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The undersea habitat SEALAB-II is being prepared for
christening at the San Francisco Bay Naval Shipyard on 23
July 1965. SEALAB-II was the second phase of the Navy’s
Man-in-the-Sea-Program, which was organized and carried
out by the Office of Naval Research (ONR). The SEALAB-
II Project involved three ten-man teams living and working
a total of 45 days at a depth of 205 feet one mile off the coast
of La Jolla, California. During the summer of 1964, there
was the SEALAB-I Project, which was much less ambitious
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in scope. From its early days and continuing through the
present, ONR has supported research on the physiological
and psychological effects of living and working in confined
and unnatural conditions. Such research has enabled the
Navy to enhance the productivity of personnel, as well as to
improve their working conditions, as they go about such
tasks as conducting deep sea salvage projects, studying ma-
rine life in its natural environment, and collecting geologi-
cal and oceanographic data.
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Introductory
Note

This issue is entirely concerned with work supported by
the Office of Naval Research’s (ONR’s) Psychological Sci-
ences Division. “Psychological Sciences” covers an enor-
mous amount of territory, and ONR can fund only selec-
tively. This introduction is designed to give an overview of
what the Division is trying to accomplish, as background
for the research reports that make up the rest of the issue.

Through many years’ evolution, the Division has set-
tled on three major sectors of psychology in which it is
active. These are (1) Organizational Effectiveness, (2) En-
gineering Psychology, and (3) Personnel and Training Re-
search. The names as well as the particular lines of inquiry
receiving emphasis have been different at various points in
ONR’s history, but the same three sectors broadly defined
have constituted the Psychological Sciences Program for
some time. Investigators from each of these sectors are
represented in this issue of Naval Research Reviews.

The Organizational Effectiveness Research Programs
(once known as Group Psychology) are concerned with
such topics as job performance, morale, retention, supervi-
sion, and quality of working life. They aim at an improved
understanding of the fundamental variables that influence
the important characteristics of groups of people working
together. At the present time, this set of programs comprises
24 individual contracts with a total dollar value of some two
million. These contracts are divided into clusters on the
basis of central thematic ideas; the clusters change from
time to time, depending on changing emphases. The present
clusters are defined as Productivity, Effective Heteroge-
neous Groups, and Turnover and Rentention. The first arti-
cle to follow, which is by Emurian, concerns team perform-
ance and is a sample of work funded by this sector of the
Division.

The Engineering Psychology Programs are concerned
with assuring effective performance by personnel operating
and maintaining the high-technology equipment characteris-
tic of modern Navy and Marine Corps systems. They seek
better fundamental understanding of human perceptual and
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cognitive behavior in order to develop general guidelines for
the design of compatible interfaces between people and
their machines. At present these Programs comprise some
37 contracts, with a dollar value of some 3 million. These
contracts are clustered as follows: Man-Machine System
Interfaces, Visual and Auditory Perception, Information
Processing and Decision Making, and Man-Machine Sys-
tems Technology. The articles by Kahneman and Tversky
and by Howard and O’Hare are based on work funded by the
Engineering Psychology sector.

The Personnel and Training Research Programs sup-
port research which will enable the naval services to more
efficiently acquire, characterize, and utilize qualified per-
sonnel. Research efforts are focused on methods for assess-
ing people’s potential and competence, and for conducting
rapid, efficient training. Two large considerations guide the
efforts of this group. First, it appears that the best opportu-
nities for increasing the efficiency of assessment and train-
ing lie in using the computer for tailoring each process to
each individual. Second, the increasingly technological
character of many Navy jobs suggests that cognitive and
information-processing skills and aptitudes should receive
major emphasis. These considerations have led the group to
support research on objective, quantifiable theories of cog-
nition and information-processing performances of the type
required on Navy jobs. The program at present consists of
56 contracts with a dollar value of some 4.6 millions. The
contracts fall into four main clusters: Theory-Based Person-
nel Assessment, Information-Processing Abilities, Instruc-
tional Methods and Technology, and Cognitive Processing.
In this issue Marshall Farr, leader of the Personnel and
Training Research Group at ONR, offers an orientation to
cognitive psychology (which is the foundation for much of
the Group’s work), and Hunt provides an example of the
work.

This small sample of the work of the Division can in no
way convey the whole picture of its activities and efforts.
We hope only that it may provide an increment of illumina-
tion about a segment of ONR’s research programs which is,
by reason of subject matter and methodology, often consid-
ered as not readily assimilable by much of the ONR com-
munity. The Division welcomes comments and inquiries
concerning the work reported here as well as its other pro-
grams. An annotated listing of all current and recently com-
pleted contracts is available on request by writing to Code
442, Office of Naval Research, Arlington, Virginia 22217.

James T. Lester
Office of Naval Research




Experimental Analysis
of Team Performance

by

Henry H. Emurian, Joseph V. Brady, and Ronald L. Ray
The Johns Hopkins University School of Medicine
and
James L. Meyerhoff and Edward H. Mougey
Walter Reed Army Institute of Research

Where the successful accomplishment of an organiza-
tion’s mission requires the coordinated contributions of two
or more individuals collectively identified with the achieve-
ment of a common objective, the conditions for characteriz-
ing a team are operationally defined. While there has been
much research on teams, for the most part observations of
team performance under realistic or quasi-realistic condi-
tions involving constant scenario environments have been
limited by the constraints imposed on experimental inter-
ventions. Indeed, a review of the extensive literature in the
area suggests that research on team performance effective-
ness would benefit from the development and application of
an effective methodology for extended-duration analyses of
such situations, under conditions that provide for opera-
tional task assessment and evaluation within the context of a
comprehensive living and work setting'?.

There is a growing recognition of the importance of
developing technological guidelines related to (1) the impact
of the type of mission, (2) the characteristics of team partic-
ipants, and (3) the skill level of a novitiate participant. Of
predominant importance are factors that affect a team’s abil-
ity to accomplish mission objectives. Accordingly, a re-
search project was undertaken to investigate performance
effectiveness within the context of a laboratory environment
in which both interpersonal and work behaviors can be con-
tinuously monitored and evaluated over extended time peri-
ods (e.g., days). The project did not attempt to simulate a
targeted operational environment. Rather, the laboratory fa-
cility was designed to address a broad range of performance
problems from the perspective of a functional analysis of
performance effectiveness. It is essentially a programmed

oty (GOOGIR

environment with design features and measurement capabil-
ities that permit the accurate assessment of relationships
between antecedent conditions (e.g., membership turnover,
training methods, etc.), performance effectiveness, and
consequences.

The conceptual framework within which the research
was undertaken reflects the influence of three prominent
classes of interacting factors: (1) team composition, to in-
clude personnel or membership characteristics (e.g., num-
ber, gender, training, personal history, etc.); (2) team re-
sources, to include facilities and physical setting factors
(e.g., hardware, living accommodations, communication
networks, etc.); and (3) team objectives, to include per-
formance programs and incentive conditions (e.g., role as-
signments, pay-off matrices, etc.). These three broad cate-
gories of interacting factors are together representative of
the range of theoretical and substantive issues addressed in
previous team analyses and proposed for prospective team
research agendas, with different investigations emphasizing
one or another class.

This paper describes the experimental methodology
and representative results derived from studies of such indi-
vidual and team behavior. The studies were jointly spon-
sored by the Office of Naval Research and the National
Aeronautics and Space Administration. The research meth-
odology includes a laboratory environment that was inten-
tionally designed to facilitate the implementation of a “be-
havioral program” of daily activities. The program not only
structures the team participants’ use of available resources
but also provides the framework for the observation and
measurement of a comprehensive range of behaviors.
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Figure 1

The floor plan of the laboratory, and its position within the
surrounding building shell.
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Figure 2

A participant’s sleep area and desk along with storage
drawers, intercom, cathode ray tube (CRT) communication
console, entertainment console, etc.

Figure 3

The opposite view of the same private room showing kitchen
and bathroom-shower combination.
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Figure 4

A representative participant at work on a creative manual
task within a private room.
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The Residential Laboratory Facility

The residential laboratory consists of five rooms and an
interconnecting corridor, and it was constructed within a
wing of The Henry Phipps Psychiatric Clinic at The Johns
Hopkins University School of Medicine. The rooms are
enclosed; they have their own walls and ceilings, but no
windows, although access to an outside terrace can be
granted as a research protocol may permit. The floor plan of
the laboratory and its position within the surrounding build-
ing shell are presented in Figure 1. Each of the three identi-
cal private living quarters (2.6 X 3.4 X 2.4 m) is similar to
a small efficiency apartment. Figure 2 shows a subject’s
sleep area and desk along with storage drawers, intercom,
cathode ray tube (CRT) communication console, entertain-
ment console, etc. The sleep surface, which can be en-
closed by a privacy curtain, is normally covered so that the

Figure 5

One view of the recreation room that contains a complete
kitchen facility along with exercise equipment and games.

Figure 6

The opposite view of the recreation room showing lounge
chairs and the exit door to the perimeter.
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upholstery is exposed only during a sleep period. Figure 3
shows the opposite view of the same room. Shown are the
kitchen and bathroom-shower combination. A door to the
interconnecting corridor is to the left of this view, but on the
right side of the room can be seen an unlocked full-sized
exit door that leads to the perimeter of the laboratory. Fig-
ure 4 shows a representative study participant at work on a
creative manual task in a private room. Figure 5 shows one
view of the recreation area (4.3 x 6.7 x 2.7 m) that
contains a complete kitchen facility along with exercise
equipment and games. Figure 6 shows the opposite view of
the same area that contains lounge chairs and an exit door to
the perimeter. The workshop (2.6 x 4.1 x 2.7 m), pre-
sented in Figure 7, contains operator consoles for the indi-
vidual and team performance tasks. A common bathroom
serves the recreation and workshop areas. In summary, the
programmed environment can accommodate at least three
participants for intensive experimental analyses. More
study subjects could be added to an experimental protocol
by allowing them temporary residence within the recreation
area along with periodic rotations to the privacy of the indi-
vidual quarters when solitary members move to the recrea-
tion area.

The laboratory is “‘programmed” in the sense that its
resources are restricted by design features that electroni-
cally regulate access to storage compartments or to areas
containing supplies necessary to accomplish a given per-
formance unit.

Figure 7

The workshop containing operator consoles for the
individual and team performance tasks.
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The Behavioral Program

To structure the team members’ use of the laboratory’s
resources in a disciplined yet meaningful way, a behavioral
program was developed to establish and maintain individual
and team performance baselines as well as to provide the
context for experimental manipulations of performance in-
teractions during extended residential missions. A behav-
ioral program is defined by (1) an array of activities or
behavioral units and (2) the rules governing the relation-
ships between these activities. Figure 8, for example, illus-
trates diagrammatically (1) the fixed and optional activity
sequences that characterize a typical behavioral program
used to establish baseline performances and (2) an array or
inventory of component activities that constitutes such a
program. Each box within the diagram represents a distinct
behavioral unit and performance requirement, with progres-
sion through the various activities programmed sequentially
from left to right. Finally, all behavioral units are scheduled
on a ‘“contingent” basis which means that access to a suc-
ceeding activity depends upon satisfaction of the require-
ments for the preceding unit.

Beginning at the far left of the diagram, the fixed activ-
ity sequence is composed of all activities between and in-
cluding Health Check (Hy») and Food One (FD1). The
Health Check activity requires the subject to determine his
temperature, pulse, and weight and to complete several
status questionnaires regarding his mood and reactions to
the laboratory environment. He then completes the follow-
ing activities in the order displayed: Physical Exercise (PE),
requiring 300 correct responses on an automated exercise
task; Toilet Operations (TO), providing access to the private
room bathroom and shower; Autogenic Behavior (AB), in
which the subject follows taped relaxation instructions; and
Food One (FD1), in which the subject is permitted to select
two items from a presented list of 10 “light” foods such as
coffee, soup, cereal, etc.

When Food One is completed, the subject is eligible to
select one of two activities: Private Arithmetic Problems
(PAP), requiring 150 solutions of problems presented on a
CRT, or Sleep (SLP), providing access to the bed for an
unlimited time period of at least 30 minutes. If the subject
selects Sleep, he is required to return to the Health Check
activity and the fixed activity sequence at the completion of
Sleep. This is indicated by the broken line originating at
Sleep and terminating at Health Check. In summary, then,
the fixed activity sequence was designed to maintain and
assess the subject’s health if he were otherwise indisposed
to engage in the broader selection of opportunities.

The optional activity sequence begins with the choice
of Private Arithmetic Problems instead of Sleep. At the
completion of that activity, the subject is eligible to select
Group Arithmetic Problems (GAP), in which a subject can
contribute to a performance criterion that must be satisfied
before the group can enter the recreation area. Or the sub-
ject can skip Group Arithmetic Problems and choose one of
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the following two activities: Reading (RD), providing at
least 30 minutes’ access to books contained in a drawer, or
Work Two (WK2), in which the subject completes, in pri-
vate, various problems, experiments, or assembly projects
presented in a drawer. When the selected activity is com-
pleted, the subject is eligible to select one of the following
three activities: Puzzle Assembly (PA), requiring the sub-
ject to assemble a jigsaw puzzle presented in a drawer,
Manual Behavior (MB), providing at least 30 minutes’ ac-
cess to art supplies contained in a drawer, or Requisition
(REQ), allowing the subject to operate a manual task to earn
points that are exchangeable for special privileges. On com-
pletion of the selected activity, the subject is eligible to
select one of the following five activities: Work Three
(WK3), providing access to the workshop, Food Two
(FD2), requiring at least 30 minutes and providing the sub-
ject with a major meal to prepare and consume within his

Figure 8

A diagrammatic representation of the fixed and optional
activity sequences that characterize a typical behavioral
program used to establish baseline performances along with
an array or inventory of component activities that constitutes
such a program.
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private room, Food Three (FD3), providing at least 30 min-
utes in the recreation room by all subjects together, Music
(MU), allowing the subject to earn a cassette tape that can
be played at any time, or Private Games (PG), allowing at
least 30 minutes’ access to an assortment of solitary games
within a drawer. As indicated by the broken line, once a
subject completes his choice among those five activities, he
returns to Health Check and resumes the fixed activity se-
quence. In summary, then, the optional activity sequence
allows the subject flexibility in the selection and arrange-
ment of activities, both individual and social.

At the bottom of the diagram there are two activities
that have different selection rules. The Limited Toilet Oper-
ations (LTO) activity, which provides access to the bath-
room but not the shower, can be selected at any time. The
Communication (COM) activity allows access to the inter-
com for intersubject communications. A subject is permit-
ted to use the intercom to initiate or answer a communica-
tion only if he is between activities within the behavioral
program. Although the Communication activity is available
between any two activities, a conversation requires at least
two subjects’ simultaneous presence within the Communi-
cation activity. Conversing subjects, however, can be lo-
cated at different sequential positions within the behavioral
program. For example, a Communication and conversation
might occur when one subject is between Autogenic Behav-
ior and Food One, and another subject is between Manual
Behavior and the last column of activities.

The behavioral program provides a promising approach
to the problem of structuring the resources available to a
confined microsociety. The functional interdependencies
among activities ensure that performances of value to the
welfare of the individual (e.g., Physical Exercise), to the
welfare of the team (e.g., social recreation), and to the
welfare of a “mission” (e.g., sustained performance effec-
tiveness) occur recurrently over time. These functional in-
terdependencies reflect the ““motivational” properties inher-
ent within successive progressions through the program,
and all incentives to maintain the overall operational status
of the organization can reside within the behavioral sched-
ule itself.

The behavioral program not only structures access to
resources but also makes all corresponding activity units
available for measurement. The boundaries between succes-
sive activities in the program impose rigor on the assess-
ment of individual and group preferences and effectiveness
within those activities. Additionally, the program has the
advantage of providing a comprehensive range of variables
for observation and measurement. For example, at one
level, a subject’s performance on arithmetic calculations
could be assessed (e.g., errors, response latency), and at
another level, a subject’s frequency and duration of progres-
sions through the program could be assessed without regard
to the intensive analysis of component activities composing

Google

such progressions. Moreover, the social status of the micro-
society may be assessed by observing the degree of *‘syn-
chrony” among subjects in the selection and completion of
similar activities at the same time. Observations of subjects’
communication networks along with the frequency, dura-
tion, and quality of dyadic and triadic social episodes would
complement synchrony measures. All these factors, then,
contribute to a method that has considerable and demon-
strated power in the analysis of variables that impact upon
individual and team performances, especially with regard to
the potential interrelationships between the effectiveness of
such performances and other aspects of the work environ-
ment.

Activities and performance requirements can easily be
added to and withdrawn from the behavioral program. For
example, it was desired to replace arithmetic calculations
with a Multiple Task Performance Battery (MTPB) as a
measure of complex human performance. As displayed in
Figure 9, the MTPB is composed of the following five
subtasks that are presented simultaneously to an individual

Figure 9

A photograph of the CRT console displaying the five
subtasks composing the Multiple Task Performance Battery.
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operator: (1) probability monitoring, (2) arithmetic opera-
tions, (3) warning light vigilance, (4) dynamic signal detec-
tion, and (5) target monitoring and recognition®. Accurate
operation of the subtasks produces ‘“‘accuracy points™ that
are cumulatively displayed on the CRT. To “build” this task
into the behavioral program, a CRT console was located in
the workshop in such a way that only one subject could
perform the task at a time, and access to the workshop was
made available between any two adjacent activities in the
program. When a subject completed a work period in the
workshop, he would return to his private quarters and re-
sume the behavioral program at the point of departure. Pri-
vate Arithmetic Problems and GAP were simply withdrawn
from the inventory of activities.

Although performance effectiveness on the MTPB
could be made a condition for access to other “high-value™
activities in the program (e.g., social recreation), a different
incentive could be applied by relating it to a subject’s com-
pensation. The latter approach has been used for recent
investigations in the laboratory. Thus, the intrinsic motiva-
tional properties of the behavioral program provide the con-
text in which external incentives can be applied to obtain a
direct moment-to-moment relationship between perform-
ance effectiveness (e. g., quality and quantity) and its imme-
diate consequence. Such an interplay between incentives
can be dramatically effective in (1) generating and sustain-
ing complex human performances over extended time peri-
ods and in (2) providing the ancillary contextual observa-
tions that make performance changes interpretable in terms
of a functional analysis.

Subjects respond favorably to the programmed environ-
ment and to the behavioral program. With few exceptions,
they report a sense of heightened accomplishment and pro-
ductivity in the use of their time while following the pro-
gram. Although there are clocks present in each room of the
laboratory, the behavioral program is not oriented to spe-
cific time markers, and subjects may drift in wake-sleep
cycles according to their personal dispositions. If sleep dis-
cipline is required, however, the program could anchor the
Sleep activity to a particular time window (e. g., 2300-0600
hours), and remaining time would be filled with other pro-
grammed activities. Such a procedure has been used suc-
cessfully in an investigation that required subjects’ circa-
dian rhythms to be held constant®.

Participants

Well over one hundred male and female volunteers have
participated in the research program to date, and only three
subjects have withdrawn from an experiment before its
scheduled completion. Almost all participants have a col-
lege background, and many are graduates. Acceptance into
the research program follows psychological evaluation and
detailed orientations to the laboratory and to the behavioral
program. The research involves no elements of deception,
and informed consent is an integral component of the orien-
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tation. Unless otherwise noted, the research results to be
summarized herein were based upon analyses of three-man
groups.

Social Factor Effects

Having demonstrated the utility and acceptability of the
behavioral program in a series of six-day to sixteen-day
residential investigations with two and three subjects, we
directed our attention to ten-day analyses of the importance
of social factors as they affect the status of a three-person
microsociety. These analyses examined social contingencies
that required coordination among group members before
access to the recreation area was granted. The results
showed that such contingencies, embedded within the be-
havioral program, could counteract a team’s tendency to
fragment over time®. The contingencies prevented persons
who had little interest in interacting socially from becoming
isolated from the group and, in some cases, from showing a
decline in individual performance effectiveness’. Related
experiments showed the greater reinforcing strength of tri-
adic social episodes over dyadic episodes, and they also
indicated a relationship between social distance in a triad
and time spent in a dyadic situation when social opportuni-
ties were limited to pairs of subjects.®

Taken together, these studies indicated that low group
cohesiveness increased members’ vulnerability to social
fragmentation in the absence of specifically programmed
triadic contingencies of reinforcement designed to promote
productive social interactions among team participants.

Incentive Effects

The preceding investigations were undertaken with in-
centives inherent within the behavioral program (subjects
received a per diem allowance). In the next set of studies,
the interplay between incentives, both internal and external
to the program, was introduced as the means of sustaining
individual and group behavior. These studies were designed
to develop a laboratory model that would allow systematic
exploration of individual and social by-products of avoid-
ance incentive conditions. Under a positive incentive condi-
tion, “work units” (e.g., physical exercise, manual opera-
tions, MTPB performance) were completed by individual
team members, and each such unit added a fixed amount to
a group account that was divided evenly among the three
subjects at the conclusion of the experiment. Under an
avoidance incentive condition, however, no money was
earned, mission members were assigned a daily perform-
ance criterion to satisfy as a team, and failure to reach the
criterion resulted in reductions in accumulated earnings.
The two incentive conditions appeared in various orders and
durations across the series of investigations.




Comparisons between conditions on a number of be-
havioral program measures dramatized the deleterious ef-
fects of the avoidance incentive condition. Disruptive by-
products of that condition included (1) interpersonal
confrontation and antagonism, especially by high-produc-
tivity subjects toward low-productivity subjects, (2) vocifer-
ous written and spoken complaints about the schedule, (3)
written and spoken hostility directed toward the experimen-
ters, and (4) dysphoric feelings®. The impact on perform-
ance effectiveness during the avoidance condition was dem-
onstrated by one team member who refused to work further
on the MTPB when another member fell somewhat behind
in his share of work as agreed upon by team participants .
In contrast, under positive incentive conditions, such dis-
ruptive effects did not occur even when extraordinary per-
formance productivity was observed, and a several-day his-
tory of negative effects could be overcome by reintroducing
the positive condition. These effects emphasized the inter-
action between heterogeneity in work productivity within an
organization and member tolerance and intolerance of such
heterogeneity under different incentive conditions.

The foregoing investigations clearly established social
variables as fundamental contributors to the overall status of
a confined microsociety, and they emphasized the sensitiv-
ity of such variables to a range of experimental manipula-
tions having significance for real life operational conditions.
Throughout such studies, it was observed that mission par-
ticipants sought social interaction under one set of condi-
tions (e.g., triadic social contingencies and positive per-
formance outcomes) and withdrew from such interaction
under other conditions (e.g., pairing social contingencies
and avoidance performance outcomes). Thus, the joining
and leaving of a group by mission participants, under cir-
cumstances encompassing more than a single environmental
condition, appeared to generate social effects that reflected
important dynamic processes requiring systematic experi-
mental analysis.

Extra Person Introduction/Withdrawal

Accordingly, team performance effectiveness studies
were initiated to assess the effects on individual and group
behavior of a novitiate participant’s introduction into and
subsequent withdrawal from a previously established and
stable two-person social system’. The objectives were to
focus upon (1) the social mechanisms and temporal proper-
ties associated with the integration of such a participant into
an established team and (2) sources of group disruption or
cohesiveness fostered by his or her presence. Additionally,
we began to measure changes in level of urinary testosterone
as an endocrinological index of demonstrated sensitivity to
social interaction effects in both animals'"'"*> and humans"*.
This behavioral-biological analysis was used to provide a
more comprehensive assessment of the personal and social
impact generated by the introduction and withdrawal of new
members with an established group .

pigitized by (O SIL)

Urinary testosterone levels were determined by radio-
immunoassay. Following a 72-hour hydrolysis with beta
glucuronidase, the samples were extracted with methylene
chloride. The methylene chloride layer was washed with
water and dilute sodium hydroxide and then evaporated. The
extracts were purified on LH-20 Sephadex columns. Recov-
eries through the procedure were monitored by the addition
of a small amount of tritiated testosterone added to each
sample prior to extraction. The Sephadex column eluates
were evaporated and taken up in RIA buffer. Aliquots were
incubated overnight at 4°C with a testosterone antibody
produced in rabbits. Free and antibody-bound hormone was
separated using Somogyi reagents. Radioactivity measure-
ments were made in a Beckman LS-20 counter. Samples
were assayed in duplicate and corrected for recovery.

The paradigm adopted for experimental analyses of ef-
fects of changes in group size and composition was as fol-
lows. A two-person group resided for ten successive days
within the programmed environment, and the members op-
erated performance tasks for their earnings. During that ten-
day period, a third “novitiate” participant was introduced
into the programmed environment for several successive
days, increasing the group to three members. A typical
“introduction” period with three group members lasted
four days, and it usually began on Day 4 or Day 7 of a ten-
day experiment.

The rule conditions associated with the novitiate’s en-
trance into the group differed across successive investiga-
tions. In some studies, the novitiate received a per diem
allowance and was not required to work for compensation,
although he was permitted to contribute to the performance
tasks that benefited the two established group members. In
other studies, the novitiate was required to work for com-
pensation by competing with the two other group members
for access to the single MTPB console in the workshop.
Finally, there was a series of investigations with both male
and female novitiates and, in some cases, with novitiates
and dyadic members who had previously participated in a
residential study.

In studies where the novitiate’s presence served primar-
ily as additional social stimulation for the established dyad
and as a source of information regarding current events
outside the laboratory, the two-person group initially
showed a resistance to granting the novitiate permission to
work, even when such work would have provided relief
from operating a demanding task. However, as the three-
person condition continued over days, novitiates were ob-
served to contribute to work productivity to a degree that
was almost equivalent to the productivity of the dyadic
members. Since there were no external incentives for a
novitiate’s work in these first introduction studies, these
findings emphasized the influence of social processes alone
in maintaining performance productivity, at least within




these cohesive group situations. Finally, novitiates showed
daily urinary testosterone at the upper and lower boundaries
of the standard range, but the absence of baseline levels
precluded the interpretation that active social processes had
governed such effects.

Transitions between two-person and three-person con-
ditions were not always smooth in groups where the novi-
tiate had to work the MTPB for compensation. When a
novitiate forcefully intruded himself into the dyad’s custom-
ary work schedule, his testosterone levels rose or fell gener-
ally in close relationship with his success or failure, respec-
tively, in gaining and maintaining access to the MTPB
station according to a schedule that was least disruptive to
his wake-sleep cycles, as determined during several base-
line days preceding his introduction into the group. When
sleep discipline was imposed, and when a novitiate was
cooperative in negotiating an orderly sequence of using the
MTPB, there were no notable changes in testosterone ob-
served in any team participant. Finally, when a female novi-
tiate was introduced into a two-man group, wake-sleep cy-
cles and work periods were erratic throughout the
three-person condition. Such effects were associated with
the absence of notable androgen changes, even by a dyadic
member who, as a novitiate in an earlier study, had success-
fully maintained his wake-sleep cycles and had shown a
striking increase in testosterone when he joined the group.

From such an account, principles emerge that can facil-
itate the development of technological guidelines designed
to minimize the disruptive effects of transitions in group
size and organization.

Group Member Replacement

The next series of experiments demonstrated the exten-
sion of the research paradigm from analyses of “introduc-
tion” effects to the analysis of “replacement” effects. That
is, the group size was held constant to evaluate effects of
replacing a member of an established three-person group
with a novitiate participant. These replacement analyses
were systematic replications of the earlier studies. In a re-
search strategy based upon systematic replications, as com-
pared with exact or direct replications, effects of the experi-
mental variable or treatment are demonstrated by affirming
the consequent ', in which case each successive replication
incrementally contributes to an understanding of effects that
can be reliably attributed to the antecedent condition (e.g.,
introductions or replacements). The generality of the behav-
ioral processes is assured by showing similar relationships
across a broad range of circumstances (e.g., subjects, order
and duration of experimental conditions, performance
tasks, group size, etc.). This research strategy, as adopted
by the programmed environment unit, has proved to be most
productive and economical, an important consideration in
light of the expense and staffing effort required to undertake
programmed environment investigations.
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A typical replacement investigation proceeded as fol-
lows. A three-person group resided in the programmed en-
vironment for five successive days. At the end of Day 5, one
person was withdrawn and replaced by a novitiate partici-
pant who, with the remaining two original members,
formed a new group for the next five successive days. Con-
secutive studies differed in terms of (1) the decision rule by
which an original group member was withdrawn, (2) the
number of baseline days that came before group formation,
and (3) the type of performance tasks that the group mem-
bers operated for compensation.

First Replacement Experiment

For the first replacement experiment (REPL 1), three-
person group members resided in their private rooms for a
two-day baseline “‘alone” period. During this time, access
to the intercom, to social activities, and to the MTPB work
station was prohibited. This two-day period provided a nec-
essary hormonal reference against which to assess endo-
crine responses in relationship to initial group formation.
On Day 3, all previously prohibited activities were made
available to the group, and each member was required to
operate the MTPB for individual compensation. As in the
introduction experiments, there was only one MTPB con-
sole located within the workshop, and subjects occupied the
workshop singly on a self-determined rotational basis. This
procedure, then, permitted an evaluation of the manner in
which subjects occupied the work station (e.g., duration of
work periods, time-of-day of work periods, etc.) as one of
the principal dependent variables of the experiment.

At the end of Day 5, the mission member who had
earned the fewest MTPB performance points, totalled
across Days 3-5, was withdrawn from the experiment. This
decision rule was known by the group members before the
experiment began. The novitiate participant entered the pro-
grammed environment on Day 6, which was a solitary base-
line day for all three subjects. On Day 7, the newly formed
team had access to intercom communications, social activi-
ties, and the MTPB work station that continued to be availa-
ble throughout Days 7-10. Thus, the two ten-day partici-
pants were required to adjust to the replacement of an
original member, and the novitiate member was required to
adjust to his entrance into an established unit whose mem-
bers shared a history of having competed successfully to
maintain high levels of performance effectiveness.

Figure 10 presents time of day spent working on the
MTPB for all subjects across successive days of the experi-
ment when access to work was permitted. The novitiate
participant is identified as ‘“S4.” Throughout Days 3-5,
subjects alternated in their occupancy of the work station,
with uninterrupted work periods ranging from 2 hours
(e.g., S1, Day 3) to 9 hours (e.g., S2, Day 4). The lengthy
work period exhibited by S2 on Day 4 was related to his




Figure 10

Time of day spent working on the individual Multiple Task
Performance Battery for all subjects across successive days
of the experiment (REPL 1) when access to work was
permitted.

attempt to remain competitive after having worked only 2
hours on Day 3. When the novitiate (S4) began to work on
Day 7, having replaced S2, he initially preempted the work
station for at least nine uninterrupted hours of MTPB per-
= formance. Other group members were unappreciative of
this intrusion and revealed this by negative interpersonal
ratings assigned to S4 during the Health Check activity.
Thereafter, the novitiate and the remaining group members
alternated occupancy of the work station, with S3’s work
times clearly later in the day than they were during Days 3~
5. Neither the original group nor the re-formed group
showed stability across days of work times. This outcome is
perhaps attributable to the competitive contingencies for
individual compensation that were present throughout all
work days.

Figure 11 shows time of day spent sleeping for all sub-
jects during the experiment. Comparatively stable sleep pat-
terns were exhibited only by S2 who showed uninterrupted
iR : ) sleep episodes beginning between 2400 and 0500 hours

45 789I0 across Days 1-5. During the same five-day period, Subjects
Successive Days 1 and 3 almost always showed erratic sleep episodes that
differed across days in time of day of occurrence, fre-
quency, and duration. Similar erratic patterns persisted dur-
ing Days 6-10 when S2 was replaced by the novitiate (S4).
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Figure 11

Time of day spent sleeping for all subjects across
successive days of the experiment (REPL 1). Bracketed days
[1], [2], and [6] were baseline “alone” days.
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Figure 12

Total urinary testosterone for all subjects across successive
days of the experiment (REPL 1).

REPL-| [ Alone
120 SI

Il Triad

Urinary Testosterone (Micrograms)

Figure 13

Time of day spent working on the individual Multiple Task
Performance Battery for all subjects across successive days
of the experiment (REPL 2) when access to work was
permitted.
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Importantly, the novitiate showed a clear reorientation in his
sleep episodes that persisted throughout Days 7-10. These
latter effects reflect the readjustments that were required by
at least one original group member when the novitiate be-
came a working participant during Days 7-10 of the experi-
ment.

Figure 12 shows total urinary testosterone for all four
subjects. With respect to the original group, S2 showed
testosterone values that were somewhat lower than the other
two participants. Importantly, these comparatively lower
values were evident during the first two baseline days.
When group members commenced working on Day 3, S2’s
values increased somewhat over baseline levels, but they
continued to be lower than the values exhibited by the other
two members across Days 3-5. Significantly, S2 was the
mission member who did not compete successfully to re-
main within the experiment for ten days, and he was with-
drawn at the conclusion of Day 5. Finally, across Days 7-
10, testosterone levels progressively declined for S3 in
relationship to his shift in work and sleep times. This latter
effect confirms the outcomes observed in the introduction
studies, and it demonstrates, by systematic replication, the
generality of the behavioral-biological processes governing
such effects.

Second Replacement Experiment

The experimental design of the second replacement
analysis (REPL 2) was similar to the first with two major
differences. First, the novitiate group member was a female
who had previously participated in an unrelated ten-day res-
idential experiment, and she had almost 60 hours’ practice
on the MTPB. Second, to provide more days for competi-
tion to remain in the experiment and a longer history of
sustained performance effectiveness by two group members
prior to the novitiate’s entrance, no initial baseline was pro-
grammed. The novitiate, then, entered the environment at
the beginning of Day 6, which was a baseline day for all
subjects, with more experience in the laboratory than the
two other group members. Thus, the two ten-day partici-
pants were required to adjust to the replacement of an origi-
nal group member by a person having extensive pro-
grammed environment experience.

Figure 13 presents time of day spent working on the
MTPB for all subjects on days when access to work was
permitted. The novitiate participant is identified as “S4.”
Throughout Days 1-3, subjects alternated occupancy of the
work station in an erratic fashion within and across days,
with work periods lasting from 1 hour (e.g., S1, Day 1) to 8
hours (e.g., S1, Day 3). Subject 3 voluntarily withdrew
from the experiment during Day 3, reasoning that his per-
formance would not result in his participation beyond Day
5. Since the novitiate was not scheduled to appear until Day
6, a baseline day for all subjects, the two remaining subjects
were programmed with baseline days on Days 4 and 5. This




preserved the integrity of the experimental design plan in
relationship to analyses of three-person working groups. In
striking contrast to work times during Days 1-3, work times
during Days 7-10 were orderly and precise. The pattern for
Day 8 is identical to Day 7, and the pattern for Day 10 is
identical to Day 9. Throughout Days 7-10, all subjects oc-
cupied the work station for eight hours each day.

These data show the impact of an experienced person,
who exhibited assertiveness and leadership, on an estab-
lished group whose members had previously competed suc-
cessfully to remain within the experiment. Although the
two-person group followed the suggestions, if not the direc-
tions, of the novitiate, S4 received negative interpersonal
ratings on the Health Check questionnaires.

Figure 14 presents time of day spent sleeping for all
subjects. Although sleep times were perhaps not as erratic
as those in the previous experiment, only S2 showed pat-
terns that were somewhat consistent across all mission days.
Additionally, the novitiate shifted her sleep pattern on Day
8, and thereafter commenced sleep periods in the early
hours (e.g., 1200) of an experimental “day.” Finally, the
stable sleep patterns exhibited by all subjects on Days 9 and
10 corresponded to stable work periods also observed on
those two final mission days.

Third Replacement Experiment

In all previous investigations, the coordination required
of mission participants was reflected in the sequential use of
the work station and in the program synchrony necessary for
subjects to meet together in the recreation room. In the next
replacement investigation (REPL 3), however, a team per-
formance task was introduced into the research protocol that
systematically replicated the preceding analyses with a task
that involved far more stringent coordination requirements.

The team performance task is an expanded version of
the single-operator MTPB that previously served as the pro-
ject’s principal performance assessment tool. The Team
MTPB (TMTPB) involves three operator consoles, each of
which presents the identical display of the five task compo-
nents (see Figures 7 and 9). The parameters of these tasks
were modified to a difficulty level such that the concurrent
inputs of three operators were required to avoid information
overload and to produce maximum performance effective-
ness per unit time. The “team” aspect of the task is re-
flected by the interlocking response demands associated
with the probability monitoring subtask, and it is embedded
within the context of the remaining four individually solv-
able subtasks. The team subtask requires the detection of a

Figure 14

Time of day spent sleeping for all subjects across
successive days of the experiment (REPL 2). Bracketed days
[4], [5], and [6] were baseline “alone” days.
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bias that is recurrently presented on any one or more of the
four probability monitoring scales. To “correct” a bias,
each of the three operators must press the corresponding
“correct” keyboard character within 0.6 second of the first
such keyboard entry. Correction of a bias produces incre-
ments in accuracy points, and a team’s failure to detect and
correct a bias results in subtractions from accumulated
points. The team task, then, requires (1) processing of sym-
bolic information (i.e., the detection of a bias), (2) sharing
information by communications among team members
(e.g., One operator may say ‘“Bias on one. Ready. . .Go.”),
(3) coordination of a response (i.e., three response inputs
within 0.6 second), and (4) sustained vigilance to avoid
loss. This team task reflects the major performance dimen-
sions considered to be crucial to developing methods for
quantitative analyses of the interrelationships between indi-
vidual and team performance effectiveness'.

The ten-day experiment began with a three-man team
whose members were new to the programmed environment
and to the TMTPB. Participants had been acquainted with
the individual MTPB during an orientation session, but ac-
quisition of the TMTPB occurred for the first time on Day 1
of the experiment. For remuneration for participation, the
team operated the TMTPB to a performance ceiling of 5000
accuracy points each day, requiring 6-9 hours of work to
accomplish. The team members decided among themselves
the manner of distributing the performance demands of the
individual and team subtasks.

At the end of Day 5, one of the three original team
members was withdrawn from the experiment. Initial team
members began the study with the understanding that one
participant would be withdrawn, but they were not given the
decision rule by which that choice would be made. At the
beginning of Day 6, then, a novitiate participant was intro-
duced into the programmed environment. To accommodate
this transition, the three participants followed the behavioral
program in their private quarters on Day 6, but without
access to the TMTPB, intercom communications, and so-
cial activities. On Day 7, the novitiate member joined the
team as the replacement participant, and this newly formed
team operated the TMTPB on Days 7-10.

Figure 15 presents time of day spent working by the
team. This figure shows that three or four work periods
occurred each day, and they ranged in duration from two to
five hours. Although the time of day associated with work
periods differed across days, work was not generally ob-
served between 2400 and 0800 hours of a day. Finally, the
pattern of work that the initial team adopted was also ob-
served during the final four days of the study with the re-
formed team.

Figure 16 presents time of day spent sleeping for all
subjects. The novitiate participant is again identified as
“S4. Although the behavioral program was not oriented to
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Figure 15

Time of day spent working on the Team Multiple Task
Performance Battery across successive days of the
experiment (REPL 3).
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time markers, sleep periods were generally stable across
successive days for both original and re-formed teams.
When drift in sleep onset time occurred across days, all
members of a team drifted in concert with each other.

The dynamics of the components of the individual and
team subtasks differed. Figure 17 shows, for example,
points earned on the individual subtasks of the TMTPB
across successive work periods. This figure graphically
shows smooth initial acquisition (Segment 1) and reacquisi-
tion (Segment 2) trends on the individually solvable sub-
tasks. It also shows that the re-formed team exhibited de-
graded performance during the first two work periods of
Segment 2 and that performance reacquisition was more
rapid than was acquisition by the original team. Perform-
ance on the individual subtasks was degraded despite the
presence of two team members who had a combined total of
almost eighty hours’ practice on the TMTPB. That such
performance degradation was not associated with social dis-
ruption was indicated by the absence of negative ratings
toward the novitiate as determined from recurrent Health
Check assessments.




Figure 16

Time of day spent sleeping for all subjects across
successive days of the experiment (REPL 3). Bracketed day
[6] was a baseline “alone” day.
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Figure 17

Points earned on the four individual subtasks of the Team
Multiple Task Performance Battery across successive work

periods.
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Figure 18 shows points earned on the team subtask of
the TMTPB across successive work periods. In contrast to
individual task performance, performance effectiveness on
the team task was erratic, even though a trend toward im-
proved team performance is graphically apparent for initial
(Segment 1) and re-formed (Segment 2) teams.

These observations suggest that improvement in com-
bined individual and team performance effectiveness over
successive work periods was attributable, in large part, to
improvement on the contextual individual subtasks. Addi-
tionally, preliminary analysis shows that improvement on
the team subtask for the original team (Segment 1) was
attributable to a progressive “‘sharpening” of discrimination
in terms of fewer false alarms over successive work periods.
Such was not the case, however, for the re-formed team
(Segment 2). During Days 7-10, whatever improvement
there was on the team subtask was attributable to fewer
missed biases and not to fewer false alarms. Thus, a clear
shift occurred in the operation of the team subtask between
Segments 1 and 2, despite the overall trend toward improved
performance across both segments.

The performance shift observed on the team subtask
between Segments 1 and 2 suggests the involvement of a

more complex process of acquisition and reacquisition than
repeated practice. Such a process might involve “solution
strategy rehearsals” among team members for responsibil-
ity in operating the several subtasks. For example, when the
novitiate joined the team, the two original team members
probably assumed rotational responsibility for monitoring
the team subtask to avoid potential losses while the novitiate
mastered the discrimination. Finally, the prominent involve-
ment of such rehearsals and rotations is further indicated by
the fact that progressive improvement in overall perform-
ance effectiveness was attributable, for the most part, to
improvement between successive work periods rather than
to improvement within work periods.

Much more needs to be learned about those strategies
and rotations and their dynamic interplay with individual
and team performance effectiveness. Against the back-
ground of the introduction analyses that showed an estab-
lished team’s resistance to accepting a novitiate’s work, the
present study shows that a novitiate’s lack of skill on a task
can perhaps be masked by experienced team members who
are unwilling to tolerate even a temporary degradation in

Figure 18

Points earned on the team subtask of the Team Multiple
Task Performance Battery across successive work periods.
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overall team performance effectiveness. The penalty of such
a strategy lies in the constraints on redundancy of skills that
could result in even more drastically degraded perform-
ances under conditions of further replacements of the origi-
nal team members. With quantitative (i.e., computer as-
sisted) means of assessing the moment-to-moment
performances of team members, the relative contributions
of individual member performance to the terminal steady-
state of the system could be characterized. At the very least,
such a characterization would suggest intervention guide-
lines or pre-training schedules that would ensure the most
effective balance between individual and team performance
effectiveness and subtask proficiency under the various con-
ditions of membership turnover.

Conclusions

The objectives of this research project on individual
and team performance effectiveness have been the develop-
ment of principles and procedures relevant to the selection
and training of mission personnel. The research findings
were based upon the investigation of preventive monitoring
and corrective procedures to enhance mission performance
effectiveness and upon the evaluation of countermeasures to
the potentially disruptive effects of high-demand and stress-
ful performance, interpersonal, and physical environments.
Initial research activities were directed toward the design
and development of an experimental microsociety environ-
ment for continuous residence by three-person groups of
human volunteers over extended time periods. The environ-
mental conditions provided for programmable performance
and recreational opportunities within the context of a bio-
logically and behaviorally supportive setting. Studies were
then undertaken to analyze experimentally (1) conditions
that sustain group cohesion and productivity and that pre-
vent social fragmentation and individual performance dete-
rioration, (2) motivational effects produced by the pro-
grammed incentives maintaining individual and team
performance requirements, and (3) behavioral and biologi-
cal effects resulting from changes in team size and composi-
tion. The significance of these investigative endeavors is to
be understood in terms of emergent motivational, social-
interaction, and group composition principles having practi-
cal relevance to the establishment and maintenance of oper-
ational mission performance effectiveness.

In this latter regard, the results obtained from these
small-group studies clearly established the applicability and
generality of behavioral technologies and methodologies to
the experimental analysis of individual and team perform-
ances within the context of a human microsociety. Addition-
ally, behavioral programming techniques were demonstra-
bly effective in generating and maintaining such individual
and group performances for unobtrusive monitoring and

pigitized by (3O wgl€

measurement with precision and regularity over time. Fur-
thermore, the interplay between incentives both internal and
external to the program provided the occasion for observa-
tions of performance in relationship to realistic incentive
schedules. Contingency management principles, along with
the technological guidelines that provided the basis for de-
sign and development of the programmed microsociety en-
vironment, were shown to be capable of sustaining individ-
ual and team performance effectiveness and group cohesion
without notable biological or behavioral disruption under
conditions of spatial restriction, social separation, enforced
intimacy, and high performance requirements.

More specifically, the results of these studies showed
that both individual and group productivity can be enhanced
under confined microsociety conditions by contingency
management principles applied to designated ‘“‘high-value”
component tasks embedded within the overall performance
program. Similarly, group cohesiveness can be promoted,
and individual social isolation and/or alienation (i.e., group
fragmentation) can be prevented by the application of con-
tingency management principles to social-interaction seg-
ments of the performance program.

Conditions that were found to result in progressive de-
terioration of individual and team performance effective-
ness included aversive programming contingencies such as
loss of accumulated earnings. The by-products of aversive
schedules that emerged under such circumstances were
found to be detectable and quantifiable in measures of
verbal performance (e.g., behavioral program ratings),
interpersonal performance (e.g., verbal confrontation and
aggression), work performance (e.g., diminished produc-
tivity), and team morale (e.g., irritability and dysphoric
mood). In contrast, positive incentive schedules effectively
counteracted the disruptive consequences of aversive con-
tingencies while at the same time supporting high work
productivity free from negative side-effects.

Related research results emphasized the prominent in-
volvement of behavioral and biological processes that were
functionally related to adjustments and reactions when
changes occurred in group size and team composition. The
experimental analysis of such “introduction” and “replace-
ment” effects emphasized the critical importance of provid-
ing a structured transition in the form of orientation and
training regimens for both novitiate and established team
participants to minimize potentially disruptive effects of
altering the interpersonal and social dynamics of a micro-
society.

The development of the Team Multiple Task Perform-
ance Battery (TMTPB) opened an important dimension to
the research program. By imposing task requirements in-
volving coordinated responses among team members, the
analysis of the dynamic interplay between individual and
team performance effectiveness was initiated within the
context of ongoing “replacement” investigations. For ex-
ample, it was found that the replacement of an established
team member by a novitiate participant resulted in degraded
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performance on the individual subtasks of the TMTPB and
in a shift in the operation of the team subtask itself. These
findings suggest that a novitiate’s lack of experience and
skill on critical aspects of a task requiring coordination
could be masked by experienced team participants who
were perhaps unwilling to tolerate even a temporary degra-
dation in overall team performance effectiveness. By devel-
oping methods to detect and quantify the relative contribu-
tions of individual members to the operation of the team
task, intervention guidelines or pre-training schedules could
be investigated that would ensure the most effective balance
between individual and team performance effectiveness and
subtask competency under the various conditions of mem-
bership turnover.
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The study of decision making is shared by many disci-
plines, from mathematics to sociology. The normative anal-
ysis of decisions is anchored in game theory, statistics and
economics; it is concerned with the rules that a decision
maker must follow to optimize the expected consequences
of actions taken under uncertainty and to ensure the coher-
ence of beliefs and preferences. The normative analysis
considers an idealized decision maker, who extracts all the
information contained in available evidence, has a coherent
set of values, and is able to find the course of action that
maximizes expected utility. The psychological analysis of
decision making, in contrast, is descriptive in intent: it is
concerned with an analysis of people’s beliefs and prefer-
ences as they are, not as they should be. Indeed, the study of
the many ways in which people violate the rules of rational
choice is an active focus of this research.'*’

The normative and descriptive analyses jointly provide
the foundations of an emerging line of research and applica-
tion, which may be called the human engineering of deci-
sions. The aim of human engineering is to aid in the design
of systems that use the abilities of human operators to good
effect, but also offer as much protection as possible against
the characteristic weaknesses of these operators. Principles
of human engineering have been applied successfully to the
design of physical devices such as cockpits, computer ter-
minals and sewing machines. The same approach is also
applicable to abstract products such as computer languages
or procedures for the making of decisions. A prerequisite to
a systematic attempt to improve the decision making proce-
dures of individuals and organizations is a detailed study of
the relevant characteristics of the people who will apply
these procedures. We briefly discuss here two lines of re-
search that have implications for the human engineering of
decision making: studies of predictions and beliefs about
uncertain events and studies of preferences in choices be-
tween risky prospects.

20

Naval Research Reviews

o=ty (GOOGIR

Predictions and Evaluations of
Probability

Many decisions depend on intuitive judgments and pre-
dictions about uncertain events such as the guilt of a defend-
ant, the quality of a team, or the resolve of an opponent.
There are important similarities between such intuitive
judgments and the perception of the size or distance of seen
objects. Like perception, intuitive judgment is not a deliber-
ate activity; there is little voluntary control of it. Judgment
and perception are both affected by cues of imperfect valid-
ity, which yield valuable information but also produce char-
acteristic errors. For example, the apparent distance of an
object is determined in part by its clarity. This cue has some
validity because in any given scene the more distant objects
are seen less sharply than nearer objects, but reliance on
clarity inevitably produces overestimates of distance when
visibility is poor and underestimates when visibility is ex-
ceptionally good. The cues that determined judgements of
probability have similar effects. Finally, there are in judg-
ment as well as in perception illusions that remain compel-
ling even when the observer knows the true state of affairs.

For an example of a judgmental illusion, consider an
individual, who was described by a former neighbor as
follows: “Steve is very shy and withdrawn, invariably help-
ful, but with little interest in people, or in the world of
reality. A meek and tidy soul, he has a need for order and
structure and a passion for detail.” Now rank the probabili-
ties of several occupations in which Steve could be engaged
(e.g., farmer, salesman, airline pilot, librarian). There is in
fact no correct way to perform this task without additional
information about the procedure by which Steve was se-
lected and the reliability of the neighbor’s description.




However, intuition leaps forward unhindered by such con-
siderations. Most readers of this description report a com-
pelling impression that Steve is more likely to be a librarian
than either a farmer or an airline pilot. This judment is
dominated by the relative similarity of the personality de-
scription to the different professional stereotypes. Very few
readers spontaneously bring to mind a critically important
fact: that there are in the population of men many more
farmers than librarians. The strong intuition that Steve
“must be” a librarian qualifies as a genuine judgmental
illusion because it resists such reminders of contrary argu-
ments. The example illustrates a feature of intuitive judg-
ment that has been amply documented by formal research:
intuitive predictions tend to be dominated by the specific
features of the individual case, and relevant statistical con-
siderations are often neglected. In particular, predictions are
insufficiently sensitive to the quality and reliability of the
information on which they are based, and to the prior proba-
bilities of possible outcomes.

Related biases are observed when people predict by
making a “best guess’’ of the value of an uncertain quantity,
such as the sales of a product or the time required to com-
plete a project. The context of planning is especially rich in
examples of intuitive judgments that ignore relevant statisti-
cal considerations. In the most extreme form of this phe-
nomenon, a case is treated as unique although it belongs to a
class about which the individual has considerable knowl-
edge. Scientists and writers, for example, are notoriously
prone to underestimate the time required to complete a pro-
ject, even when they have much experience of past failures
to live up to planned schedules. A similar bias has been
documented in engineers’ estimates of the completion time
for repairs of power stations. This planning fallacy does not
appear to reflect only wishful thinking, and it occurs even
when underestimation of duration or cost is actually penal-
ized. It is a consequence of adopting an internal approach to
planning and prediction, which focuses on the specifics of
the problem and attempts to anticipate the details of future
events. In contrast, an external approach treats each prob-
lem of planning or forecasting as a member of a class of
similar problems. For example, an attempt to forecast the
duration or cost of a project should probably be based on a
study of the delays and cost overruns for similar projects,
quite independently of any attempt to divine the unplanned
circumstances that might affect the project at hand. An
external approach to such a question suggests some charac-
teristic questions: how long do similar projects last? how
accurate are the estimates of planners? does the current
project differ from others in ways that may affect its dura-
tion, or the accuracy of planners’ estimates? In contrast, the
characterisitc internal question is: what are the specific dif-
ficulties that are likely to arise in this particular project?
Although the internal approach is useful, it often yields
predictions of future events that fall outside the range of
previous observations. Such predictions are prone to be
wrong.
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Even when the pitfalls of a purely internal approach are
avoided by relating the case at hand to a distribution of
similar cases, intuitive predictions are often more extreme
than the evidence justifies. This error of non-regressive pre-
diction arises when people match their predictions of future
outcomes to their current impressions. It appears natural to
predict that a candidate who makes a very favorable impres-
sion in a personnel interview will do equally well on the
job, but such a mode or prediction is unsound. The correct
regressive prediction is that the individual’s performance on
the job will be closer to the overall average and less remark-
able than the current impression. A non-regressive predic-
tion would only be justified if outcome measures were
equally likely to depart in either direction from current
impressions. In fact, although there are instances in which
the outcome precisely matches one’s immediate impression,
and some in which it is even more extreme, the more fre-
quent result is a regression of outcomes toward less extreme
values.

Studies of Preferences

Many significant phenomena of choice can be studied
by asking people for their preferences between simple gam-
bles with specified probabilities of winning or losing speci-
fied sums of money. The answers to hypothetical questions
often reveal rules that also govern choices in realistic situa-
tions, where the stakes are both significant and poorly de-
fined, and where the uncertainties cannot be quantified as
neatly as a draw from a chance urn.*’

The following question, for example, elicits in most
people a risk-averse preference for a sure gain over a larger
gain that is merely probable:

Which would you rather have:
A. A 85% chance to win $100
B. A sure gain of $80

A large majority of people prefer the sure gain of $80,
although the actuarial expectation of the gamble is higher, at
$85. Risk aversion in the domain of gains is a well-known
effect, which helps explain why the bank rate is generally
lower than the average return on speculative investments.
Because they eliminate the risk and the uncertainty that
people dislike, bonds and savings accounts are competitive
even when their rate of return is relatively low.

The following question illustrates a phenomenon that is
not as well known, although it appears to be equally robust:
risk-seeking preferences in the domain of losses.

If you had to choose between the following options,
what would you prefer?

C. A 85% chance to lose $100
D. A sure loss of $80

Here most people prefer the gamble over the sure loss,
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although the monetary expectation of the gamble (— $85) is
lower than a loss of $80.

We have studied people’s preferences in a large number
of problems, involving choices between two gambles or
between a gamble and a sure gain or loss. The results were
well described by a formal theory, which we labeled pros-
pect theory.* The theory distinguishes two phases in the
choice process: an initial phase in which the acts, outcomes
and contingencies are “framed,” and a subsequent phase of
evaluation. We shall discuss the two phases in reverse order,
beginning with evaluation. Consider a prospect that yields
outcome x with probability p and the status quo with proba-
bility 1 —p. The theory associates values v(.) with out-
comes, and decision weights 7 (.) with probabilities, such
that the overall value of the prospect equals n(p)v(x).

Prospect theory assumes that a gamble is evaluated in
terms of the gains and losses that are directly associated
with it. As we shall see, this seemingly reasonable mode of
evaluation leads to severe difficulties because there are often
several ways of framing the same consequences. The theory
defines gains and losses in relation to a neutral outcome or
state, which is assigned a value of zero. Although subjective
values differ among individuals and among attributes, we
have proposed that the value function is commonly S-
shaped, as illustrated in Figure 1. For example, the differ-
ence in subjective value between gains of $10 and $20 is
greater than the subjective difference between $110 and
$120. The same relation between value differences holds
for the corresponding losses. Another property of the value
function is that the response to losses is more extreme than
the response to gains: the displeasure associated with losing
a sum of money is greater than the pleasure associated with
winning the same amount.

Consider a gamble that offers a gain of $100 with prob-
ability p. The values of the two possible outcomes associ-
ated with this prospect are v(0) and v(100), and the value of
the gamble must be contained between these extremes. How
does the value of the gamble vary with the probability of
winning? The answer depends on the decision weight Tt (p)
associated with the probability p. It is commonly agreed
that the rules of rational choice require the value of the
prospect to be proportional to p. For a rational decision
maker, then, the decision weight & (p) is simply equal to p.
It is intuitively obvious, however, that the difference be-
tween certainty and a probability of .99, or between impos-
sibility and a low probability of .001, loom much larger
than comparable differences in the intermediate range of
probability. The qualitative properties of decision weights
are illustrated in Figure 2. Small probabilities are over-
weighted, but intermediate and high probabilities are rela-
tively underweighted. The latter effect is more pronounced
than the former, sothat © (p) + ©= (1 — p) < 1.

We commented earlier on the prevalence of risk-averse
preferences in the domain of gains and of risk-seeking pref-
erences in the domain of losses. When the choice is between
a sure consequence (gain or loss) and a more extreme one
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Figure 1

A hypothetical value function.
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A hypothetical weighting function.
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that is merely probable, the uncertain outcome is relatively
underweighted (see Figure 2) and the discrepancy between
the outcomes is evaluated in a relatively shallow region of
the value function (see Figure 1). Both effects enhance the
relative attractiveness of a sure gain over a larger but risky
gain, and therefore contribute to risk aversion. The same
factors also increase the relative aversiveness of a sure loss,
and thereby support risk-seeking preferences for gambles in
the domain of losses. It should be noted, however, that the
pattern of risk aversion in gains and risk seeking in losses is
prevalent only in choices between sure things and gambles




with substantial probabilities of winning and losing. The
pattern is often reversed when the probabilities are small:
the purchase of lottery tickets represents risk seeking in the
domain of gains and the purchase of insurance represents
risk aversion in the domain of losses. The overweighting of
small probabilities (see Figure 2) increases both the attrac-
tiveness of the lottery ticket and the aversiveness of the risk
for which insurance is offered.

Framing Effects

We shall now illustrate how the choices described by
prospect theory violate normative rules of rational decision.
The demonstrations have the following general form: we
construct alternative versions of a choice problem, which
most people recognize as essentially identical, but which
nevertheless yield different preferences when evaluated by
the rules of prospect theory. We call such reversals of pref-
erence framing effects.*

Our first example illustrates the effect of describing the
outcomes of an action as gains or as losses.

Imagine that the U.S. is preparing for the outbreak of
an unusual Asian disease, which is expected to kill 600
people. Two alternative programs to combat the disease
have been proposed. Assume that the exact scientific
estimate of the consequences of the programs are as
follows:

If Program A is adopted, 200 people will be saved.

If Program B is adopted, there is ¥4 probability that 600
people will be saved and 25 probability that no people
will be saved.

Which of the two programs would you favor?

The majority choice in this problem is risk averse: the pros-
pect of certainly saving 200 lives is more attractive than a
risky prospect of equal expected value. Now consider an-
other version of the problem, in which the same cover story
is followed by new descriptions of the consequences of the
two options:

If Program A’ is adopted, 400 people will die.

If Program B’ is adopted, there is %3 probability that

nobody will die, and % probability that 600 people will

die.
In this version, a large majority of respondents exhibit a risk
seeking preference for option B’ over A'. It is readily seen,
however, that the two problems are equivalent, and that they
differ only in the location of an implicit reference point. In
the first version, the consequences of the programs are for-
mulated as gains (lives saved) relative to reference state in
which 600 persons die. The second version expresses the
same consequences as to losses relative to a state in which
no one dies.
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Many different problems of the same general form have
been presented to thousands of respondents. The problems
concerned money (sometimes real choices among gambles
for significant stakes), hours of pain, years of post-treat-
ment survival, and human lives. The populations of respon-
dents varied in sophistication, from naive undergraduates to
public health experts and decision analysts. The framing
effect has proved to be extraordinarily robust; in all prob-
lems people are risk seeking in the version concerned with
losses and risk averse when they consider the same options
as gains relative to another reference point.

Two important conclusions can be drawn from these
findings. The first is that people do not easily penetrate
beyond the surface in interpreting choice problems and do
not recognize the identity of problems that are in fact equiv-
alent. As a result, preferences tend to be dominated by the
terms in which the outcomes are initially described and can
be altered by inconsequential variations in the formulation
of problems. This weakness is noteworthy because in other
contexts people spontaneously recode messages in an ab-
stract form, so that, for example, we may not recollect after
a few seconds whether we were told that “Mary kicked
John” or that “John was kicked by Mary.” The second con-
clusion from the demonstrations of framing effects is that
only a comprehensive description of outcomes can provide
for a coherent system of preferences because only such a
description is unique, and therefore resistant to framing.
When a more restricted perspective is adopted, variations of
reference points will cause the same effective consequences
to be evaluated in different regions of the value function (see
Figure 1), and inevitably produce inconsistencies.

Framing effects can be used in a similar vein to demon-
strate that the use of decision weights (see Figure 2) also
leads to inconsistencies. For example, consider protective
actions that reduce or eliminate the probability of a hazard
at some cost. The shape of the m function in the range of low
probabilities suggests that a protective action which reduces
the probability of a harm from 1 percent to zero will be
valued more highly than an action that reduces the probabil-
ity of the same harm from 2 percent to 1 percent. However,
there are many situations that can be framed in both ways.
For example, an insurance policy that covers fire but not
flood could be evaluated either as full protection against the
specific risk of fire or as a reduction in the overall probabil-
ity of property loss. There is evidence to suggest that insur-
ance will appear more valuable in the former framing than
in the latter, although such a difference cannot be justified.

The most interesting framing effects are produced by
the spontaneous coding of situations, rather than by the
passive acceptance of the verbal formulation of a problem.
Consider the following problem:*

Imagine yourself on your way to a play with a pair of
tickets for which you have paid $40. On entering the
theater you discover that you have lost the tickets.
Would you pay $40 for another pair of tickets? Now
imagine that you are on your way to the same play
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without having bought tickets. On entering the theater
you discover that you have lost $40 in cash. Would you
now buy tickets to the play?

The two situations are objectively identical: in both cases
you are poorer by $40 than you were earlier, and you face
the same decision of whether or not to pay $40 to see the
play. However, most people report that they would be more
likely to buy tickets if they lost the cash than if they had lost
tickets, perhaps because they feel in the latter case that they
spend $80 to buy tickets that are worth only $40. It is
difficult to find rational justification for such framing ef-
fects.

Observations of the type that we have sketched here
define specific challenges for the human engineering of de-
cisions. Because many important decisions depend on intui-
tive judgments of probability, it is necessary to devise train-
ing procedures and decision aids that will counteract
predictable biases of such judgments. It is also necessary to
protect decision makers against framing effects, and against
the distortions induced by the peculiarities of the value func-
tion and of decision weights.
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The human listener possesses a remarkable ability to
make sense out of multiple and diverse arrays of acoustic
information. At any particular instant the complex acoustic
waveform arriving at the ear will likely contain information
about a variety of individual sound sources as well as back-
ground noise. Despite this, the experienced listener per-
ceives sounds from each of the separate sources individually
(e.g., the dog barking, a Bach cantata, the telephone ring-
ing) rather than as a nonsensical hodgepodge. Albert
Bregman, a perceptual scientist at McGill University, has
referred to this ability—the act of sorting our perceived
acoustic world into separate sources—as auditory stream-
ing.' He has argued convincingly that people are specialized
for hearing acoustic sources, not acoustic components. The
complexity of the perceptual processes which underlie this
ability has been underscored by the difficulties encountered
in the Defense Advanced Research Projects Agency project
to develop automatic classifiers for speech.?

This impressive human pattern recognition ability has
been exploited in a number of Navy applications which
involve acoustic signal processing. In both passive sonar
and ship silencing operations, complex acoustic data are
analyzed for their tactical significance. In passive sonar,
sounds from the underwater environment are recorded on
hydrophones, processed, and presented on either visual or
acoustic displays. Both long-duration steady state and brief-
duration transient signals occur from a variety of sources as
illustrated in Figure 1. The task of the sonar operator in this
context is to distinguish the sources of radiated noise from
each other as well as from the background of ambient and
platform-generated noise. Ultimately, the identity (friend or
foe?) and intention (threat?) of these noise sources must be
determined. The ability of experienced sonar technicians to
make these decisions is legendary. In ship silencing, the
objective is to reduce the radiated noise produced by a ship
not only in magnitude but also in detectability/classifiabil-
ity. Unwanted sources of noise must be identified and elimi-
nated to reduce the vulnerability of the vessel to early detec-
tion by enemy sonar. The sonar and the ship silencing
problems represent opposite sides of the same perceptual
coin. On the passive sonar side, one searches for cues to
facilitate detection and classification whereas on the ship
silencing side such cues are eliminated to make detection
and classification difficult.

Despite the significance of the auditory recognition
problem, surprisingly little research has investigated the
ability of human listeners to identify complex nonspeech
sounds. In the present paper, we summarize some of our
recent research which has investigated the perceptual proc-
esses that underlie auditory pattern recognition.




Contributions of Human Auditory
Research

We live in an age of technology—an age of ever-increas-
ing automation. A natural question to pose in this context is
“why study basic human perceptual capabilities when the
human is likely to be automated out of the system?” After
all, intelligent, knowledge-based computers are reliable,
adaptable systems which are especially well-suited to tedi-
ous surveillance and monitoring tasks. In our view, the an-
swer to this pragmatic question lies in recognizing the value
of basic human research to the automation development
effort. Few current pattern recognition systems are fully
automated. Rather, most systems incorporate some combi-
nation of human operator and intelligent computer in an
interactive environment. An optimized system will achieve
a division of labor which is best suited to the capabilities of
both the human and the computer.

Basic perceptual research can contribute to this in two
ways. First, once the processes which underlie the human’s

listening capability are understood, preprocessing perform-
ance aids can be developed to facilitate the operator’s task.
Second, in many cases the very design of intelligent, auto-
mated systems depends in some way on understanding how
a human performs the task. For example, H. Penny Nii and
Edward Feigenbaum of Stanford University have developed
an intelligent, knowledge-based expert system called HASP
(SU/X in its earlier versions), for use in machine-aided
interpretation of data from an extensive underwater surveil-
lance system.*® The system is based on the HEARSAY-II
speech understanding system® and is designed to identify
and track multiple ship targets by monitoring spectral data
over time—much as a sonar analyst monitors a sonogram
display. Nii and Feigenbaum have argued convincingly that
traditional statistical signal processing methods are ineffec-
tive in this complex environment; what is critical is that the
system has a knowledge base or level-of-expertise similar to
that of the experienced human technician. Given this exper-
tise, the HASP system can use some of the rules or heuris-
tics employed by experienced analysts in data interpretation.

Figure 1

Schematic representation of various sounds in the ocean
(reference 3).

ROAR

PITTER-PATTER

PONG(1)
>> GROAN @E'\}“ \ v
- s
. BLEEP

ol
"?ﬁ &S"UM
Pirrep .y ONGI2) " MBLE
- PiNg ATTER BEER AN
__PONG(T) G PONG(3)
| L Roay
PING, |/ & |
\ \\\‘\: 4 ) (
.V e t
__PONG(2)

Google

One / 1984 27



Figure 2

Hierarchy of interpretation levels for underwater sounds.
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As in other expert systems, the knowledge base for this
system was developed through an extensive analysis of the
procedures followed by expert human technicians. HASP
has achieved impressive success with large amounts of real
data at poor signal-to-noise ratios. In its current implemen-
tation, the raw data input to the system—equivalent to sono-
gram lines and line parameters—are encoded by human op-
erators for input to HASP. Basic research such as that
described below will be of use in developing fully- or parti-
ally- automated systems for sonar analysis.

Auditory Perceptual Processes

Our approach is based on the assumption that both
bottom-upward or data-driven and top-down or knowledge-
driven processes are important in the perception of complex
nonspeech sounds. Bottom-up processing is based exclu-
sively on the information available in the acoustic wave-
form. Specific cues or features are present which suggest a
particular category or source event. In contrast, top-down
processing occurs when the perceiver uses prior knowledge
to generate expectancies of what is likely to occur. This
information is not available in the signal itself, but is applied
by the perceiver in interpretation. Figure 2 illustrates bot-
tom-up and top-down processing as it occurs in the HASP
system. Several levels of interpretation are proposed which
range from low-level spectral line parameters to high-level
multi-ship configurations. Bottom-up processing proceeds
up through the interpretation hierarchy (i.e., certain line
parameters imply particular harmonics which imply source
events, etc.), whereas top-down processing proceeds from
higher to lower levels (i.e., the expectation that a particular
ship was present suggests that particular sources and har-
monics exist).

The most convincing evidence that human auditory
perception involves both bottom-up and top-down process-
ing is found in the speech perception literature. Logically,
the “raw data” or specific sounds in continuous speech are
not sufficient to account for language understanding since
the “raw” input is neither complete nor unambiguous.
Rather, the listener must rely on prior knowledge of the
proper ordering (syntax) and the meaning (semantics) of the
words in the utterance. Those elements that can be inter-
preted unambiguously provide constraints to facilitate the
interpretation of other elements. It is common for people to
“hear” missing words or to ‘“‘correct” mispronounced
words when they occur in continuous speech. Many recent
studies have demonstrated that listeners use a number of
knowledge sources in speech perception ranging from fairly
specific item-to-item syntactic constraints to global seman-
tic considerations such as the theme or title of a story. Two
speech scientists, Ronald Cole and Jola Jakimik, have re-
cently concluded that ““it is not only what we hear that tells
us what we know; what we know tells us what we hear.”’




The results of a number of our recent experiments have led
us to conclude that much the same thing occurs in the per-
ception of complex nonspeech sounds.

We have examined sounds which share properties with
two broad classes of natural and ship-produced underwater
signals. First, we studied the perception of steady-state sig-
nals which reflect the radiated background noise of normal
ship operations. The broadband hydrodynamic sounds pro-
duced by cavitating propellers are representative of this cat-
egory. Second, we investigated human processing of a large
class of nonsteady-state sounds produced by relatively brief-
duration mechanical events such as hatch closings or pump
operation. Events of this latter type generate acoustic tran-
sients. Current automatic signal-processing devices have
limited utility for classification of transients, and brief-dura-
tion signals are not easily depicted on visual displays.

Our research has shown that bottom-up processes are
particularly important in the perception of steady-state
sounds whereas top-down processes are especially signifi-
cant for the perception of most acoustic transients. The long
duration of steady-state sounds provides ample cue redun-
dancy and sufficient time for feature analyses. In contrast,
transient signals are often too brief to permit an extensive
analysis of their perceptual features. Furthermore, acoustic
transients frequently occur in temporal succession forming
more complex transient patterns. Since these patterns mir-
ror the physical events which produced them, the order of
transient components within a pattern is not arbitrary, but
reflects the temporal structure of the generating events. Al-
though the temporal structure in patterns of this sort is
clearly less rigid and well specified than the syntax of lan-
guage, a consistent temporal structure exists. Our research
has indicated that listeners will make use of prior knowledge
of this structure when classifying patterns of complex envi-
ronmental transients.

To summarize, while bottom-up processing is obvi-
ously important in the perception of both steady-state and
transient signals, considerable top-down processing can and
does occur when listeners perceive transient patterns. Some
of the evidence which supports these conclusions is summa-
rized in the following sections.

Bottom-up Processing

Many bottom-up theories of auditory pattern recogni-
tion assume that early in processing a signal is broken down
into a set of elementary properties or perceptual features. In
bottom-up processing, these features form the basic build-
ing blocks of auditory recognition. A major problem, there-
fore, is to identify the features used by listeners in the bot-
tom-up processing of a particular sound or set of sounds.
However, since the feature extraction processes are not di-
rectly observable, the features can only be inferred from
performance data.

We have employed multidimensional scaling techniques
to identify the features used by listeners in processing sets of
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complex sounds. In one experiment, we examined sixteen
simulated engine sounds which varied along four physical
characteristics. Listeners were presented with all possible
pairs of these signals and were asked to evaluate the degree
of similarity of each pair. The resulting matrix of similarity
judgments was then analyzed using multidimensional scal-
ing. The outcome of this analysis is a decomposition-of the
perceptual data into a set of orthogonal dimensions with
each signal represented as a point in the dimensional space.
The dimensions spanning this space are interpretable as the
perceptual features used by the listeners in bottom-up proc-
essing. Our scaling results suggested that listeners used
three perceptual features to compare the engine sounds.®
Furthermore, a systematic correspondence was observed
between these perceptual features and some physical pro-
perties of the signals which would enable the potential con-
fusability or distinctiveness of particular sounds to be pre-
dicted. In addition, entire sets of complex sounds can be
depicted in the perceptual space to achieve economy of
representation for classification training. This is illustrated
in the three-dimensional plot of sixteen diesel engine sounds
in Figure 3.

In a second experiment, we applied this method to a set
of common background and radiated passive sonar signals.’
A multidimensional scaling analysis of the data revealed a
two-dimensional perceptual feature space for the sounds.
Furthermore, when these perceptual features were com-
pared to a physical analysis of the signals, it was found that
listeners were using the overall shape of the low-resolution
spectra, as well as the presence or absence of a low-fre-
quency periodicity as cues. Hence, both frequency and time
domain cues were used. These psychological dimensions
have been verified by Mackie and his colleagues with a
group of experienced watch-standers as listeners. '

Feature extraction involves information reduction;
some information in a sound is retained, whereas other
information is discarded. Ideally, the set of features should
uniquely specify each sound, enhancing perceptually im-
portant differences while reducing or eliminating perceptu-
ally unimportant differences. Another issue we have ad-
dressed concerns the selection of features for signal
comparison. How are the elementary units of comparison—
the features—determined?

Our subsequent research has indicated that the human
internalized a set of rules and criteria for feature selection
rather than established a set of finely-tuned feature detec-
tors.'""? These rules enabled the listener to determine what
the comparison features should be in any particular listening
context. In other words, for complex sounds features are not
absolute, but depend on the signal context. We specified a
quantitative model to predict the acoustic features which
listeners use in the bottom-up processing of complex
sounds. In the model, an initial low-resolution spectral anal-
ysis is carried out on the time-domain sounds. A second
transformation then extracts the set of comparison features
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Figure 3

Three-dimensional psychological space for 16 diesel engine
sounds.
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which account for as much of the variability among the
spectral representations of the comparison signals as possi-
ble. This model accounted for the features employed by
listeners in comparing a number of steady-state complex
sounds.” The perceptual features extracted in bottom-up
processing can be estimated with this model for steady-state
sounds in many listening contexts. Once the important fea-
tures are known for a set of sounds the specific confusions
likely to be made in classification can be predicted. We have
demonstrated the effectiveness of the model in a study in-
volving the classification of simulated propeller cavitation
sounds.” Once the significant psychological dimensions
and their physical correlates have been identified, the
results can be employed to write algorithms for pre-proces-
sors, to improve the selection and training of listeners, to
identify those aspects of platform-generated noise that are
readily interpreted by human listeners, and to develop and
modify algorithms for automatic target classification sys-
tems.

Top-down Processing

Top-down or knowledge-driven processes play a critical
role in the perception of acoustic transients. We have con-
ducted a number of experiments to investigate the role of
both knowledge of temporal structure (i.e., syntactic knowl-
edge) and knowledge of the source events (i.e., semantic
knowledge) in two-alternative (target/nontarget) classifica-
tion of transient patterns.'*" Our findings have shown that
both factors can play an important role in the classification
of such patterns.

The importance of temporal structure was demonstrated
in an experiment where listeners classified tonal patterns.
Listeners who categorized a temporally structured target set
performed better than those who heard a temporally un-
structured set. This difference in knowledge about the
source events was demonstrated to be important in an exper-
iment involving patterns of familiar, brief-duration complex
sounds such as pipe clangs, steam hiss, and other steam-
and water-related events. Semantic knowledge about those
events was provided to some listeners in the form of explicit
descriptions of the pattern components. The classification
performance obtained for each of the four conditions in this
experiment is shown in Figure 4. Results revealed that
knowledge of the source events led to improved classifica-
tion performance for interpretable, temporally-structured
patterns. However, it was surprising to find that the same
semantic knowledge impaired performance when dealing
with temporally-unstructured patterns. It can be conjectured
that in classifying ambiguous or unstructured sounds, de-
pendence on prior knowledge of natural pattern structure
leads to a greater number of false classifications. Knowl-
edge of temporal structure and knowledge of the source




Figure 4

Classification performance with “real world” sounds for
structured or unstructured patterns and with or without
thematic information about the sounds.
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events interact in an important way to influence classifica-
tion performance. Individuals rely on their knowledge of
the sounds that are likely to occur as well as on the specific
perceptual features present in the acoustic signal.

In our recent work, we have investigated two practical
implications of this finding. First, top-down processing can
lead to improved performance when it helps the individual
focus attention on a particular pattern component. Such
attentional focusing can lead to an enhanced ability to re-
solve individual elements from multi-component acoustic
patterns. Second, top-down processing may impair per-
formance whenever it leads the listener to ‘“hear” pattern
elements which are not physically present in the acoustic
signature. Although such auditory induction can be helpful
in interpreting highly-redundant speech signals, misinter-
pretation can occur when listeners must detect individual
components in noisy underwater sound patterns.

An important issue that we have addressed in atten-
tional focusing concerns the ability of listeners to use the
earlier pattern components as cues to listen selectively for
later elements. We have carried out a series of experiments
in which listeners were presented with 12-element tonal
patterns at a low signal-to-noise ratio. They were required to
determine which of two consecutive presentations of the
pattern had the eleventh element missing and which was
complete. Our findings indicated that as listeners acquired
experience with the patterns, they were able to use the ear-
lier components as cues to predict the later elements.'® This
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resulted in an increase in sensitivity to the expected compo-
nent with a contrasting inability to hear unexpected ele-
ments. Furthermore, this sensitivity changed moment to
moment as a function of the attentional cues provided by
earlier pattern components.

In another series of experiments we have examined how
auditory induction can lead to impaired performance when
listeners are required to detect signals presented under vari-
ous listening conditions. Listeners were asked to detect sig-
nals embedded in noise bursts which were preceded and
followed by an acoustic context designed to be either con-
sistent or inconsistent with the to-be-detected signal.”” Our
results showed that the detection of ‘“‘in-context’ signals
was associated with an increased false alarm rate and low-
ered sensitivity compared to ‘““out-of-context™ signals. In
other words, sufficient top-down processing occurred for
listeners to “hear” the in-context signals even when they
were not actually present.

Conclusions

Historically, most psychoacoustic research has focused
on the ability of listeners to detect isolated pure tones of
relatively brief-duration. Although this research has led to
significant advances in our understanding of energy detec-
tion mechanisms in the peripheral auditory system, it has
contributed little to our understanding of how human listen-
ers classify complex environmental sounds. The primary
difficulty with this approach is that it necessarily focuses on
bottom-up and disregards top-down processing. In the con-
textually rich acoustic environment of underwater sounds,
listeners employ a variety of knowledge sources to identify a
sound pattern. The experienced technician knows a great
deal about the sound sources likely to occur, and this knowl-
edge plays a major role in determining what is heard. A
fuller understanding of these bottom-up and top-down proc-
esses is essential for the ultimate development of partially-
and fully-automated systems for passive sonar.
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Cognitive Psychology

by

Marshall J. Farr
Office of Naval Research

In recent years, the Personnel and Training Group has
been putting increasing emphasis on studies based on the
perspective of cognitive psychology. For years, this per-
spective was poorly represented in human experimental psy-
chology, which was dominated by the Behaviorist doctrine
that only observable responses (such as error rates and error
types in the learning of a list of nonsense syllables) were
“legitimate” for psychology to study. Under the Behaviorist
perspective, the human information-processing system,
since it was not directly observable, was treated as an inac-
cessible “‘black box” and essentially ignored. However, that
same black box is now the prime target of the cognitive
psychologist, who is primarily concerned with how people
take in, transform, manipulate, store and retrieve informa-
tion. Theorizing about the human information-processing
system amounts to trying to open and explore the black box.
One conceptual flow depiction of the system is shown in
Figure 1, which assumes a series of processing mechanisms
that accept information about the environment, perform
general central-processing operations, and control motor
output. Readers familiar with computers and artificial intel-
ligence should see some resemblance to how a computer
program might be organized. Certainly modern cognitive
psychology has been influenced by developments in com-
puter science.

ONR’s Program

ONR’s cognitive psychology program constitutes an ef-
fort to identify and understand the microprocesses—the in-
divisible component processes—underlying the different
stages of human information handling. Dr. Robert Stern-
berg, an ONR contractor at Yale University, has been per-
forming what is probably the most ambitious and pioneer-
ing work in this area as he tries to formulate an

pigitized by (3O wgl€

information-processing theory of human reasoning and in-
tellectual behavior. He has applied his “componential anal-
ysis” approach to studying analogical-reasoning problems
of the type found in most IQ tests, and he has described his
work in the pages of this magazine in some detail (see Naval
Research Reviews, Vol. XXXIII, No. 1, pp. 48-68). The
search for the basic components of human cognitive or in-
tellectual behavior is different from the traditional psycho-
metric approach of constructing intelligence-test items to
tap ability factors which derive solely from the statistical
technique of factor analysis. In terms of factor analysis,
broad concepts like intelligence, and so-called ‘““primary-
ability™ factors like logical reasoning, visual memory, per-
ceptual speed and verbal fluency (to name just a few) are
statistical abstractions or constructs with no basis in theory.
The component approach used by Sternberg (and a number
of other cognitive researchers being supported by ONR) is
aimed at more than simply isolating and precisely measur-
ing basic human information-processing operations. We are
concerned with how these processes contribute to individual
differences in test-like tasks, in learning, and in real-world
performance in the wide variety of tasks found in the Navy.
We’re interested in how these microprocesses combine with
each other in the service of different tasks. And we are
concerned with whether or not these processes are train-
able. We are pursuing the information-processing approach
to intelligent behavior and complex performance along a
number of related fronts.

Work such as Sternberg’s has shown that one of the
ways in which people can differ is with regard to strategies
employed to solve a problem or learn a task. Strategies are
reflected in the choice of components to use and in the
particular ways the components chosen are combined by the
person. Sternberg uses the term ‘“‘meta-components” to
mean the higher-level, executive-decision processes that de-
termine what strategies are called into play. A number of
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Figure 1

A modern version of the conventional flow chart of the
human information processing system. The basic
components are a series of processing mechanisms that
take in information about the environment, perform general
central processing operations, and control motor output.
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interesting findings have emerged from studying people’s
differing strategies:

1. As they gain experience with a given type of prob-
lem, they may change strategy either consciously or
unconsciously.

2. Among adults, the major source of individual dif-
ferences in performance on analogy problems can
be found in the time taken to execute various compo-
nents, and the accuracy achieved at each step.

3. Metacomponents seem to be more importantly in-
volved in general intelligence than are components.
IQ tests may be deficient because they emphasize
various aspects of problem solution (such as accu-
racy or correctness) rather than highlighting the per-
sons’ decisions about how the problem should be
solved. Consider the role of stimulus encoding in
intelligence in general and analogical reasoning in
particular. Contrary to what one would intuitively
expect, people with higher IQs tend to spend more
time encoding than people with lower IQs. A rea-
sonable explanation seems to be found at the meta-
component level: better problem solvers spend more
time on initially encoding the terms of the problem
because successful encoding then allows them to
carry out, more efficiently, the operation they must
later perform upon these encodings. An example
here is that of word problems that need to be en-
coded or transformed into algebraic notation before
they can be solved. Once a problem is correctly
encoded, the solution is often obvious, or at least
much simpler.

Dr. Richard Snow of Stanford University, a recent ONR
investigator using the component approach to information
processing, has also tried to find strategies which differenti-
ate low-aptitude from high-aptitude individuals. By analyz-
ing eye movements of people answering various test ques-
tions, he has found that high-aptitude processing is
characterized by a two-stage procedure: it first constructs
the correct answer, and then searches the response choices
for the answer. The less-successful, low-aptitude processors
try to do parallel processing of both item stems and alterna-
tive responses. This is induced from the fact that their eyes
roam back and forth in a not-very-systematic fashion.

Once we start thinking in terms of information-process-
ing components, strategies and metacomponents, we begin
to see that individual differences in cognitive performance
may be attributable to differences in the component proc-
esses, or in the strategies employing the components, or in
the metacomponents. One of the chief reasons we are inter-
ested in identifying individual-processing differences lies in
the practical issue of their trainability. It would seem that
strategies and metacomponents would be more profitable
targets for training than one’s microprocesses. We have al-
ready begun to examine this area of information-processing




trainability. Sternberg, for example, has succeeded in im-
proving people’s abilities to solve linear syllogisms by strat-
egy training. His continuing concern is with matching the
kind of training to the component-ability patterns of the
person, and discovering what it is about certain strategies
that makes them more efficient than others.

Studying Real-World Tasks

Strategy training and metacomponent-level training
seem to hold great promise for improving performance in
specific, rather simple, well-defined kinds of tasks. But the
crucial question is: what about complex real-world tasks,
such as troubleshooting a sophisticated electronic system to
locate and repair a malfunction, or interpreting a radarscope
filled with rapidly changing patterns? Complex reasoning
and problem solving typically require information not con-
tained solely in the problem statement. Rather, real-life
problems usually require drawing upon large stores of infor-
mation in long-term memory. Thus, to the processing oper-
ations discussed above, we must add the structural or orga-
nizational characteristics of long-term memory. Cognitive
psychologists devote a great deal of attention to discovering
how we represent knowledge in memory, and how we access
our representations for purposes of solving problems and
performing tasks.

One major technique for. addressing these issues is that
of “protocol analysis,” which is based on having experi-
mental subjects, during the actual process of doing a task or
problem, describe what they are doing and why in detail.
The subjects think aloud, and psychologists try to infer their
strategies and the nature of their knowledge representations
from their accounts. The other major approach for studying
complex cognitive activity is that of simulation modeling.
Here, we write computer programs that mimic cognitive
operations. Beginning with the computer modeling of chess
playing, cognitive scientists have now formulated simulation
models for concept formation, and for language and text
comprehension. The essence of the advantage of this com-
puter-simulation technique is that in order to program simu-
lated human behavior for a computer one has to know some-
thing quite explicitly about the behavior being modeled. All
steps in a computer program have to be clearly and com-
pletely specified if the program is to supply an output that
accurately matches the behavior of human subjects. The
advantage here is that the computer serves to check the
adequacy of the theoretical assumptions that the psycholo-
gist believes will account for the psychological process un-
der study. Note also that an adequate simulation of a process
can be the basis for designing an intelligent, computer-
based training system.

Our cognitive psychology program is also aimed at
probing into the subtle operations that underlie skilled per-
formance in real-world tasks demanding complex informa-
tion processing. A major goal of this research is to build
models of skilled problem solving and expert performance
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which directly represent the relevant cognitive processes
and structures. These models will incorporate parameters
reflecting the characteristics of the individual problem
solver or expert, his or her training history, and the prob-
lem-solving environment.

ONR has been pursuing a research program in the area
of complex cognitive behavior for several years now. One of
our initial areas of interest was the collection, comprehen-
sion, and analysis of information, primarily in the form of
text—the kind of task done by a military analyst, for exam-
ple. The research has spanned subjects as varied as topic
identification, making inferences from diverse information
sources, and the relationship between verbal and graphic
material. The results so far suggest that recently developed
theories of semantic structure have strong potential for char-
acterizing a variety of analysis and comprehension tasks. To
explore this potential, we have started a small research
thrust on how best to convey procedural knowledge via text
and other media.

Another important emphasis in this ongoing program is
on human planning and problem solving. Here we have
focused on, or are focusing on, areas such as software de-
sign, physics, radiology, the use of maps in route planning,
arithmetic, geometry, and the interpretation of engineering
drawings. As the evidence accumulates from our research
across these areas, it strongly supports the view that what
gives the expert a unique advantage over the novice is his or
her memory-storage structure—how richly the facts and
procedures and relationships relevant to a domain are repre-
sented in the head. The expert has condensed or chunked
many large blocks of related information in a meaningful
way, so that he or she can quickly and successfully search
through a well-organized, well-encoded memory. Our inter-
est in what it takes to make and to be an expert is motivated
by our desire to determine whether or not we can, through
special training approaches and techniques, find short-cuts
to expertise.

Conclusion

The importance of this cognitive research to the mili-
tary should be clear. The kinds of tasks we are now consid-
ering—such as map interpretation, equipment troubleshoot-
ing, military-intelligence analysis, and computer
programming—are confronted daily, and in many cases are
becoming more demanding. Expertise in these sorts of tasks
is often restricted to small numbers of individuals who ap-
pear to be exceptional. That expertise is usually acquired
with considerable difficulty and in many cases years of
practice and experience. Furthermore, the cognitive proc-
esses involved in these tasks are commonly not available to
the expert’s own awareness. Therefore, even though we can
infer some of the expert’s processes and structures through
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protocol analysis, we do not yet have the necessary explicit
knowledge of his representational patterns and strategic op-
erations that will allow us to improve the instruction of
novices or design clever job aids. Demands for high levels
of expertise are increasing in the military; qualified instruc-
tors are in short supply in many occupations as are person-
nel in high-technology ratings. The current research empha-
sis on complex information-processing is aimed at
providing explicit, formal theories of the crucial cognitive
components of required skills and knowledge. These theo-
ries will constitute the foundations for selection of individ-
uals with high potential, for better diagnosis of cognitive
strengths and weaknesses, and for training methods which
can both shorten the time required for skill acquisition and
mastery, and produce a more competent individual.

The following article by Dr. Earl Hunt provides a con-
crete example of the ways in which the cognitive psycholo-
gist approaches the black box of human information proc-
essing and related topics, such as the assessment of
“intelligence.”
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Intelligence and
Mental Competence

by

Earl Hunt
The University of Washington

Formal methods for evaluating ‘“intelligence” have
been a part of military personnel classification since World
War 1. Intelligence testing itself has become a part, and
often a controversial part, of our culture. Although intelli-
gence tests are part of the technology of personnel manage-
ment, the scientific concept of intelligence has remained
murky. Beginning about 1970, psychologists interested in
cognition began to take a new look at the nature of individ-
ual differences in mental competence, a topic that subsumes
intelligence testing but certainly is not identical to it. This
article presents some of the conclusions that have been
reached. In the interests of brevity, selected experimental
studies will be presented as illustrations of the major points.
For more extensive reviews, see references 1 and 2.

It is easier to say what intelligence is not than to say
what it is. Intelligence is not a unitary attribute of a person
as height is. A better analogy is to athletic ability. While it is
intuitively reasonable to speak of a ““good athlete,” athletic
ability is really a collection of skills in manipulating the
body. A good athlete must possess certain minimum ana-
tomical and physiological properties, a general style for
approaching physical activities, and finally, a good athlete
must know the sport that is being played. Thinking places
similar requirements on people. Thinkers manipulate men-
tal representations of external problems, using different
classes of mental skills.

What are these classes? First the internal representation
must be constructed. How is the problem to be represented
to oneself? What are the essential features, and what are the
inessential ones? Some technique for problem solving must
then be chosen. Ideally, all this involves is recall; the easiest
problems to solve are those whose answers are known. In
other cases (e.g. doing mental arithmetic) the answer may
not be known, but the thinker may know procedures that are
guaranteed to get the answer to problems ““like” the one at
hand. Such knowledge can only be used if the thinker has
some way of classifying the present problem as suitable for
attack by this or that problem solving method. Methods
themselves vary in generality. Some methods will work on
many problems but are unwieldy in almost every applica-
tion. Other methods are very efficient but applicable only in
special situations. Should a good thinker use general or
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special methods? Finally, once a thinker has decided how to
attack a problem, executing the chosen method requires the
execution of a number of information processing steps, ana-
lagous to limb movements or perceptual identifications in
athletics. The solution method must not demand more from
a person’s information processing capabilities than the per-
son can provide.

Individual differences in mental competence clearly ex-
ist. Are they due to individual differences in basic informa-
tion processing capacity, in the ability to use general and
specific strategies, or in the ability to recognize when prob-
lem solving methods are applicable? The answer is “all of
the above,” but to different degrees in different situations.

Individual Differences in Elementary
Processes

There are substantial individual differences in basic in-
formation processing capacities. The elementary abilities
required to understand language are of particular interest,
because language (written and spoken) is so important for
human thought. After all, when A wants B to solve a prob-
lem, A normally tells B about it.

Language comprehension begins with lexical identifi-
cation, the recognition that a particular letter or phoneme
string is a term in the language. One of the tasks that has
been used to study lexical identification is to show people a
string of letters, and ask them whether or not it is a word.
For example, the string CARD is a word and the string
CARG is not. Only common words are used in these studies
to avoid testing vocabulary. Even amongst college students,
all of whom are good readers by general population stan-
dards, there are substantial variations in the speed of lexical
identification. In one study, there was approximately a 25
percent variation in speed (560 to 700 milliseconds) be-
tween the faster and the slower lexical decision makers."*

Speech comprehension requires a short term memory
capacity, for the comprehender must be able to keep infor-
mation in mind, while processing the current speech input.
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