive" strategies that organize their activities. For
example, in their work on the Hearsay II speech-understanding system, the CMU
group experimented with several different executive strategies. Eventually they
decided that the optimal executive strategy for their task was to perform detailed
analyses of the speech signal before generating hypotheses about higher-level,
more abstract, syntactic or semantic interpretations. In studies of planning behav-

ior, Hayes-Roth (1980) found that similar "bottom-up" strategies worked well for
some problems, while "top-down" strategies worked better for others. Thus, indi-
vidual performance appears to benefit from different strategies, depending upon
the task and upon the characteristics of the specific problem at hand.
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These team-like models of individual behavior provide a promising framework
for studying the behavior of decisionmaking teams. The cognitive specialists corre-
spond to the individual members of a team and the executive strategies correspond
to the organization of the team's activities. Thus, new research might investigate
the effects of executive strategies on team performance.

Extrapolating from the work on individual problem-solvers, one might expect
alternative executive strategies to work well for different classes of problems and
for specific problems within a class. For example, a top-down, hierarchical executive
structure ought to work well for teams that deal with a single, well-structured
problem, while a more decentralized, opportunistic, bottom-up approach should
work well for teams that deal with ill-structured problems having many alternative
actions (March, 1972; Hayes-Roth and Hayes-Roth, 1979; Hunt, 1980).

Given this interaction between problem and strategy, it may be necessary for
teams to self-organize, adopting alternative executive strategies as they evolve (see
Section 5.5.1). Reorganization might entail changes in individual roles and respon-
sibilities as well as changes in the way individuals' activities are coordinated.
Effective self-organization requires that one or more team members understand the
relationships between problem characteristics and team organization. It also re-
quires that team members be flexible enough to assume different roles and func-
tions under different circumstances. This in turn may require that individual team
members have mental models of task demands and expertise extending well beyond
their ordinary responsibilities (see Section 5.4.2).

Another important aspect of team organization is the locus of decisionmaking
responsibility. Prior research in social psychology indicates that decisions reached
through group deliberation are more risky than those made by individuals (Ofshe,
1973). While some research has investigated the processes of group decisionmaking
on real strategic defense problems (Janis, 1977), the case study methodology used
in the research prevents the unconfounded comparison of alternative decision
methods.

Given this analysis, new research should address the following questions con-
cerning the procedures for organizing team decisionmaking:

1. What alternative executive strategies might be applied to decisionmaking
tasks?

2. Are people equally adept at conforming to these strategies?
3. What impact does choice of strategy have on task performance?
4. Overall, which strategies are optimal for which classes of problems?
5. Can teams learn alternative executive strategies and adopt them appro-

priately for particular problems?
6. What characteristics identify individuals who can operate flexibly under

alternative strategies?
7. What side-effects does training in flexibility produce (e.g., higher job satis-

faction, better personal relations)?
8. Overall, what is the cost/benefit tradeoff between training flexible versus

"fixed-configuration" teams?

These studies could easily be conducted in a simulated task environment by
cognitive and social psychologists. The research has high potential payoff in terms
of team efficiency and ability to operate under changing conditions. It could easily
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be conducted on a low-risk schedule, with the major body of research contingent
upon promising outcomes for Questions 1 and 3.

5.6.3. Investigation of Alternative Communications Structures 7

As pointed out in Section 5.6.1, communication is a critical problem in time-
stressed team decisionmaking. Messages among cooperating decisionmakers vary
in their time criticality, the reactions they demand, and the follow-ups they entail.
Messages about most current and future events require time-indexing. Maintaining
a coherent picture of the world at any point in time requires the combination and
evaluation of time-synchronized messages. A crucial problem in team performance
is that of identifying the kinds of information that must be communicated and then
increasing the system's efficiency at handling that type of communication.

Most work on communications has been conducted in isolation. Advances in
hardware have focused on bandwidths and protocols; advances in software have
focused on message systems and teleconferencing; research on group problem-
solving has measured the quantity of various types of speech acts within various
group communication structures; work on natural language has focused primarily
on the meaning of messages between participants. Communications research in the
domain of team performance must relate the nature of the decision task to the
function of communication within that task environment. Therefore, the overall
task must be viewed as an organization of subtasks; communication is the transpor-
tation system of such an organization, moving products from producers to consum-
ers. The adequacy of a communication system depends on its capacity for handling
expected volumes, the efficiency of its routes, the timeliness of its deliveries, its
ability to handle the variety of products involved, and the manner in which it
degrades under unfavorable environmental pressures. This functional approach
cannot be undertaken by isolating the communications problem from the environ-
mental and problem-solving tasks of the organization. For this reason, the research
required will necessarily be more integrative and problem-oriented. Previous stud-
ies using such an integrative approach indicate the promise of this research strat-
egy (Chapanis, 1975; Hiltz, 1975; Hiltz, Johnson, and Agle, 1978).

In command and control centers performing tactical decisionmaking, sensor
and intelligence reports arrive at variable rates and in different formats, and they
must be integrated into a coherent interpretation. Several people cooperate to
integrate and process data reports, and they have extremely poor ways to convey,
fuse, or contrast their personal world views. The Plexiglas status board and the
manual plotting boards of much of today's Navy are inadequate technologies for
supporting timely fusion of sensor data, and they raise several crucial communica-
tions questions: How can two or more people contribute to a common representa-
tion that supports both individual and integrative perspectives? How can hypothe-
ses about events or objects autonomously revise themselves as time progresses?
How can tasks be divided among people to promote early attention to the most
crucial and perishable data?

Experiments that vary communication structures for such tasks would neces-
sarily also vary task structure and decision strategies (see Sections 5.6.1 and 5.6.2).
Hierarchies may prove effective for these tasks, but some previous research sug-
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gests that flat organizations with direct communications among adjacent spatial
sectors are preferable (Hayes-Roth and Wesson, 1978). However, studies need to
investigate tasks with realistic data volumes. Stressing a team with a heavy work-
load will expose the interactions among volume, uncertainty, perishability, ease of
communication, and organization. Analyses of communication failures should as-
sist in early theoretical development of communications models for such tasks.
Experiments that vary organizational structure by partitioning it to support spa-
tially or temporally defined subtask groups should help elucidate the relationship
between communication and sharing of related data. Finally, related research
could profitably include studies of special interfaces for manipulating geographic
data interactively and cooperatively among two or more co-workers (see Section
5.8.3).

This research requires a laboratory simulation that allows several situation
assessors to receive and process simulated sensor reports and to manipulate them
geographically, interactively, and cooperatively. Experts in military situation as-
sessment, graphics, teleconferencing, interactive maps, cooperative problem-solv-
ing, communication, and experimental methodology should collaborate in this re-
search.

In the future, decisionmaking teams will be crucially dependent on the ability
to rapidly integrate combat data from numerous input sources. Current training
on these tasks is limited by the lack of a theory of communications that might
expedite and facilitate data aggregation. Communication in this environment en-
compasses what needs to be conveyed, to whom, by what time, and in what format.
Improved understanding of these issues will have dramatic effects on systems
acquisitions, training, and, most important, force effectiveness.

5.7. IMPROVEMENT OF TRAINING FOR TEAMS AND TEAM
MEMBERS

This report has developed a view of decisionmaking teams as groups of cogni-
tive specialists whose efficient, coordinated performance is enhanced by extensive
practice and interfered with by personnel turnover. This view suggests several
opportunities for training to enhance both the cognitive and cooperative aspects of
performance. These promising training approaches are described below.

5.7.1. "Intelligent" Computer-Assisted Instruction for Team
Training"8

In the classroom, in training exercises, and in on-the-job training, an instructor
has several important roles. These include monitoring the growth of each trainee's
knowledge and skills, providing feedback on performance, and giving advice on
how to best use the available resources. Instructor skill varies widely and instruc-
tion is considered by many to be more an art than a science. Over the past decade,
research has investigated complex learning and instruction using adaptive comput-
er-based instructional systems. This work has made progress in identifying and
formalizing the components of the instructor's role as tutor and coach. The result-
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ing instructional systems have been called "intelligent" CAI (ICAI), both to indicate
their connection to other artificial intelligence research (see Clancey and Bennett,
1979, for the Al perspective) and to differentiate them from "frame-based" CAI, an
approach that utilizes prestored, static data structures for all instructional materi-
als and decisions.

Research involving ICAI systems serves three important functions: (1) it per-
mits exploration of performance models, learning models, and instructional strate-
gies and methodologies in general; (2) it supports development of operational ICAI
systems that could standardize tutoring and coaching skills; and (3) it offers the
promise of constant availability of instruction for trainees despite the incipient
shortage of human instructors in the Navy. This shortage is particularly acute in
the context of team training, since it would be desirable to have one instructor for
each trainee.

Previous ICAI research, supported primarily by ONR, has focused on individ-
ual instruction on facts (Collins, 1975) and problem-solving procedures (Brown and
Burton, 1975; Carr, 1977; Bates, 1978; Burton and Brown, 1979; Clancey, 1979).
These studies have led to the understanding of how to represent explicitly (1) the
structure of domain (task) knowledge and skills for instructional purposes and (2)
general tutoring and coaching strategies. Although ICAI systems have demon-
strated the feasibility of the instructional principles and of system design, evalu-
ation of their effectiveness for training has been limited. Exploratory development
by the Navy of prototype ICAI training systems has begun at the Naval Personnel
Research and Development Center (San Diego) and is being contemplated by the
Naval Training Equipment Center (NTEC) in Orlando. However, this technology
has not yet been applied to team training.

New research should explore the utility of ICAI for training cognitive skills in
team decisionmaking. The focus should be on identifying and representing (1) the
knowledge each teani member acquires about the task and about the competence
and interaction styles of other team members (see Sections 5.7.2 and 5.7.3), (2) the
processes that use this knowledge to produce individual performance, and (3)
instructional strategies for the development of those performance skills. The sys-
tem architecture should embody a simulation of a team exercise in which the
performance of one or more team members is dynamically simulated in interaction
with a trainee. Instructional strategies to be explored would include simulation
manipulation (e.g., systematic alteration of simulated team members' behaviors)
and scheduling of tutor intervention within the simulation exercises. The research
should begin with the analysis and empirical study of team training followed by
incremental implementatioriof the ICAI system based on the results of that study.
The theoretical ideas and ICAI system capabilities would be refined through cycles
of prototype development and experimental testing.

This approach follows previous examples of ICAI research directly, although
none of the prior work has examined team performance and training. Team mem-

ber simulation is currently being pursued at NTEC, where pilot behavior is simulat-
ed in several air control training tasks. However, that research does not address
questions of how to manipulate simulated performance for instructional purposes.

The proposed research is relatively expensive in terms of time, equipment, and
manpower. The first exploratory development of an ICAI system for individual skill
training has just begun, after a decade of research on ICAI. The development effort
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will probably require five years to produce a prototype suitable for field evaluation,
and investigations of ICAI for teams will probably require five years to provide a
basis for exploratory prototype development. The project will require systematic
observation of operational team training techniques and training experiments in-
volving the experimental ICAI system. Requisite computing capabilities include a
high-level artificial intelligence programming language (e.g., LISP, Smalltalk), a
dedicated time-sharing research machine (e.g., DEC20 or VAX/UNIX), and/or a
network of powerful, single-user systems (e.g., PERQs, Altos). The research staff
should include cognitive psychologists, artificial intelligence researchers, and edu-
cational psychologists or training specialists.

The long-term payoff of the research would better training for team members
with a reduction in demands on human instructors. The proposed research is,
however, relatively risky, given its cost. While the theoretical and empirical studies
will expand our understanding of team processes, the implementation of the experi-
mental ICAI system to test and refine that understanding will be an ambitious
undertaking.

5.7.2. Training Mental Models'9  j
Section 5.4.2 discusses the importance of the "mental models" individuals bring

to bear on a problem and the potential interactions among different mental models
held by team members. To control such interactions, it may be desirable to train
prospective team members to use specific mental models. For example, consider the
case in which a new individual enters into a previously stable team. The original
team members may have evolved a characteristic approach to their task. If the new
individual's approach or conception of the task differs, this may degrade both team
performance and social interactions among team members. Training the new indi-
vidual in the team's approach might circumvent some of these difficulties. Con-
versely, for other tasks it may be desirable for individuals to have different mental
models. This could give the team the flexibility of different perspectives in handilng
novel problems. Again, it may be possible to train individuals to use specific mental
models, thus facilitating the composition of effective teams.

There are several possible approaches to the training of mental models. For
example, one might formulate a model in operational terms and communicate it
directly to students. The formalization might include a statement of acknowledged
goals and the relationships among them, preferred strategies and methods, pre-
sumed relationships among entities under consideration, and so on. Alternatively,
one might attempt to teach models by analogy. Ideally, the analogous problem
would be one that was quite familiar to the student and which the student would
reliably approach systematically. Given appropriate instructions and the opportu-
nity to work on both kinds of problems in close succession, the student could learn
to transfer his or her approach to the familiar problem to the target problem.

Prior research has successfully applied both approaches to the training of
simple problem-solving and learning strategies (Hayes-Roth, 1980; Reed, Ernst, and
Banerji, 1974; Thorndyke and Stasz, 1980). These and other studies (e.g., Amarel,
1968; Bruner, Goodnow, and Austin, 1956; Greeno and Simon, 1974; Newell and
Simon, 1972; Simon, 1976) suggest that human problem-solving is inherently flexi-
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ble and amenable to modification. However, comprehensive mental models appro-
priate for complex decisionmaking control tasks would be considerably more coin-
plex than the strategies previously studied.

An initial investigation of these problems should address the following research
questions:

1. What functional units adequately operationalize people's mental models?
2. How can we communicate these functional units?
3. What familiar problem-solving situations represent useful mental models?
4. How can an individual's mental model be diagnosed?
5. What is the most effective way to present analogical problem-solving

experiences to trainees?
6. Under what circumstances do these alternative methods succeed?
7. What other training methods are feasible?
8. What problems arise as the model to be trained becomes more complex?

Formalizing and communicating such complex models will pose formidable
challenges for cognitive and instructional psychologists. Therefore, research ex-
ploring the training of mental models must be considered a high-risk effort. On the
other hand, the potential payoff is also high and extends beyond the immediate
consideration of team performance. The basic research questions bear directly on
many other important areas including computer simulation of real systems, com-
munication of complex information structures to humans, forecasting, planning,
and decisionmaking.

5.7.3. Training Empathetic lrodels °

As team members develop mental models of the team task, they also learn
about the roles others play in the team and about those other individuals as people.
A promising line of research complementing work on mental models would formal-
ize these social observations for training purposes and would examine their utility
in improving performance, reducing the negative effects of turnover, and increas-
ing motivation and morale of team members.

Research in social psychology has indicated that knowledge of the roles of other
team members can both increase understanding of the problems seen from others'
perspectives and improve overall team performance. New research is needed on
the utility of learning the roles of others in the team training situation. Specifically,
empathetic models might be incorporated into the training environment after indi-
viduals have learned their own particular job skills. Team members might practice
their skills in teams with other members (real or simulated) who are performing
suboptimally. Such manipulations will require an understanding of potential prob-
lem situations and errors occurring on particular tasks. This training should teach

team members to adapt their own performance based on variability in their co-
horts' performance.

Such research may lead to a more general exploration of teamwork skills. Team
members may learn not only what functions others perform but also idiosyncratic
personal knowledge about others. Can one learn, through this idiosyncratic knowl-
edge, general knowledge applicable to adapting to others? One research approach
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would be to develop flexibility exercises in which individuals are presented with
hypothetical problems in team situations involving the need to adapt to the behav-
ior of some other team member (see Section 5.7.4). The kinds of information that
can be translated into general adaptation skills can be assessed by measuring
performance on new hypothetical problems of a different type.

It may also be possible to develop empathetic exercises to deal with particular
chronic team problems. Role-playing techniques and even paper-and-pencil empa-
thy-inducing techniques increase an individual's ability to take the role of another
and understand that person's situation. A target problem that might be addressed
by such a methodology is the variation in performance demands of different team
members. If unstressed team members were to take the role of particularly over-
loaded cohorts, some of the problems facing other members might become more
salient and better understood by all. This, in turn, might improve the interpersonal
climate of the teams.

Experimental research on empathetic models could be readily incorporated
into the Research Center laboratory. The identification, development, and experi-
mental evaluation of training problems and models would require the collaboration
of cognitive and social psychologists. If such models and training methods were
automated, additional research would require expertise in artificial intelligence
and computer science.

The ability to train empathetic models will serve several functions. First, such
training might improve team performance by broadening team members' under-
standing of the overall task. Second, it might help compensate for disruptive effects
of turnover by facilitating the incorporation of new team members (see Section
5.6.2). And finally, it might improve morale by reducing friction and promoting
esprit de corps.

5.7.4. Training Flexibility in SOP-Based Performance2

Typically, team members perform according to well-learned SOPs, which en-
able individuals and teams to respond to situations rapidly and consistently. Thus,
the Navy has sought to institute SOPs for both individuals and teams whenever
sufficiently detailed task analyses are available.

A large proportion of training time is spent drilling SOPs in standard exercises.
* Yet in many situations, such rote performance may be inappropriate or even

disastrous. For example, when systems malfunction, team members must quickly
decide what to do and must coordinate their unrehearsed actions. As another
illustration, wartime incapacity of team members (or simply their impromptu re-
placement) demands flexibility as the team must cope with changing personnel
resources. Finally, enemy tactics may differ from those that training can reason-
ably anticipate.

Prior research on the development of automaticity in skilled performance may
provide insights into the question of how to enable flexible responses despite the
existence of highly overlearned procedures. Most of this research, however, has
considered rote laboratory learning tasks and motor-skill learning, not complex
cognitive procedures. Research has indicated that the inappropriate application of
SOPs is responsible for many aircraft emergencies and accidents. incidents. Initial
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research on how to train aircrews to maintain flexibility has already provided some
insights of general value (Lucaccini, 1978).

New research should develop flexible training procedures for decisionmaking
teams and should test their effectiveness in standard, unusual, and totally unre-
hearsed situations. Several questions about the implications of training SOPs need
to be investigated:

1. An SOP (or set of SOPs) may be valid for only a subset of the situations
that require some response. If the exceptional circumstances are rare,
they may not be recognized until the SOP is invoked, leading to unclesir-
able consequences. What training could retain the benefits of SOPs, yet
enable the recognition and flexible response to situations for which avail-
able SOPs are inappropriate? Do prior experiences with unusual situa-
tions and strong cognitive skills assist in this training?

2. Teams may evolve and institute unique SOPs that reflect their specific
environment and individual skills. What are the implications of institu-
tionally imposed SOPs for the development of these evolved SOPs? What
are the implications of evolved SOPs for integrating new team members
trained in institutional SOPs?

3. In decisionmaking teams, the number and specificity of SOPs vary from
job to job. How does the more constrained behavior of members who
follow detailed SOPs affect the performance of members who must re-
spond flexibly in their roles? Do only high-level decisionmakers require
training flexibility, or do low-level operators require such training as well?

New research to investigate these questions would require long-term access to
subject teams, because of the time needed to train highly automatic execution of
SOPs and to enable teams to evolve their own SOPs. Either comparisons of training
techniques or intensive, longitudinal studies of a few teams could be undertaken
to draw limited generalizations about the answers to the research questions posed
above.

5.7.5. Dynamic Gaming as a Training Aid 2

Military gaming has a long history as a training, research, and planning tech-
nique (Young, 1959; Weiner, 1964; Hansrath, 1971). The simulation of combat
interactions between opposing forces offers the potential for exploring a wide vari-
ety of team activities such as planning, allocation, decisionmaking, and responding
to a spectrum of adversary actions. In recent years, considerable emphasis has been
placed on the use of gaming as a research method for examining force structure,
hardware, plans, and tactical issues (see Brewer and Shubik, 1979). Similarly,
computer-controlled dynamic gaming is being increasingly used to train military
personnel in hardware-rich simulators (e.g., the Naval Electronic Warfare Simula-
tion (NEWS), the Battalion Analyzer and Tactical Trainer for Local Engagements
(BATrLE), and the Combined Arms Tactical Training Simulator (CA'S) of the
Army).
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Despite these applications, there are several major issues in the use of dynamic
gaming as a training technique that have received little attention. These include:

1. What do participants actually learn from games?
2. How relevant is the acquired knowledge to actual military operations?
3. Can dynamic gaming provide training on team activities that cannot be

carried out effectively by other techniques?

Little is known of the utility of dynamic gaming as a team training technique.
Generally, evaluation of the utility of games as training devices rests on subjective
estimates by the participants rather than on measures of knowledge transfer to
operation settings. Furthermore, such training has generally emphasized individ-
ual learning rather than team learning.

Research should investigate the operational situation and the development of
principles for the effective use of gaming in team training. New research should
undertake two activities:

1. An evaluation of current training methods employing gaming and simula-
tion in terms of such variableb as motivation, knowledge acquisition, deci-
sionmaking, and realism.

2. The development of a series of experimental games that highlight specific
training objectives such as assimilating complex information structures,
handling uncertainty in decisionmaking information, rapid response with
incomplete knowledge, and adaptation to new allocation options. These
experimental games would initially represent simple dynamic situations
involving team participation. They could be used to test hypotheses about
goal perception, task models, team structure, option generation, and flexi-
bility of responses. Subsequent efforts could consider more complex situa-
tions with more typical operational characteristics.

Research efforts could combine evaluations of current gaming activities (fociis-
ing on their specific training objectives and methodology) and development of new
experimental training games. A one- to two-year effort should be considered for
these efforts. Further effort should be contingent on a review of the utility of
gaming techniques for team training research.

The value of this research would lie primarily in the development of effective
gaming techniques for training real-time decisionmaking. In particular, it would
lead to the development of planning, allocation, and decision aids for decisionmak-
ing teams. The main thrust of the research effort should be to provide a sound
conceptual basis for the prescriptive use of gaming for team training, as opposed
to the use of "face validity" as a rationale for dynamic gaming techniques.

5.7.6. Enriching Feedback In Training and Operational
Environmentel

Feedback is a critical component of training. Without it, individuals cannot
learn their responsibilities as individual performers and as team members. Periodic
evaluation and feedback in the operating environment is also required for mainte-
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nance of skilled performance and high motivation. At present, feedback in team
training and in the operating environment tends to be infrequent, irregular, and
often subjective. Training practices should include rapid, useful feedback as an
integral part of each practice session. Hence, research aimed at enriching feedback
has the potential for improving team performance and motivation.

Previous experimental research has established several principles governing
the relationship between feedback and performance (see reviews by Klaus and
Glaser, 1970; Nadler, 1979). These principles include the following:

1. Feedback should be as temporally proximal to performance as possible.
2. Positive feedback benefits performance and satisfaction, except when indi-

viduals' errors are obscured by the positive feedback.
3. Individual and team feedback are both important, since they serve differ-

ent functions. Positive group feedback enhances team spirit and group
morale. Individual feedback enhances motivation and provides clues as to
how to correct performance.

4. Negative feedback to either the group or the individual has mixed effects.
Under some circumstances, motivation and performance decrease and
defensiveness increases.

5. "Process-oriented" feedback (i.e., generalized feedback about the group
environment rather than the group product) may reduce defensiveness
but may not improve performance.

These considerations generate the requirement for new research on feedback.
Such research includes field studies and experimental studies, as summarized
below.

Field studies should assess N avy team members' desires and requirements for
feedback. Where do they feel they need feedback? At what points during perfor-
mance do they want feedback? Do they desire additional group feedback or individ-
ual feedback? How do they feel it can best be integrated into the task environment
without obstructing ongoing performance? Research in this area should focus on
whether the perceived need for feedback stems from uncertainty about one's own
performance or a need for approval and support.

Experimental work should address the following high-priority issues:
1. In most, if not all, previous studies, an experimenter or another agent outside

the team provides feedback. However, several interesting questions arise in the
consideration of who provides the feedback. Should feedback be centralized or
decentralized? If it should be centralized, should it come from outside the team or
from the team leader? Can team members reinforce each other? Can machines
provide individual and team feedback? If so, under what circumstances is such
feedback reinforcing?

2. In team situations, there are multiple options for supplying feedback during
performance. Research should investigate the conditions under which individual
versus overall team feedback is most effective. When the team is performing, it may

be difficult to provide feedback to either individuals or teams without interrupting
the time-course of the scenario. Research should explore options for overcoming
these timing problems. Such options may include switching simulated team mem-
bers into the system while feedback is given, multiplexing feedback with continuing
performance, or videotaping performance for post-training review and evaluation.
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Finally, research should investigate whether feedback should optimally be pro-
vided in public or privately.

3. Negative feedback is problematic but is essential to improving performance.
What is the best way to provide negative feedback? Should negative feedback be
provided only on a private basis and only to individuals? Can it be provided by a
machine? Who should provide negative feedback-the leaders or other group mem-
bers? Is negative feedback to the overall team desirable if performance deficits
stem from poor coordination?

4. To be effective, feedback must include a usage component. That is, the
recipient must be able to convert the feedback into the appropriate task behaviors.
One approach would be to study how feedback is used when it is provided in the
naturally occurring environment, and how its use can be increased. Experimental
studies that systematically manipulate message characteristics of the feedback
would also seem well suited to addressing this problem.

5. Experimental studies should also focus on the role of feedback over time to
assess the impact of feedback both on teams that are performing very well and on
those that are functioning poorly. The ability to alter a teams' performance and
esprit de corps over time may depend on the complex interaction between baseline
performance and the type of feedback it receives.

This research would require the collaboration of social psychologists, experi-
mental psychologists, instructional or educational psychologists, and perhaps com-
puter scientists. Studies could be conducted both in the research laboratory and at
Navy training sites. Because of the importance of feedback in training and the
current deficiencies in the operational administration of feedback, this research
could have tremendous benefits for team performance.

5.8. MAN-MACHINE SYSTEMS FOR TASK PERFORMANCE

Traditionally, systems involved in team performance have been supported by
two kinds of interaction between humans and machines: In the first, humans use
of the computer as a data-processing medium (Hiltz and Turoff, 1978). In the
second, they monitor and control a complex, usually monolithic computer system.
However, team decisionmaking requires a more integrative approach to man-
machine cooperation. Each member of the interaction brings unique capabilities to
the task, but little is known, theoretically or practically, about how to decompose
team tasks or how to allocate subtasks to humans and machines. Furthermore, we
know very little about conveying what a human knows or believes to a machine
or, conversely, transforming a machine representation of a complex situation into

a form readily accessible to a human. Several approaches to the design of man-
machine systems could improve both the efficiency and quality of team perfor-
mance.

5.8.1. Use of Automated Specialists to Supplement or Replace

Team Members"'

Team performance is currently limited by the difficulty of arranging training
exercises. The magnitude of the operation required for training exercises could be
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reduced by creating environments in which a single team member could interact
with intelligent simulations of other team members. Furthermore, requirements
for human participation in actual operations might be substantially altered by
increasing reliance on such automated simulations of team members. Both of these
goals require research to transfer human capabilities to machine-based specialists.

Prior research has succeeded in automating human expertise in limited appli-
cations. This work has focused chiefly on electric circuit diagnosis (Brown and
Burton, 1975), medical diagnosis (Shortliffe, 1976) air traffic control (Klass, 1979),
and speech and image processing (Mostow and Hayes-Roth, 1978). Such research
typically begins with a cognitive analysis of task performance (see Section 5.4.1).
This analysis ordinarily requires thinking-aloud protocols produced during actual
task performance, the construction of a model that accounts for the protocols, the
implementation of a computer simulation of the model, and finally, the refinement
of the knowledge and strategies in the simulation.

Problem-solving in decisionmaking teams seems ideally suited to this research
approach. The performance of team members should be observed, modeled, simu-
lated, and refined in a laboratory or training setting. Then, the derived machine-
based team members may be used in a variety of experimental ways to determine
their benefits and costs. First, the performance of the models can be compared to
that of their human counterparts. Second, the models can provide surrogates for
missing human members in training contexts, as suggested in Section 5.3.3. Simu-
lated team members might include either individuals on the team or individuals
outside the team who interact with team members. These simulations, if successful,
may also provide standalone alternatives to humans for certain tasks. Finally, the
models may be used by human team members as computational aids for task
performance (see Section 5.8.2).

Beyond the normal difficulties associated with building heuristic models, this
area of application will require careful attention to the cooperative and adaptive
aspects of team behavior. The computer models will need to be able to accept
questions and tasks from others, to convey tasks and information to others, and to
explain and rationalize their behavior. Further, these specialists may need to dem-
onstrate flexibility in responses to unexpected situations (see Section 5.7.4).

This research will require the combined efforts of psychologists, who will per-
form task analysis and initial model building, and computer scientists, who will
build and refine the machine implementations. Initial performance should be moni-
tored in team problem-solving experiments in the research laboratory.

This research offers significant promise for improving team performance by
creating new training opportunities. Currently, team training requires simultane-
ous participation of numerous human team members. By creating machine-based
members, training will be more accessible, less expensive, and more controllable.
This in turn will increase the quality and quantity of team training each member
receives. It may, in addition, obviate the need for special training facilities, since
the space requirements for training can be reduced to that required to support the
number of humans who will be trained simultaneously. Furthermore, the research
may lead to the improvement of team skills through the automation of both mun-
dane and highly complex team activities.
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5.8.2. Automated Planning Aids for Decisionmaking"

Section 5.8.1 discusses the development of automated specialists to supplement
team members. One such aid deserving special attention would assist individuals
in the difficult and imprecise task of tactical planning. Automated planning aids
could serve a number of useful purposes, including the following:

1. Performance of Standard Computational Functions (such as table lookup,
mathematical calculations, and information retrieval). This kind of assistance
would presumably improve both the accuracy and the speed of computations under-
lying plan development.

2. Bookkeeping Assistance. When several people cooperate on a single prob-
lem, managing their interactions can become a problem in itself. A computer aid
could greatly facilitate these interactions by (a) providing an efficient communica-
tion medium for team members, regardless of their respective locations; (b) main-
taining a well-structured, perspicuous record of the current solution, incorporating
the contributions of all team members; and (c) maintaining an historical record of
the development and rationale behind solution elements and their alternatives.

3. Evaluation of Tentative Plans. There are two general methods for evaluat-
ing tentative plans. The first is simply to calculate a plan's "score" against each of
several established criteria and aggregate component scores. While people can
perform this kind of evaluation, a computer aid could provide greater speed and
reliability, thereby permitting comparative evaluation of many more alternative
plans. The second method is to simulate the execution of a plan and assess its
effectiveness, shortcomings, side effects, etc. This method has much greater poten-
tial utility than the first because (a) most planning problems lack a satisfactory set
of well-defined, mutually consistent evaluation criteria, and (b) scoring/aggrega-
tion procedures may not reliably discriminate good plans from poor plans. The
second method is also much more difficult for people to apply for themselves.
Therefore, computer aids can make enormous potential contributions in this area.I 4. Participation in the Planning Process. An intelligent computer aid might

participate in plan development in two ways. It could oversee individual contribu-
tions, coordinating them into a comprehensive plan, detecting and resolving con-
flicts, etc. This is an important function because independently generated plan
components frequently produce interactions that are both unforeseen and difficult
to detect. As discussed in the previous section, the aid could also be endowed with
planning skills and knowledge about the problem domain and could effectively act
as another team member. These skills and knowledge might well simulate those of
a human being.

Items 1-4 show a progression toward increasingly sophisticated aids playing
increasingly central roles in the planning process. Item 1 is quite feasible, given
existing technology. While items 2-4 represent state-of-the-art computer science
research, preliminary research in all three areas is very promising (Goldstein, 1980;
Hayes-Roth, Hayes-Roth, Rosenschein, and Cammarata, 1979; Hayes-Roth and
Wesson, 1978; Hiltz and Turoff, 1978; Klahr, Faught, and Martins, 1980; Wesson,
1977). Therefore, we view this research as low-risk, with a high potential payoff.

The success of such planning aids depends not only upon their efficacy in
performing the appropriate functions, but also upon several other factors govern-

sWritten by Barbara Hayes-Roth, with the assistance of Mark Menchik.WOMAN -----
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ing the readiness of humans to rely on them. First, aids must be easy for people
to learn and to use. Second, they must be reliable and accurate. More importantly,
the users must have confidence in their reliability and accuracy. Third, they must
not threaten people's sense of autonomy or the structure of authority. Accordingly,
research on the development of planning aids should be accompanied by related
research on human factors and the cognitive and social factors influencing people's
use of them.

5.8.3. Machine Aids for Cooperative Problem-Solving"6

Humans and machines are best suited to different types of tasks. Information-
processing decisionmaking tasks requiring both situation assessment and planning
can benefit from the relative advantages of both. Humans, for example, are superb
visual pattern perceivers; machines are notoriously weak in this area. Humans are
the best sources of heuristics about how to treat uncertain information and how to
draw inferences. However, machines, once instructed, can perform such inferences
faster and more systematically than humans. How then can these two kinds of
processors cooperate when several people and several machines must work to-
gether? The problem faced in man-machine teams is to identify the crucial kinds
of information-processing responsibilities, to allocate responsibilities to the most
appropriate resources, and to design communications media that facilitate their
interactions.

In the situation-assessment purtion of a command and control task, sensor and
intelligence reports about past, current, and potential future events arrive at varia-
ble rates. Maintaining a coherent and current picture of the world requires time-
indexing and the fusion of these time-synchronized messages into a comprehensible
interpretation. Where and how s~nsor data should be aggregated and processed is
a central problem. Because timeliness of processing is essential, communication
delays are serious (see Sections 5.6.1 and 5.6.3). On the other hand, passing raw
sensor data directly to central facilities requires high bandwidths and can easily
lead to a glut that may delay the processing of perishable information. Moreover,
several people must often cooperate to integrate and process data reports, and they
may have extremely poor methods for conveying, fusing, or contrasting their per-
sonal world views. Messages among cooperating decisionmakers vary in their time
criticality and in the responses they demand. New research should therefore in-
vestigate the utility of alternative modes of communication among humans and
between humans and machines. Furthermore, the distribution of tasks-including
signal processing, signature analysis, hypothesis formation, and team scheduling
responsibilities-among people and machines is a wide-open issue of considerable
long-term import.

Several additional problems arise in the planning component of the task. Fore-
casting probable outcomes of current situations requires a combination of causal
reasoning, simulation, and non-deterministic reasoning. People are essential in the
assessment of dangers and opportunities in forecasted situations, yet they seem to
perform poorly both at look-ahead calculations and at maintaining numerous alter-
natives. Machines excel at both types of calculations, but the products of their
calculations comprise many alternative outcomes, each with numerous assump-

"Written by Frederick Hayes-Roth.



55

tions and details (see Section 5.8.2). Experimental research should explore methods
for translating this volume of data to a form intended for human planners. Further-
more, new efforts are warranted on the related problem of incremental replanning.
How can complex plans be changed marginally to respond to specific problems
detected during plan execution? Can a human suggest incremental fixes? Can the
shared representation of a plan in progress be graphical? And can a computer
compute possible outcomes rapidly and display them visually?

The research laboratory for these studies should allow several situation asses-
sors to receive and process reports and to manipulate them geographically, interac-
tively, and cooperatively. Experts in military situation assessment and planning
tasks, graphics, teleconferencing, interactive maps, cooperative problem-solving,
communication, and experimental methodology should collaborate in this research.

_________'_____",



6. PROGRAM IMPLEMENTATION

The research program described in this report emphasizes a broad, integrated,
and multivariate approach to the study of information-processing decisionmaking
teams. We believe that this research can best be carried out in a small number

of large-budget, resource-rich, Team Performance Research Centers. Such cen-
ters will be better equipped to address the range of important problems in team
performance than would small, more narrowly focused contract efforts. To carry
out the range of studies critical to the improvement of team performance, each
Research Center will require an interdisciplinary staff of researchers engaged in
a variety of related project activities. These activities will include policy studies
focused on the operational Navy (as described in Section 5.1), the development of
laboratory and experimentation capabilities (as described in Sections 5.2 and 5.3),
and scientific research, including theoretical development and empirical studies, on
a subset of the research problems described in Sections 5.4-5.8.

Based on our analysis of the requirements for research in the team perfor-
nmance program and our observation of facilities with similar goals and methods,
we have derived a tentative set of specifications for these Research Centers. These
specifications are rough guidelines for the capabilities, facilities, and costs required
to successfully carry out the research we have recommended.

6.1. INSTITUTIONAL REQUIREMENTS

A research institution capable of undertaking the long-term program we have
described must have the following characteristics:

1. The capability to assemble and manage a large interdisciplinary team of
researchers with expertise in military operations research, simulation,
gaming, cognitive modeling, social psychology, policy analysis, systems
design, computer hardware, artificial intelligence, human factors, and in-
struction.

2. Researchers who are available to commit significant amounts of time to
the research.

3. The space, knowledge, and administrative support to create and manage
a large computer-based laboratory that has state-of-the-art hardware and
software, a pool of subjects who are available over a long period of time,
and facilities for observing experiments within the laboratory (laboratory
requirements and costs are discussed below).

4. The expertise to conduct research on combat operations and defense-
related command, control, and communications.

5. In-house or readily available liaison with military personnel and sites.
6. Reasonable proximity to major Navy installations.
7. A history of excellence in program-related research.

These considerations suggest that the most appropriate research sites would be
existing research organizations or independently managed, interdisciplinary re-
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search organizations within universities. Most universities are not designed to
undertake large-scale development efforts on military team performance. How-
ever, a few have successfully undertaken applied efforts either alone (e.g., Carne-
gie-Mellon University's ARPA-sponsored speech understanding work) or in con-
junction with other research institutes (e.g., University of Illinois with Bolt, Bera-
nek, & Newman, Inc. in reading research; Carnegie-Mellon University with the
American Institutes for Research in document design research).

6.2. LABORATORY FACILITIES

The precise specifications and costs for the laboratory facilities depend on the
domain to be investigated. However, we can make some general assumptions about
the required laboratory capabilities.

If the task domain is an information-processing decisionmaking task such as
that performed in Navy CICs, the laboratory must be able to accommodate between
ten and twenty team members, including receivers, users, and integrators of infor-
mation, decisionmakers, and communicators. Each of these team members will
require some form of display device, a keyboard, and a method of communicating
with other team members. Communications will probably require both telephone
and computer network links.

A central laboratory processor will be required to perform several functions
during team experiments: maintaining a representation of the combat situations,
providing a source of enemy activities, generating appropriate inputs, controlling
the simulations, and maintaining an event memory for data collection and subse-
quent analysis. In addition, this processor must support high-level programming
languages, word processing, ARPANET interfaces, and message-handling.

Finally, additional equipment will be required to support the observation of
team performance by researchers. Typical equipment might include a large graph-
ics display for all scenario activities and assorted recording equipment (e.g., q
videotape recorder and camera).

At least three areas would be required to house this facility: a laboratory that
contains the display stations and in which the teams perform, a hardware area to
house the processors and storage devices, and a conference area with large projec-
tion equipment to accommodate experimenters and observers. This entire facility
would require about 1,500 to 2,000 square feet of floor space.

In computing approximate costs for this laboratory, we assumed that the cen-
tral processor would have computing power equivalent to that of a Digital Equip-
ment Corporation VAX 11/780 and that the power of each display station would
be equivalent to that of a 3-Rivers PERQ. On this basis, the combined costs for
hardware acquisition, software acquisition, and systems support software for the
laboratory would be approximately $ 1 million. This cost could be amortized over
the duration of the research contract, and of course, it would be lower for institu-
tions with some or all of the requisite equipment already operational.

6.3. THE RESEARCH PLAN

This section suggests a set of time-phased activities by ONR management and
potential contractors for executing the proposed research plan. A number of un-
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known factors prevented us from estimating the level of effort that could be com-
mitted to each contractor. These unknowns included the number of contractors in
the program, the current laboratory capabilities of the contractors, the number of
research projects undertaken by each contractor, and the precise amount of money
available in the research program. Thus, rather than proposing expected levels of
effort, we restricted ourselves to categories of activities to be undertaken at each
stage of the program. We base our plan on a projected six-year program, including
the current fiscal year (FY80).

ONR should immediately undertake several activities to initiate the research
program:

1. Establish the budgetary guidelines for the entire program.
2. Form the steering committee to monitor the research (see Section 4.3).
3. Enlist tri-Service and other agency support for the program (see Section

4.7).
4. Identify and select the long-term contractor(s).
5. Fund start-up efforts for the contractor(s) (see below).
6. Organize a workshop for the contractor(s) and relevant operational and

training personnel.

The scope of the research activities recommended in Section 5 is sufficiently
broad that we assume only a subset can be undertaken simultaneously (unless there
were very substantial funding and multiple Research Centers). Therefore, once the
individual contractors have been selected, they must develop a detailed research
agenda. While the particular interests and capabilities of the individual contractors
will determine the specific proposals, we suggest the following research strategy.

In the current year, ONR should focus on the selection and analysis of target
teams, the identification of research requirements, and the design of a research
laboratory. The following specific research activities (described in Section 5) should
be undertaken because they have immediate utility for the operational Navy and/
or because they provide the laboratory requirements and design:

1. Navy teams of the future (Section 5.1.1)
2. Development of a task specification for tactical decisionmaking (Section

5.2)

3. Cognitive models of individual performance (Section 5.4.1)

The completion of these research efforts will depend on the capabilities and
funding level of the individual contractors and the date on which research is begun.

The second year should continue first-year research and expand into a larger
set of activities. The goal of the second year would be to order and install available
laboratory equipment and use the results of first-year research to design one or
more pilot experiments. The pilot experiments would provide a shakedown of the
available laboratory facilities, assist in the development of task scenarios, and
provide some initial results of team experiments. The candidates for second-year
research include the following activities:

1. Current technologies for improving Navy teams (Section 5.1.3).
2. Environmental simulations for mock operational equipment (Section

5.3.1)



59

3. Simulation and gaming scenario development (Section 5.3.2)
4. Investigation of the relationship between individual and team perfor-

mance (Section 5.4.3)
5. The dynamics of team evolution (Section 5.5.1)
6. Enriching feedback in training and operational environments (Section

5.7.6).

The outcome of these research activities should lead to the design of larger-
scale experimentation and the selection of subsequent high-priority research topics.

The third year would see the completion of the laboratory installation and
debugging. During this year, the research program would focus on producing the
first major research results. It would also expand to include additional research
activities as dictated by laboratory availability and early research results. The
promising candidates for this stage of the research include the following

1. Organizational factors in introducing innovation (Section 5.1.2)
2. Capabilities for distributed exercises (Section 5.3.3)
3. Theories of team performance (Section 5.4.4)
4. Investigation of alternative decisionmaking strategies (Section 5.6.2)
5. "Intelligent" computer-assisted instruction for team training (Section

5.7.1)
6. Training flexibility in SOP-based performance (Section 5.7.4)
7. Automated planning aids for decisionmaking (Section 5.8.2)
8. Machine aids for cooperative problem-solving (Section 5.8.3)

At the end of the third year or during the following year, ONR should decide
how to continue the research program. In particular, it should determine whether
to continue with the same or an altered number of contractors, what research areas
seem the most promising (based on the results of policy studies and laboratory
development, and initial research), and how successful the contractors have been
at meeting research objectives. Possible decisions include:

1. Continue funding of all contractors to perform additional research.
2. Continue and possibly increase funding of fewer contractors.
3. Delay the decision because no contractor has assembled the desired facili-

ties.
4. Redirect the program to smaller efforts either more removed from specific

applications or focused on a smaller set of research issues, as in current
ONR 6.1 programs.

5. Terminate the program.

Assuming a positive decision, research would then continue for three to seven
years (to a total of ten years), subject to negotiations between the contractors and
ONR. Candidate areas for new research initiatives include:

1. Causes and effects of Navy team turnover (Section 5.1.4)
2. Team members' mental models for task performance (Section 5.4.2)
3. The effects of team turnover on performance (Section 5.5.2)
4. Task restructuring (Section 5.6.1)
5. Investigation of alternative communications structures (Section 5.6.3)
6. Training mental models (Section 5.7.2)
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7. Training empathetic models (Section 5.7.3)
8. Dynamic gaming as a training aid (Section 5.7.5)
9. Automated specialists to supplement or replace team members (Section

; 5.8.1)

The suggested time scale and research priorities listed above are intended only
as guides. As indicated earlier, the funding level and capabilities of the individual
contractor(s) will be significant determiners of the extent of the program and the
order in which research activities are undertaken. The recommended development
sequence should lay the foundation for subsequent and more extensive research on
the specific team improvement research efforts suggested for the third year and
beyond. The establishment of several Research Centers with particular capabilities
may lead to an overlap of effort on some research activities, and to a division of
effort on others. Some duplication of effort should be anticipated and, in some cases,
encouraged, particularly for experiments in which the generality of the research
results is important. As research results become available, ONR and the contrac-
tors should work with the applied development and operational communities to
create Navy testbeds for these results. At the conclusion of the research program,
the contractors should deliver the products discussed in Section 2.6.
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88 Mr. Arnold Rubensteia
Naval Personnel Support Techaoloqy
Naval Material Command (082244)
Room 1044, Crystal Plaza #5
2221 Jefferson Davis Hiqhay
Arlinqton, VA 20360

89 Dr. worth Scanland
Chief of Naval Bducation and

Traininq
Code N-S
Naval Air Station
Pensacola. FL 32508

90 Mr. Robert Smith
Office of Chief of Naval Operations
OP-9871
Washinqton. DC 20350
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91 Dr. Alfred F. Smode
Traininq Analysis G Ivaluatioa Group
(TA EG)
Dept. of the Navy
Orlando, .L 32813

92 Cr. Richard dontaque
Navy Personnel R&D Center
San Dieqo, CA 92152

93 Technical Director
Navy Personnel R&D Center
San Dieqo CA 92152

94 Office of Naval Research
Code 437
800 V. Quincy Street
Arlinqton VA 22217

95 Psycholoqical Sciences Divisioa
Code 450
Office of Naval Research
Arlinqton VA 22217

96 Personnel & Traininq Research
Proqraas 6

(Code 458)
Office of Naval Research
Arlinqton VA 2217

97 Special Asst. for Education &

Traiaiaq
(OP-Oil)
Ra. 2705. Arlinqton Annex
Vashinqton DC 20370

98 Head
manpower Traininq and Reserves
Section

(OP-964-C)
Boom 4A478, The Peataqon
Vashinqton DC 20350

99 Cpt. Donald F. Parker,. USu
Comuandinq Officer
Navy Personnel R&D Center
San Dieqo CA 92152
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100 Dr. Pat Harrison
U.S. Naval Academy
Annapolis RD 21402

10? Dr. ilton S. Katz
Individual Traiainq i Skill
Evaluation Technical Area

U.S. Army Research Institute
5001 Eisenhower Avenue
Alexandria, VA 22333

102 Dr. Robert Sasmor
U. S. Army Research Institute
for the

Behavioral and Social Sciences
5001 Eisenhower Avenue
Alexandria, VA 22333

103 Dr. Balph Dusek
U.S. Army Research Institute
5001 Hisenhoser Avenue
Alexandria. VA 22333

104 Cr. Earl A. Allaisi
HO, AFHEL (AFSC)
Brooks AFB, TX 78235

105 Er. Genevieve Haddad
Proqram Manaqer
Life Sciences Directorate
AFOSR
Bollinq APB, DC 20332

106 Dr. Marty Rockvay
(AFH f L/TT)
Lowry AFB
Colorado 80230

107 Mal. Jack A. Thorpe, USAF
Naval Mar Colleqe
Providence 81 02846

HARINIS

108 Special Assistant for Marine
Corps atters

Code I00"
Office of Naval Research
800 . Quincy St.
Arlinqton, VA 22217
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109 Lt. Col. 8. S. GibsoA

kIQRC (Code OTOR)
Vashinqton DC 20380

110 Dr. A.L. Slafkosky
Scientific Advisor (Code RD-1)
flQ, U.S. marine Corps
Uashinqton. DC 20380

ill Defense Documentation Center 12
Attn: rc
Cameron Stations Bldq. 5
Alexandria, VA 22314

112 Headquarters
U. S. marine Corps
Code SPI-20
Uashinqtom DC 20380

113 Military Assistant for Trainiaq and
Personnel. Technoloqy

Office of the Under Secretary
of Defense
for Research and gnqiaeerimq

Room 3D 129, rhoe Pentaqon
washinqton DC 20301

*114 Head, Section on Medical Education
Uniformed Services
University of the Health Sciemaaes

* 6917 Arlinqton Road
Bethesda RD 200114

DEPARTMENT OF rHZ ARMY

115 Dr. Ndqar A. Johnson
Orqanizatjons and Systems Research
Laboratory

U.S. Army Research Institute
5001 lisenhover &venue
Alexandria VA 22333

116 Office of the Deputy Chief of
Staff for
Personnel, Research office

Attention: D&PE-PBR
washinqton D.. 20310
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117 Army Research Institute 
2

5001 Eisenhower Avenue
Alexandria VA 22333

I 9 ARI Field-Unit - Leavenworth
P.O. Box 3122
Fort Leavenworth KS 66027

119 Headquarters FOaSCOm
Attention: AFPR-HR
Fort McPherson, GA 30330

120 CAPT. Joseph Veker
Department of the Army
Headquarters, 32d Army ir Defease
Command

APO MY 09175

121 All Field Unit - onterey
P.O. Box 5787
Monterey CA 939140

COAST GUARD

122 Mr. Richard Lanterman
Chief, Psvycholoqical Research Branch
U.S. Coast quard (G-P-I/2/62)
Washinqton D.C. 20590

123 HO OSARErU & 7th Army
ODCSOPS
USAARRUE Director of GID
APO New York 09403

124 LCOL Gary 8loedornTraininq Effectiveness Analysis
Division

US Army THADOC Systems AnalysisActivity
White Sands Hissile Ranqe, MR 88002

125 Dr. Joseph Zeidner
Army Research Institute for
the Behavioral and Social
Sciences

5001 gisenhover Avenue
Alexandria, VA 22333
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126 Commander
USAiTL
Attention: ETL-GS-P
Fort Belvoir, VA 22060

127 Col Frank Hart
Army Research Institute for the

Behavioral & Social Sciences
5001 Eisenhower Blvd.
Alexandria, VA 22333

128 Dr. dichael Kaplan
U.S. Army Research Institute
5001 Eisenhower Avenue
Alexandria, VA 22333

129 Dr. Beatrice J. Farr
Army Research Institute (PBRI-OK)
5001 Eisenhower Avenue
Alexandria, VA 22333

130 Technical Director
U.S. Army Human gaqineerinq Labs
Aberdeen Provinq Ground, MD 21005

131 Dr. Harold F. ONeil, Jr.
Attn: FZRI-OK
Army Research Institute
5001 Eisenhower Avenue
Alexandria, VA 22333

132 Dr. Joseph Ward
U.S. Army Research Institute
5001 Eisenhower Avenue
Alexandria, VA 22333

DEPARTMENT OF THE AIR FORCE

133 Dr. Donald A. Topiller
Chief, Systems Enqineerinq Branch
Human Bnqineeriaq Division
USAF ANRL/MES
Vriqht-Patterson AFB, OH 454k33
Dr. A. L. Freqley
AFOSR/NL
Bollinq Air Force Base
washinqton D.C. 20332
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134 CER. Mercer
CIET Liaison Officer
AFHRL/Flyiaq ?raiminq Div.
Williams A7B, -AZ 522

135 Dr. Gordoa Eckstraad
AFHRL/ASM
Wriqht-Patterson APB. OH 45433

136 AFOSB/NL (Dr. Freqly)
Buildiaq 410
dollinq AFB
uashinqton D.C. 20332

137 Dennis Leedom
Operations Research Analyst
HO USAF (SAGe)
Tactical Support Division
Washinqton DC 20330

138 military assistant for Human
Resources

Office of the Department of Defense
for Research G Enqiaeerimq

Roos 3D129,
The Pentaqon
Washinqton D.C. 20301

139 Technical Director
APHRL/ORS

*" Brooks APB TX 78235

140 AFNPC/DPNRYP
(Research and Measurement Division)
Randolph APB, AL 78148

141 Air Uuiversity Library
LSE 16/4, 3
Maxwell AFB, AL 36112

142 Air Force Institute of fechnoloqy
AFIT/LSGR (Lt. Col. Unstot)
Wriqht-Patterson £7B, O 4S433

143 Faculty Development Division 2
Headquarters Sheppard Technioal

Traininq Center (Arc)
Sheppard iAB, TI 76311

A



PAGE 17

144' Brian K. waters. LCOL. USAF
Air University
Maxwell &FB
flontqomery. AL 36112

A DDITIONAL ADDRESSES

145 Dr. Samuel S. Dubin
Directors Center for Human
Performance Systems

Institute of Safety and Systems
Maaaqeaent

University of Southern California
University Park
Los Anqeles; CA 90007

146 Dr. Patricia Baqqett
Departmeut of Psycholoqy
University of Denver
University Park
Denver, CO 80208

147 Dr. Lyle Bourne
Department of Psycholoqy
University of Colorado
Boulder, CO 80302

148 Cr. Kenneth Bowles
Institute for information
University Of California a
La Jolla, CA 92037

.'149 Dr. Bruce Buchanan
Department of Computer Sci
Stanford University
Stanford, CA 94305

150 Dr. C. Victor Banderson
WICAT Inc.
University Plaza, Suite 10
I 160 So. State St.
Ores, UT 84057

I5O Charles Byers Library
Livinqstoue mouse
LiVinqstone Road
Stratford
London 215 2L3
ENGLAND
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153 Dr. William Chase
Cepartuent of Psycholoqy
Carnegie Mellon University
Pittsburgh, P& 15213

15(1 Dr. Sicheline Chi
Learning B 8 D Center
University of Pittsburqh
3939 O Hara Street
Pittsburqh PA 15213

155 Dr. William Clancey
Eepartment of Computer Sci
Stanford University
Stanford, CA 94305

156 Mr. Ken Cross
Anacapa Sciences, Inc.
P.O. Draver Q
Santa Barbara, CA 93102

157 Mr. Steven Rogers
Anacapa Sciences, Inc.
P.O. Drawer Q
Santa Barbara, CA 93102

158 Dr. Hubert Dreyfus
Department of Philosophy
University of California
Berkely, CA 94720

159 Major I. N. Evonic
Canadian Forces Pers. Appl
1107 Avenue Road
Toronto, Ontario, CANADA

160 Dr. Ed Feiqeabaun
Department of Computer Sci
Stanford University
Stanford, CA 94305

161 Dr. Victor Fields
Dept. of Psvcholoqy
Montgomery Colleqe
Rockville, AD 20850
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162 Dr. Edwin A. Fleishman
Advanced Research Resource
Suite 900
4330 East West Miqhvay
Washiaqton, DC 20014

163 Dr. John D. Folley Jr.
Applied Sciences Associate
Valencia, PA 16059

164 Dr. John a. Fcederiksen
Bolt Beranek & Newman
50 Moulton Street
Cambridqe, NA 02138

165 Dr. Aliada Friedman
Department of Psycholoqy
University of Alberta
Edmonton, Alberta
CANADA T6G 2J9

166 Dr. Deidre Gentner
Bolt Beranek & Newman
50 Moulton Street
Cambridqe. NA 02138

167 Dr. B. Edward Geiselman
Department of Psycholoqy
University of California
Los Anqeles, CA 90024

168 Dr. Marvin D. Glock
Department of Education
Stone Hall
Cornell University
Ithaca, N 14953

169 Dr. James G. Greeno
LRDC
University of Pittsburqh
3939 O'Hara Street
Pittsburqh, PA 15213

170 Dr. Adrian Hill
Vision and Erqonomics Rese
Glasqow Colleqe of Technol
Covcaddeas Road
Glasqow G4 OBA
SCOTLAND
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171 Libcary
kiumBRO/Western Division
27857 Berwick Drive
Carmel, CA 93921

172 Dt. Earl Hunt
Dept. of Psycholoqy
University of Vashinqton
Seattle, VA 98105

173 Dr. Kay Inaba
11116 Vanove St
Canoqa Park, CA 91303

174 Dr. Lavrence B. Johnson
Lawrence Johnson & Assoc.,
Suite 502
2001 S Street NV
Washinqton, DC 20009

175 Dr. Arnold F. Kanarick
Honeywell, Ic.
2600 2idqevay Pkvy
sinneapolis, I 5513

177 Er. David Kieras
Department of Psycholoqy
University of Arizona" TuscoA, AZ 85721

178 Dr. Kenneth Klivinqton
Alfred P. Sloan Foundation
630 Fifth Avenue
Neu York, MY 10020

179 Dr. Zl1 Kozajnsky
Department of Psycholoqy
University of Colorado
boulder, Co 80302

180 Dr. Stephen Kosslyn
Harvard University
Department of Psycholoqy
33 Kirkland Street
Cambridqe, SA 02138
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181 LCOL. C.VJ. Lafleur
Personnel Applied Research
NOWD ATL DEFENSE IQS
101 Colonel by Drive
Ottawa, CANADA KIA OK2

182 Dr. Jill Larkia
Department of Psycholoqy
Carneqie Mellon University
Pittsburqh, PA 15213

183 Dr. Alan Lesqold
Learninq R&D Center
Universit y of Pittsburqh
Pittsburqh, PA 15260

184 Dr. dark Miller
Systems and Lnfarmation Sciences
Central Research Laboratory
TEXAS INStRURENTS, INC.
Mail Station 5
Post office Box 5936
Dallas. TX 75222

185 Dr. Richard a. dillward
Dept. of Psycholoqy
Hunter Lab.
Brown University
Providence, RI 82912

186 Dr. Robert Pachella
Department of Psycholoqy
Human Performance Center
330 Packard Road
Ann Arbor, I 48304

187 Dr. Seymour A. Papert
Massachusetts Institute of
Artificial IateLliqeace La
545 Technoloqy Square
Caabridqe, BA 02139

l88 Dr. Peter Poison
Dept. of Psycholoqy
University of Colorado
Bolder. Co 80302
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189 Dr. Peter B. Read
Social Science Research CouncI
605 Third Avenue
Nev York. MY 10016

190 Dr. Fred Reif
SESANZ
c/o Physics Department
University of California
Berkely, CA 94720

191 Dr. Andrew a. Rose
American Institutes for Research
1055 Thomas Jefferson St.
Washinqton. DC 20007

192 Dr. Ernst Z. Rothkopf
Bell Laboratories
600 Mountain Avenue
Murray Hill. NJ 07974

193 Dr. David Ruselhart
Center for Hunan Information

Processinq
Univ. of Californias Sam Diego
La Jolla, CA 92093

194 Dr. Walter Schneider
Dept. of Psycholoqy
University of Illinois
Champaiqu, IL 61820

195 Dr. Allen Schoemfeld

Department of Mathematics
Hamilton Colleqe
Clinton, NY 13323

196 Dr. Richard Snow
School of Education
Stanford University
Stanford, CA 94305

197 Dr. Robert Sternberq
Dept. of Psycholoqy
Box IlA, Yale Station
New Haven, CT 06520
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* !'18 Dr. Thomas Sticht

300 N. Washinqton Street
Alexandria, VA 22314

199 Cr. David Stone
ID 236
SUN!, Albany
Albany, MY 12222

200 Dr. Patrick Suppes
Institute for Mathematical

the Social Sciences
Stanford University
Stanford, CA 94305

201 Dr. John Thomas
IBM Thomas J. Matson Research
P.O. Box 218
Yorktovn Heiqhts, MY 10598

202 Cr. Douqlas Towne, Director
behavioral Technoloqy Laby
1845 S. Elena Avenue, 4th
Redondo Beach. CA 90277

203 Dr. Janes Voss
Department of Psycholoqy
University of Colorado
Boulder, Co 80302

204 Cc. Christopher Wickens
Department of Psycholoqy
University of Illinois
Champaiqn, IL 61820

205 Dr. Karl Zinn
Center foc research on Learninq

and Teachinq
University of Michigan
Ann Arbor, NI 48104

206 Dr. John P. Crecine
Dean, Colleqe of Humanities

and Social Sciences
Carnegie-Mellon University '
Pittsburgh, PA 15213
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207 Dr. Ira Goldstein
Xerox Palo Alto Research

Center
3333 Coyote Hill Road
Palo Alto. CA 94304

208 Dr. Irwin Goldstein

Department of Psycholoqy
University of Maryland
Colleqe Park,, D 20742

209 Dr. Elizabeth Lambert
Naval Traininq and Squipeen
Center

Orlando, FL 3213

210 William Lindahl (KRAL)
Assistant for Education and
Traininq

CASH (NRASL)
5C800 Pentaqon
Washinqton, D.C. 20350

211 Dr. David %eister
Navy Personnel Research and
Development Center

San Dieqo, CA 92152

212 for. Larry Novell
Loqicona Inc.
P.O. Box 80158
San Dieco, CA 92138

213 Dr. Karleue H. Roberts
School of Business
350 Barrous Hall
University of California
Berkeley* CA 94720

2 14 Dr. Shelley Taylor
Department of Psycholoqy
UCLA
405 Hilqard
Los Anqeles, CA 90024

215 John Winkler
Department of Psycholoqy
UCLA
405 IfiLqacd
Los Anqeles, CA 90024
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216 fir. Ed Taylor
THU
Bldg. E2, Room 5062
One Park
Redondo Beach, CA 90278

217 Dr. ff. tcllvaine Parsons
Institute for Behavior Research.

Inc.
2429 Linden Lane
Silver Springs, 50 20910

218 Mr Avron Barr
Department of Computer Science
Stanford University
Stanford, CA 914305

219 Dr. Robert P. Abelson
Department of Psycholoqy
Yale University
Mew Haven, Connecticut 06520

220 Dr. Saul Anarel
Department of Computer Science
Butgers University
New Brunswick, New Jersey 0S903

221 Dr. Richard Anderson
Center foK the Study of Readinq
51 Gerty Drive
Champaiqn. Illinois 61820

"222 Dr. Richard Z. Atkinson
Director
National Science Foundation
Washington. D.C. 20550

223 Dr. Bob iaalzec
Information Sciences Institute
4676 Admiralty Way
marina del Rey, California 90291

224 Er. Elizabeth Blork
Department of Psycholoqy
UCL A
405 Hilgard Avenue
Los Anqeles, California 90024
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225 Dr. Robert Blork
Department of Psycholoqy
UCLA
405 HiLqard Avenue
Los Anqeles, California 90024

226 Dr. Mtarqaret A. boden
The University of Sussex
School of Social Sciences
Arts Buildiaq
Falser
Sriqhton OK1 9QN
Enqland

227 Dr. Gordon H. Bower
Department of Psycholoqy
Stanford University
Stanford, California 94305

228 Dr. Herbert Clark
Department of Psycholoqy
Stanford University
Stanford, California 94305

229 Dr. Wilfried 0. Eckhardt
Huqhes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

230 Cr. Lawrence T. Frase
Bell Laboratories
6 Corporation Place
Piscatawney, New Jersey 08854

231 Dr. Peter E. Hart
SRI International
333 Raveaswood Avenue
Menlo Park, California 94025

232 Dr. Beid Hastie
Department of Psycholoqy
Harvard University
William James Hall
33 Kirkland Street
Cambridqe, Massachusetts 02138

233 Dr. Richard Hayes
Department of Psycholoqy
Carneqie-Mellon University
Pittsburqh, Pennsylvania 15213
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234 Dr. John Jonides
Eepartment of Psycholoqy
University of Bichiqan
Ann Arbor, Hichiqan 48104

235 Dr. Marcel Just
Department of Psycholoqy
Carneqie-Mellon University
Pittsburqh, Pennsylvania 15213

236 Dr. Ron Kaplan
Xerox Palo Alto Research Center
3333 Coyote ill Road
Palo Alto, California 94304

237 Dr. Walter Kintsch
Department of Psycholoqy
Ruenzinqer IC, Room E318
University of Colorado
Boulder. Colorado 80302

238 Dr. Ben Kuipers
Lepartnent of Applied Mathematics
Tufts University
Medford, Massachusetts 02155

239 Dr. Douq Lenat
Department of Computer Scienae
Stanford University

2530 Stanford. California 94305

240 Dr. Victor Lesser
COINS
University of Massachusetts
Amherst. Massachusetts 01002

241 Dr. Geoff Loftus
Department of Psycholoqy
University of ashinqton
Seattle, Washinqton 98195

252 Dr. Jean Handler
Department of Psycholoqy
University of California
La Jolla, California 92037

243 Dr. John McCarthy
Computer Science Department
Stanford. University
Stanford, California 94305
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244 Edvina B. Michener

COINS
University of Massachusetts
Amherst, Massachusetts 01002

245 Dr. larvin Minsky
Artificial InteLliqence Laboratory
-assachusetts Inst. of Technoloqy

545 rechnoloqy Square
Cambridqe, Massachusetts 02139

246 Dr. Allen Newell
Department of Computer Scienae
Carneqie-Mellon University
Pittsburqh, Pennsylvania 15213

2547 Dan Newell
TRW Systems
One Space Park
Redondo Beach, CA 90278

248 Dr. Penny Nii
Department of Computer Scieaoe
Stanford University
Stanford, California 94305

249 Dr. Andrew Ortony
Center for the Study of Readinq
51 Gerty Drive
Champaiqn Illinois 61820

250 Prof. Judea Pearl
School of Enqineerinq and
Applied Science

UCLA
Los Anqeles. CA 90024

251 Dr. Harry Pople
Department of Computer Sciena.
University of Pittsburqh
Pittsburqu, Pennsylvania 15213

252 Dr. Hal Reddy
Department of Computer Scienoe
Carneqie-iellon University
Pittsburqh, Pennsylvania 15213
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253 Dr. Lynne Reder

Department of Psycholoqy
Carneqie-Mgeljon University
Pittsburqh, Pennsylvania 15213

* 254 Dr. Judith Reitman
Department of Psycholoqy
University of Michiqan
Ann Arbor, Michiqan 481041

255 Dr. Ed Riseman j
CCINS
University of Michiqan
Amherst, Massachusetts 01002

258 Er. Barl Sacerdoti
SRI International
333 Ravenswood Avenue
Menlo Park. California 94025

- 259 Dr. Roqer Schank
Department of Computer Science
Yale University
Nev Haven, C3anecticut 06520

260 Dr. Charles F. Scheidt' Department of psychologyRutqers University

Ney 8runsvick, New Jersey 08O903

261 Dr. Roqer Shepard
Department of Psycholoqy
Stanford University
Stanford, California 94305

262 Dr. Robert Simmons
Department of Computer Scienoe
University of TexasAustin. Texas 78712
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263 Dr. Herbert Simon
Department of Psycholoqy
Carneqie-lellou University
Pittsburqk, Pennsylvania 15213

264 Dr. Georqe Sperlinq
Bell Laboratories - 600 Mcuntain Ave.
Murray Hill, New Jersey 07974

265 Dr. Philip J. Stone
Department of Social Relations
Harvard University
1480 William James Hall
33 Kirkland Street
Cambridqe, Massachusetts 02138

266 Dr. Tom Trabasso
Department of Psycholoqy
University of Chicaqo
Chicaqo, llifnois

267 Dr. andel Talvinq
Department of Psycholoqy
University of Toronto
toroato 85S ILl
Ontario, Canada

268 Dr. Alexander Wearinq
Department of Psycholoqy
University of Melbourne
Parkville, Victoria 3052
Australia

269 Dr. Wayne Wickelqren
*i Department of Psycholoqy
t University of Oreqon

Euqene, Oreqon 97403

270 Dr. Terry Wiaoqrad
Artificial Iatelliqence Lab
Department of Computer Science
Stanford University
Stanford, California 94305

271 Dr. Pat Winstou
Artificial Intelliqence Lab
MIT
545 Technology Square
Cambridqe. Massachusetts 02139
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272 Mr. Jo~epl G. Wohl

Department Head
The MITE Corporation
P. 0. Box 208
idedford, MA 01730

273 Mr. Bill Woods
Bolt Beranek and Newman
50 Moulton Street
Cambridqe, Massachusetts 02138

274 Dr. Robert R. Mackie
Human Factors Research, Inc.
5775 Dawson Avenue
Goleta CA 93017

275 Human Resources Research Office
300 N. Washinqton Street
Alexandria VA 22314

276 Dr. Gershon Weltnan
Perceptronics, Inc.
6271 Variel Avenue
Woodland Hills CA 91364

278 Science and Technoloqy Division
Library of Conqress
Washinqton, D.C. 20540

279 Orqanizational Psycholoqy Research
Group

Office of Personnel Manaqement
1900 E Street, N.V.
Washinqtoa DC 20415

280 Office of the Air Attache (S3)
Embassy of Australia
1601 Hassachasetts Avenue, UN.
Washinqtom DC 20036

281 Scientific Information Officer
British Embassy - Room 509 I3100 Massachusetts Avenue. .UoUashinqton DC 20009
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282 Canadian Defense Liaison Staff
2450 Massachusetts Avenue, E.g.
Washinqton DC 20008

283 Mr. Luiqi Petrullo
2431 North Edqevood Street
Arlinqton VA 22207

284 Dr. Euqene F. Stone
Asst. Professor of Administrative

Sciences
Krannert Graduate School
Purdue University
West Lafayette IN 47907

285 Hr. Mark T. dunqer
lcBer and Company
137 Newbury Street
Boston BA 02116

286 Commandant
Attention: Department of military

Leadership & Manaqement
Royal Military Colleqe of Canada
Kinqston, Ontario K7L 2V3
Canada

287 National Defense Headquarters
Attention: DPAR
Ottawa, Ontario K11 OK2
Canada

288 Dr. Richard T. dowday
Graduate School of Manaqement

and Business
University of Oreqon
Euqene 08 97403

289 CDi William A. Earner
Manaqement Department
Naval War Colleqe
Newport RI 0290

290 Mr. Martin Milr'd
Educational Equity Grants Proqram
National Institute of Education
1200 19th Street. N..
Washinqton DC 20208
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291 Attention: Library
AlT Field Unit - USAREUR
c/o DCSPBR
APO BY 09403

292 Dr. Joseph I. Lipson
Division of Science Education
SEDH W-638
National Science Foundation
Mashiaqton, DC 20550

293 Dr. H. Wallace Sinaiko
Proqram Director
Manpower Research & Advisory

Services
Smithsonian Institution

801 North Pitt Street
Alexandria VA 22314

294 Dr. Joseph L. Younq. Director
memory & Coqaitive Processes
National Science Foundation
Washinqtoa, DC 20550

295 Dr. Iriaq B. Andersen
Department of Statistics
Studiestraede 6
1455 Copenhaqen
Denmark

296 Dr. John H. Anderson
Department of Psycholoqy
Carneqie Mellon University
Pittsburqh. PA 15213

297 Dr. Thomas H. Anderson
Center for the Study of ReadLnq
174 Children's Research Center
51 Gerty Drive
Chaqpaiqn IL 61820

298 Dr. Michael Atwood
Science Applications Institute
40 Denver Tech. Center Rest
7935 E. Prentice Avenue
Eaqieood CO 80110
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299 Dr. Nicholas A. Bond
Dept. of Psycholoqy
Sacramento State Colleqe
600 Jay Street
Sacramento. CA 95819

300 Dr. John S. Brown
XEhCX Paio Alto Research
3333 Coyote Road
Palo Alto. CA 94304

301 Dr. John 0. Carroll
Psychometric Lab
Davie Hall 013A
University of North Carolina
Chapel Hill NC 27514

302 Dr. Allan M. Collins
Bolt Beranek 6 Newman, Lnc
50 Houlton Street
Cambridqe MA 02138

303 Dr. Meredith P. Crawford
American Psycholoqical ass
1200 17th Street. N.V.
washbnqton, DC 20036

304 Mr. vallace FeurzeLq
Bolt Beranek & Newman* Inc
50 Moulton St.
Cambridqe, MA 02138

305 Dr. Robert Glaser
LBDC
University of Pittsburqh
3939 OQUara Street
Pittsburqh PA 15213

306 Dr. Harold Hawkins
Department of Psycholoqy
University of Oreqon
Euqene OR 97403

307 Dr. Mazie Knerr
Litton-Nellomics
Dox 1286
Sprinqfield TA 22151
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309 Mr. Marlin Kroqer
1117 Via Goleta
Palos Verdes Estates CA 90274

309 Cr. Robert A. Levit
Director, Behavioral Sciences
The BDM Corporation
7915 Jones Branch Drive
McClean, VA 22101

310 Dr. Allen Munro
Behavioral Technoloqy Labs
1845 S. Elena Ave., 4th Floor
Redondo Beach, CA 90277

311 Dr. Donald A. Norman
Dept. of Psycholoqy C-009
University of California, San Dieqo
La Jolla, CA 92093

312 Dr. Jesse Orlamksy
Institute for Defense Analyses
400 Army Navy Drive
Arlinqton VA 22202

313 Dr. Robert J. Seidel
Instructional Technoloqy Group

BOORO
300 N. Washinqton Street
Alexandria VA 22314

3141 Dr. Robert Smith
• 1 Department of Computer Scienoes

Rutqers University
New Brunswick, NJ 08903

315 Dr. Albert Stevens
Bolt Beranek S Newman, Inc.
50 Moulton Street
Cambridqe MA 02138

316 Dr. J. Uhlaner
Perceptronics, Inc.
6271 Variel Avenue
voodland Hills, CA 91364

317 Dr. Benton J. Underwood
Dept. of Psycholoqy
Northwestern University
Evanston, IL 60201
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318 Ii. William Greenup
Education Advisor (1033)
Education Center, MCDEC
Ouantico. VA 22134

319 Mr. Armando Mancini
Headquarters, Defense Happinq Aqency
Buildinq 56
Naval Observatory
Mass. Ave. at 34th St., KV
Washington, DC 20390

320 Dr. Susan Chipman
Basic Skills Proqraa
National institute of Education
1200 9Lth Street VU
Washington, DC 20208
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