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Preface

This book is the outcome of a study sponsored by the Aerospace Medical
Research Laboratories of the U.S. Air Force when I was on the staff of the
System Development Corporation. I wish to express my appreciation for the
interest and support of Dwight E. Erlick, the Task Scientist for the project;
Julien M. Christensen, Director of the Human Engineering Division; and Donald
A. Topmiller, Chief of the Systems Effectiveness Branch.* Needless to say, the
opinions expressed in this book are my own and should not be regarded as
official views of the Air Force.

The study was undertaken to make better known a field of science that has
many applications both civilian and military, and one to which many gifted
researchers have devoted their efforts. It is hoped that those who work in this
field in the future will be able to profit from a book which describes previous
work, the methods used, and the problems encountered. A comprehensive ac-
count has not been hitherto available, and much of the research has been famil-
iar only to those involved in particular investigations. I have been aware of the
need for such an account because I myself was engaged in some of the early work.

Information for this book was acquired from a number of sources: the
reports, articles, and books listed in the References; internally circulated docu-
ments of a few organizations; visits to numerous laboratories and individuals;
and twelve consultants, all of whom had worked in the field. My data gathering
for this book extended well into 1967.

In many instances it was necessary to visit a laboratory simply to ascertain
what reports existed. In others a visit produced not only an overview valuable
for comprehending individual studies but also data which had not appeared in
reports. Although those who helped me are too numerous to list here, they
should be assured of my gratitude. The organizations and laboratories visited
included:

Applied Physics Laboratory, The Johns Hopkins University

Army Personnel Research Office

Bendix Systems Division, Bendix Corporation

*In 1969 this organization opened a new computer-based, four-terminal facility for
system and component experimentation, the Human Engineering System Simulator (HESS).

xi
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Combat Development Command Experimentation Command

Decision Sciences Laboratory, Electronic  Systems Division, U.S. Air Force

Disaster Research Center, Ohio State University

Human Factors Research, Incorporated

Human Performance Center, Ohio State University

Human Resources Research Office, George Washington University

Human Sciences Research, Inc.

Institute for Defense Analyses

Martin Company (Baltimore)

MITRE Corporation System Design Laboratory and other MITRE groups

National Aviation Facilities Experimental Center

Naval Research Laboratory

Navy Applied Science Laboratory

Navy Electronics Laboratory

North American Aviation (Columbus)

Office of Naval Research

Public Health Service, Division of Accident Prevention

RAND Corporation

Research Analysis Corporation

University of California, Los Angeles

Western Behavioral Sciences Institute

Willow Run Laboratories, University of Michigan

In addition, material pertaining to the extensive work done by subdivisions
of the System Development Corporation (SDC) and by the RAND Corporation’s
Systems Research Laboratory could be acquired within SDC.

The consultants who helped assemble data and reviewed portions of this
book were: Lawrence T. Alexander, William C. Biel, Alphonse Chapanis, Robert
L. Chapman, Bruce L. Cusack, Harry H. Harman, William W. Haythorn, John L.
Kennedy, Jerry S. Kidd, James C. McGuire, Harold Sackman, and H. Wallace
Sinaiko. Their assistance has been extremely valuable. Not only did they hold a
diversity of views but also they possessed imposing personal experience in the
field. There should be no implication, however, that they are responsible for any
of my biases or misapprehensions.

My thanks go to Dr. Chapanis and Lloyd V. Searle for helpful suggestions for
improving the text.

To Mrs. Jean Fawley and Mrs. Juanita Hutchins I wish to express my appre-
ciation for typing early versions at the System Development Corporation. I am
most mindful of the perseverance of my secretary at Riverside Research Insti-
tute, Mrs. Linda Haviland, in preparing the final text. If these pages have a
reasonable amount of clarity and good grammar, the reason is the assiduous
editorial attention given them by my wife, Marjorie.

To few is such an opportunity given to do research on research. As the book
progressed it seemed to me more than the review of a particular field. I hope
that through the intensive examination of one area of application, this book also
will serve its readers more broadly as a reconnaissance of the experimental
method.
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Introduction

In the last two decades a substantial amount of research has been conducted
which, for want of a better term, may be called “man-machine system experi-
ments.” These have been large-scale experiments in which human subjects have
interacted with machines and each other in complex system settings based to a
considerable extent on simulation. Laboratory facilities, some of them elaborate,
have been created for this purpose. In some cases knowledge was sought con-
cerning the manned operation of a particular system or system component. In
others the aim was to discover how human beings function in such system
environments.

NATURE OF MAN-MACHINE
SYSTEM EXPERIMENTS

This experimentation has had characteristics in common with other kinds of
research more familiar to behavioral scientists. It has differed not through the
inclusion of any unique aspect but through a combination of aspects specified in
Fig. 1. This cluster diagram shows the eight principal characteristics which con-
verge to distinguish man-machine system experiments. Although in some experi-
ments one or two of these may have received less emphasis than others, the
pattern indicates what differentiates the studies in this book from related forms
of inquiry. o

Because the research has generally involved not only multi-person situations
but also®?man-machine interactions, for example, many observers would not place
it within either social psychology or human engineering, although either charac-
terization might be legitimate. Because the human behavior it has investigated
consists of tasks in operational system settings responding to complex environ-
mental stimuli, it differs from experimental psychology as practiced in university
laboratories, yet it has been laboratory-based. Because its methods have included
the ‘manipulation, replication, and “control of variables and“objective data and
“ quantification of results, it seems distinguishable from games and exercises.
Finally, man-machine system experiments rely extensively on simulation, but
because they include human subjects they are distinct from simulations per-
formed entirely on computers.
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Fig. 1. Cluster Diagram Showing Characteristics of Man-Machine System Experiments.

As a hybrid type of research, man-machine system experimentation has
neither been claimed by the more traditional types of researchers as their own
nor become widely known through publication in journals or presentations at
professional meetings. It might be characterized as part of the field of “human
factors,” the study of man-machine relations; but past experimental programs
are unfamiliar to many in this field who are fully conversant with other kinds of
system research and man-machine experimentation. Although many investiga-
tions have contributed to system building, the scientific community at large has
remained unaware of this research. What is anomalous about such an undeserved
fate is that this experimentation has been both pioneering and costly; greater
recognition might have been expected due to either characteristic. Some sets of
experiments have cost a million dollars or more. Many complex problems have
been faced concerning management, design, simulation, subjects, and measure-
ment. To be sure, not all experiments have been so expensive or extensive and
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not all have been productive. Nonetheless this has been research transcending in
scale and challenge much experimentation better known to behavioral science.

Most of the reports of man-machine system experiments have remained rela-
tively inaccessible except to those directly involved in the system concerning
which the research was conducted. Few reports have reached the open literature
in books or journals. Many reports have been classified and their downgrading
has occurred only recently. Perhaps the greatest difficulty in gaining access to
this research has been the lack of any published account which fully describes it
or indicates what studies it embraces.

There have been several brief reviews of the work in this field (Licklider
1962; Sinaiko 1962; Singleton 1964) but none has been comprehensive or pro-
vided a bibliography. Other authors (Chapman 1965; Davis and Behan 1962;
Haythorn 1963¢; and Kidd 1962) have touched on method and role, but none
has attempted to give a full picture. As a result, efforts to learn about this body
of experimentation have been piecemeal, usually occurring only when re-
searchers have started to do something similar.

It hardly seems fair that those who have worked so hard in a significant
scientific enterprise should see their studies consigned to semi-oblivion. What are
all these studies? Table 1 gives an overview. It tries to characterize approxi-
mately thirty major programs and more than a dozen others according to the
kind of system involved, objectives, and simulation, as well as identifying the
laboratory and sponsor and indicating the approximate dates. The programs have

. differed greatly in their extent, and “program” has been used somewhat loosely for
purposes of aggregation. Table 1 also indicates the number of experiments in
each program and the number described in this book, about two-thirds of them
substantially, the rest briefly. It has been difficult on occasion to say what was
an experiment. Those tabulated have varied greatly in size; as will be seen later
from the text, in a few programs experimental method has been less rigorously
applied than in others; and some programs have included considerable associated
research which was also experimental.

Although a number of experimental projects during World War II must be
regarded as the forebears of this research, the first major laboratory experiment
came in 1951. Virtually all of the laboratories have been situated in government
agencies, not-for-profit organizations, and universities. The sponsors have been
primarily the Navy, Air Force, Army, Office of the Director of Defense Research
and Engineering, Federal Aviation Agency, and National Aeronautics and Space
Administration. Some studies were self-sponsored.

By and large, the experiments resulted from technological developments that
placed new requirements on men to work together in military or civilian equip-
ment aggregates which grew out of the new technology. Because in many cases
these aggregates were developed as distinct entities for definite purposes, they
came to be called systems.

Here the phrase “work together” may be interpreted in several ways. In one
sense it means that the outputs of one individual or set of individuals are the
inputs to another, and vice versa. In another, it means that individuals operate in
some co-ordinated fashion on the same general task, sharing the load. In a third
sense, there may be a nodal position where information is received and actions



Table I.

MAN-MACHINE SYSTEM EXPERIMENTS

MAN-MACHINE SYSTEM EXPERIMENTS AND LABORATORIES

(Note: Dates are approximate. Experiments in totals are the “man-machine system’’ type,
liberally interpreted. Totals of experiments described in text are in parentheses; such
descriptions vary from extensive to cursory. Many programs included other, asso-
ciated experiments.)

Organization, time
period, sponsor,
number of
experiments

System and
operations

Objectives or
major variables

Principal
simulation,
subjects

Project Cadillac,
New York University,
1948-55, Navy, 6(6)

Psychological Re-
search Associates,
1950-57, Army,
6 (5)

Technical Develop-
ment Center, 1950-
59, Civil Aeronautics
Administration, ap-
prox. 25 (1)

Willow Run Research
Center, University of
Michigan, 1951-54,
Air Force, 1 (1)

Systems Research
Laboratory, RAND
Corporation, 1952~
54, self-sponsored
and Air Force, 4 (4)

Electronics Research
Laboratories, Col-
umbia University,
1952-54, Air Force,
4 (4)

Naval Research Lab-
oratory and Chesa-
peake Bay Annex,
1952-56, Navy, 9 (8)

Laboratory of Avia-
tion Psychology,
Ohio State Univer-
sity, 1952-61, Air
Force, 19 (19)

AEWR&C aircraft for
fleet air defense: sur-
veillance and inter-
ception

Infantry rifle squads,
small arms fire

Terminal and ap-
proach air traffic
control (civil)

Land-based air de-
fense: weapons
assignment

Land-based air de-
fense: surveillance

Land-based air de-
fense: interception

Shipboard CIC for
fleet air defense:
surveillance and
interception

Radar-aided terminal
air traffic control
(military)

Communication pro-
cedures, capacity,
team composition

Evaluative tests,
training methods,
team composition

Air lanes, airports,
displays, procedures,
configurations

Operator capacity,
crew size, displays

Organizational be-
havior, system adap-
tation and training

Manual vs. semi-
automatic systems,
operator capacity,
console design

Displays, data trans-
fer methods and de-
vices, capacity, CIC
operations

Displays, procedures,
task distribution,
training

Equipment mock-up
and simulated
radar, Navy officers
and men

Instrumented field
sites, Army officers
and men

Equipment mock-up
and simulated radar,
civilian professionals

Equipment mock-up
and computer paper
tape, civilians

Equipment mock-up
and simulated radar,
students, Air Force
officers and men

Equipment mock-up
and field site, simu-

lated and real radar,

Air Force officers

Equipment mock-up
and simulated radar,
Navy officers and
men

Equipment mock-up
and simulated radar,
Air Force officers,
students
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Table I. (Continued)

Organization, time
period, sponsor,
number of
experiments

System and
operations

Obijectives or
major variables

Principal
simulation,
subjects

Lincoln Laboratory,
1953-55, Tri-Service
(Air Force, Army,
Navy), 2 (1)

Research Division,
New York Univer-
sity, 1954-57, Army,
approx. 2 (0)

Project Michigan,
University of Michi-
gan, 1954-58,
Army, 3 (2)

Road Research Lab-
oratory, England,
1955-56, 1962-63,
Department of Sci-
entific and Industrial
Research, 3 (3)

Operational Applica-
tions Laboratories at
Shaw AFB, 1956,
Air Force, 1 (1)

System Development
Corporation, 1957-
58, Air Force, 4 (4)

Coordinated Science
Laboratory, Univer-
sity of lllinois, 1957 -
69, Tri-Service, 2 (2)

Combat Development
Experimentation

Center, 1957 to 1966,
Army, approx. 25 (3)

Systems and Human
Factors Laboratories,
System Development
Corporation, 1958~
60, 4 (4)

Land-based air de-
fense: surveillance

Land-based air de-
fense: surveillance

Battlefield surveil-
lance

Vehicular roadways,
traffic

Tactical air mis-
sions: interdiction,
return-to-base, inter-
ception

Land-based air de-
fense: surveillance,
interception

Shipboard CIC for
fleet air defense: sur-
veillance, intercep-
tion, weapons assign-
ment

Army field opera-
tions, tactics, organ-
ization, devices,
equipment

Land-based air de-
fense: surveillance

Task distribution,
display devices

Task distribution,
electronic counter-
measures

Data collation, track-
ing hostile units

Traffic flow, vehicle
capacity, car-follow-
ing

Manual vs. semi-
automatic systems,
capacities

System training
methods

Levels of automa-
ticity, capacity

Comparisons, eval-
uations of effective-
ness

Training, crew turn-
over, debriefing,
decision-making

Equipment mock-up
and simulated radar,
Air Force men

Simulated and real
radar

Automated TTY and
display overlays,
Army personnel,
civilians

Special roadways
and regular vehicles,
civilians

Field site, simulated
and real radar, Air
Force officers and
men

Field sites and simu-
lated radar, Air
Force officers and
men

Digital computer and
simulated radar, Air
Force officers and
men

Instrumented ter-
rain, Army officers
and men

Abstracted radar dis-
plays, civilians, stu-
dents, girls
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MAN-MACHINE SYSTEM EXPERIMENTS

Organization, time
period, sponsor,
number of
experiments

System and
operations

Objectives or
major variables

Principal
simulation,
subjects

System Development
Corporation, 1958-
63, Air Force, 12
(12)

Logistics Systems

Laboratory, RAND
Corporation, 1958~
64, Air Force 4 (4)

Second IDC, System
Development Cor-
poration, 1959,
Weapons Systems
Evaluation Group,
2(2)

Navy Electronics Lab-
oratory, 1959, Navy,
1(1)

Operational Applica-
tions Laboratory,
1959-61, Air Force,
3(3)

National Aviation
Facilities Experi-
mental Center, 1959
to 1966, Federal
Aviation Agency,
approx. 54 (13)

MITRE Corporation
1961-62, Air Force,
31(2)

Boston ATC Test
Bed, MITRE Corpo-
ration, 1961-63,
Federal Aviation
Agency and Air
Force, 6 (6)

Information Proc-
essing and Control
Facility, Ohio State
University, 1961~
63, Air Force, 3 (3)

SAGE air defense:
surveillance, intercep-
tion, weapons assign-
ment

Logistics, aircraft
maintenance, ICBM
squadrons, bases, or-
ganizations

Land-based air de-
fense: surveillance,
interception

Shipboard CIC for
fleet air defense:
surveillance

Land-based air de-
fense: weapons
assignment

Terminal, approach,
and en route air traf-
fic control (civil)

Air Force Hdq. Com-
mand System (473L)

En route air traffic
control

Hypothetical center
for processing aerial
reconnaissance data

System training,
team training, man-
ual support, com-
puter programs

System comparisons,
policies, arrangement,
organization

Effects of electronic
countermeasures

Data transfer
methods

Decision-making

Traffic flow, proce-
dures, equipment
arrangements, airport
location

System exercising,
problem-solving,
procedures

Methods of com-
puter support

Team-composition,
feedback, capacity

SAGE and manual
field sites, simulated
radar, Air Force of-
ficers and men

Digital computer
and simulated paper,
Air Force officers
and men, civilian
specialists, RAND
staff

Equipment mock-up
and field sites, simu-
lated radar, Air
Force officers and
men

Equipment mock-up
and simulated radar,
Navy men

Outdated prototype
and processed
tracks, Air Force
officers

Equipment mock-up
and simulated radar,
civilian professionals

Current system with
digital computer,
Air Force officers
and men

Never-used SAGE
equipment and dig-
ital computer, civil-
ian professionals

Paper reports, card
inputs, computer,
students
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Table I. (Continued)

Organization, time
period, sponsor,
number of
experiments

System and
operations

Objectives or
major variables

Principal
simulation,
subjects

Human Resources
Research Office,
1961-64, Army,
3(3)

Simulation Facility,
System Development
Corporation, 1962,
Air Force, 1 (1)

System Simulation
Research Laboratory,
System Development
Corporation, 1962-
64, self-sponsored,
3(3)

Applied Physics Lab-
oratory, Johns
Hopkins University,
1962-65, self-
sponsored, 5 (5)

Command Research
Laboratory, System
Development Corpo-
ration, 1963-64,
Advanced Research
Projects Agency,
3(3)

Institute for De-

fense Analyses, 1963~
65, Department of
Defense, 21 (many
brief) (21)

Grumman Engineer-
ing Corporation,
1963-65, National
Aeronautics and
Space Administration
3(3)

Command-Control
Simulation Facility,
Ohio State Univer-
sity, 1963-66, Air
Force, 12 (6)

Tank platoons, in-
fantry

Strategic Air Com-
mand Control System
(465L)

Hypothetical ter-
minal air traffic
and intelligence
systems

Hypothetical ship-
board CIC for fleet
air defense: weapons
assignment

Hypothetical center
for assessing nuclear
strike effects

Multiperson com-
munications, con-
ferencing

LEM lunar landing,
orbital docking,
LEM/CSM
rendezvous

Hypothetical center
for threat evaluation,
data assembling

Training methods,
stress

Information require-
ments, displays

Laboratory shake-
down, procedures,
organizational
functioning

Decision-making, col-
laboration with
computer

Decision-making:
Bayesian processing

Use of teletype
and telephone net-
works

Performance, pro-
cedures

Decision-making:
Bayesian processing

Miniatures and ter-
rain model, field
sites, Army officers
and men

Projection displays,
Air Force officers

Special consoles and
digital computer,
students

Equipment mock-up
and human simula-
tion, Navy officers

Paper-and-pencil,
digital computer,
display, students

Regular office
spaces and phones,
civilians, high-level
military officers

Equipment mock-up,
civilian and military
pilots

Paper reports and
digital computer,
students
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MAN-MACHINE SYSTEM EXPERIMENTS

Organization, time
period, sponsor,
number of
experiments

System and
operations

Objectives or
major variables

Principal
simulation,
subjects

Command Research
Laboratory, System
Development Corpo-
ration, 1964, Ad-
vanced Research
Projects Agency,

5 (5)

MITRE Corporation,
1964-65, Air
Force, series (1)

Submarine Tactics
Analysis and Gaming
Facility, Electric
Boat Division, 1964-
65, Navy, 2 (2)

Group and Environ-
ment Design Lab-
oratory, Princeton
University, 196465,
Navy, 3 (3)

Disaster Research
Center, Ohio State
University, 1964-65,
Air Force, 1 (1)

Martin Co. (Balti-
more), 1964-65,

National Aeronau-
tics and Space Ad-
ministration, 3 (3)

Emergency Opera-
tions Research Cen-
ter, System Develop-
ment Corporation,
1965-66, Office of
Civil Defense, 2 (2)

System Design Lab-
oratory MITRE Cor-
poration, 1965-66,
self-sponsored, 2 (2)

Army Personnel Re-
search Office (later
BSRL), 1966-
Army, (0)

Hypothetical com-
mand center for
nuclear war

North American Air
Defense Command
Combat Operations
Center (425L)

Hypothetical tactical
units in mutual op-
position

Hypothetical com-
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such as assignments are ordered. All three types of working together may occur
in the same system. The point is that the situation is not simply that of a single
individual interacting with a machine, but one involving a number of people and
machines, among whom the actions of any one man-machine combination may
influence and be influenced by those of others.

The technological development which had the greatest impact in fostering
this kind of man-machine research seems to have been radar, in conjunction with
the production of high-performance military and commercial aircraft in large
numbers. Other developments have been increasing dependence on communica-
tions and displays and the use of computers in military systems. One should not
be misled into believing that these are the only technological developments
responsible for man-machine experiments. However, it is worth asking why they
have been dominant.

Radar has had the function of extending man’s sensing capabilities, and
thereby has generated large amounts of data for a number of man-machine
combinations to process and respond to in a co-ordinated and purposeful
fashion. Developments in communications and displays not only contribute to
data-processing load but entail their own data-interchange demands on man-
machine performance. Computers also contribute to the information processing
load through their incorporation of large data bases in their memories and ability
to process vast amounts of data at great speed; and they, too, entail their own
demands on man-machine performance.

In view of this context, it is hardly surprising that those who have conducted
man-machine system experiments have come primarily from two categories. Pre-
dominant have been psychologists trained as experimentalists and interested in
engineered systems. The other category consists of engineers, operations
analysts, and others occupationally involved in the development of some particu-
lar system, or intrigued with the development of simulation. Although the part-
nership has sometimes been uneasy, the two types have generally worked to-
gether in an effective manner to join together man and machine in the labora-
tory.

As stated at the outset, some experiments—most of them, in fact—have
sought knowledge about a particular system. This might concern some piece of
equipment, a training technique, procedures, or certain conditions affecting per-
formance. Other experiments have tried to acquire generalizable knowledge
about the way human beings perform in system settings. How do operators and
managers make decisions? How do they develop their procedures? How do they
communicate with each other? It is important to recognize the heterogeneity of
objectives before going further into this book.

It is possible that some objectives may have been more easily achieved than
others. The reader may come to his own conclusions as he proceeds. He will have
a chance to compare them with the author’s before he is finished.

ORGANIZATION OF THE BOOK

The main purpose of this book, stemming from the study which gave rise to
it, is to help future experimenters conduct man-machine system experiments. No
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guidebook exists. Hence, in the descriptions of experimental programs prime
emphasis is placed on how researchers have gone about their tasks. To set the
stage for these descriptions, the next chapter deals at length with problems of
method. Readers interested only in the factual account of the experiments may
prefer to skip it. Others may want to refer back to it later as the historical data
make the generalities in the chapter more meaningful. Appendix II is also di-
rected at method; it contains what little systematic advice on method has pre-
viously been published.

The next twenty chapters describe the programs and their experiments. As
mentioned earlier, “program” has been used somewhat loosely. Sometimes it
means no more than a set of studies at the same location on the same general
theme. In any case it should not be inferred that “programs” have been planned
as such in systematic fashion. More often later experiments in a set have devel-
oped from earlier ones in an unpremeditated manner or from unforeseen prob-
lems facing the researcher. The “‘program” approach was selected to give struc-
ture to the work, to make description more economical, and to indicate how
experiments actually were related to each other. This approach added consider-
ably to the toil of description, since few experimenters have capped their work
with a report fully summarizing and interrelating the individual studies.

Not all experiments in all programs are described in detail. When a program
has included numerous similar experiments, descriptions are given only for a
sample that is believed to be representative. Summary information is provided
about the others. In a few other cases descriptions are brief because it was
impossible to get enough information. Otherwise, experiments are described in
some detail. Such coverage demonstrates the scope of the work, which is diffi-
cult to grasp for those who have not taken part in it. More important, it has been
necessary to provide enough detail to describe the system involved, the methods
used by the experimenters, and major results. It might have been preferable to
give more austere accounts if original sources were readily accessible to readers;
as noted earlier, most of them are not, although they are listed in the Refer-
ences. The reference data from which the material in the twenty chapters was
reduced came to more than five million words.

The number of experiments in a program varies. In some instances only a
single experiment was completed, although more may have been planned. Some
chapters consist of a single program or set of experiments; in others there are a
number. They are aggregated in various ways; according to sponsoring agency,
research organization, or topic. Thus the organization of chapters is not stan-
dardized and is somewhat arbitrary, due largely to the heterogeneity of the
subject matter and varying availability of information. As a consequence, the
order of chapters is only approximately chronological.

The criteria for inclusion of a study are those set forth at the start for
defining a ““man-machine system experiment.” The boundaries were established
according to what seemed best to fit the pattern of this type of research. No
doubt some readers will object to certain inclusions or exclusions. To each his
own pattern perception! Another criterion was the extent to which an experi-
ment involved the kinds of problems and methods characteristic of this research.
There seemed to be little point in including those experiments whose methodol-
ogy has been well established and publicized.
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Since a number of fields are closely related to man-machine system experi-
mentation, it seemed useful to describe these. Readers might like to know what
was not being included under the main theme. Chapter 23 gives overviews of
these: system testing, small group studies, gaming, and all-computer simulation.
Another supplement to the accounts of experiments is Appendix I, which de-
scribes plans for facilities that were never built, or if built, never saw an experi-
ment.

The last two chapters approach man-machine system experiments from a
more general viewpoint. Chapter 24 looks at their place in man-machine system
research as a number of researchers have viewed it. Highlights of their commen-
tary have been reproduced. Chapter 25 examines the strategy of this kind of
research. It deals with objectives and accomplishments. It covers relationships
between programs and facilities, cost and benefit. In addition, Appendix III
describes some of the contributions of man-machine system experiments to
general knowledge about systems. Chapter 25 may aid those responsible for
man-machine system research and development to determine the extent to
which this kind of experimentation should be encouraged in the future and the
directions in which it should go.



2

Problems of Method

As the previous chapter indicated, methodology is a major consideration of
this book. One of the book’s purposes is to help future practitioners conduct
man-machine system experiments. This chapter will outline some of the prob-
lems which such practitioners will face.

To a considerable extent the problems of method in this kind of research are
those of experimentation in general. There is no need to describe here how to
perform experiments, since other texts (e.g., Chapanis 1956, 1959; Kerlinger
1965; McGuigan 1960; Sidman 1960; Townsend 1953; Underwood 1957) have
provided such descriptions for psychological research; still other writers have
concentrated on the use of statistics. However, there are methodological prob-
lems in man-machine system experimentation which do call for attention. Al-
though for the most part they exist also in more conventional experiments, in
some instances their resolution has seemed so straightforward in such experi-
ments that little has been written about them. In other instances they have
received more analysis. In either case, the scale and complexity of man-machine
system experiments accentuate their significance, so much so that some of these
problems may appear to be specific to this research.

These experiments have been characterized by elaborate facilities and appa-
ratus and by large numbers of people. Some of the apparatus may represent part
of the system being investigated. Instrumentation for collecting data may be
extensive. Other equipment presents the complex stimuli that evoke perfor-
mance. Communications connect subjects with each other and with experi-
menters. A computer is likely to be part of the apparatus.

The people involved may include a sizable staff to conduct data-taking ses-
sions, large numbers of subjects, engineers and computer programmers, advisers,
and those who collect information about the system under scrutiny or analyze
the data from the experiment. Still others design and produce the simulation
inputs—the stimuli that evoke performance.

The methodological problems of man-machine system experiments will be
discussed under the headings of management, design, simulation, subjects, and
measurement. The diversity and extent of people and equipment suggest why
management deserves special consideration in this kind of research. Design must
cope with a particularly wide range of variables and with accompanying require-

12
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ments for control. Simulation inputs of considerable volume and intricacy must
be designed, produced, and presented; much of the simulation has no parallel in
other types of psychological experimentation. Subjects, who may have to be
trained in advance, often work as teams at specific tasks, along with quasi
subjects; their selection and supervision can challenge the researchers. Great
quantities of data are collected and reduced; multiple measures must be selected
because of the many parts and purposes of the system studied.

How can researchers acquire an understanding of the methodology of these
elaborate experiments beyond that derived from their experience with other
experimentation? There are three ways. The best way is to take part in one as an
experimenter. The next best way is to become familiar with a large number of
such experiments vicariously by reading about how they were done. The
chapters which follow try to provide such an opportunity. The third way is to
read a guide, like this chapter.

As a guide it dwells as much on problems as on their solutions. It is assumed
that the reader will profit just from warnings to “worry about this” and “you
can get into trouble with that.”” Although much positive guidance is included,
and Appendix II includes checklists which have appeared in the literature, it is
impossible to present a simple handbook suitable for all experiments. They are
too diverse. The systems they examine differ widely. Individual experiments are
usually embedded in larger programs with varying facilities, objectives, and costs.
As Chapter 25 points out, the objectives of man-machine system experiments
vary from seeking particular or ad hoc knowledge to seeking general knowledge,
and from exploration to verification. The methods or tactics of an experiment
will depend on the over-all strategy chosen. Methods have to be tailored to the
individual experiment.

The guidelines and problems set forth in this chapter are not traced to the
situations in which they became apparent; there is no wish to imply criticism of
specific researchers and laboratories. But the reader can assume there is good
reason for including each guideline and problem. Perhaps the problem was solved
badly, perhaps the guideline was not followed. On occasion the solution required
much innovation or effort. This chapter should alert readers to significant facts
brought out about experiments in the chapters which follow. But the material in
this chapter is also drawn from unpublished experiences and views of many
experimenters, including the author and the consultants who assisted him.

MANAGEMENT

Management functions include planning for all the phases of this research,
the acquisition and administration of resources, and the organization and co-
ordination of operations in each phase.

It is convenient to separate the life of a man-machine system experiment
into three phases, with subphases within each. Indeed, all experiments can be
viewed as multiphasic. The laboratory occupation phase, during which the data
are gathered, is the middle phase. Despite its key role in the experiment, it can
be the shortest, although it may continue for weeks or even months in larger
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experiments and call on the participation of scores of individuals. It can include
preliminary shakedown sessions for the equipment, for computer programs, and
for experimental staff, as well as indoctrination and training sessions for the
subjects. It may also incorporate exploratory sessions or even subsidiary experi-
ments to develop values of independent variables, performance measures, and
methods for presenting inputs and collecting data. The actual data-taking ses-
sions are the core of the experiment, as in other experiments.

The first phase covers preparation. It may take several times longer than the
second and be costly. The system being investigated must be thoroughly studied
if it is one presently in use, or carefully created if it is a future or hypothetical
one; much information about it must be assembled. The simulation inputs must
be designed, produced, and checked out; and if part of the system is to be
represented within a computer, each model must be programmed and also
checked out. The formal design of the presentation of independent variables
must be created. Suitable performance criteria and accompanying measures have
to be selected, and techniques must be developed during this phase to collect,
reduce, and analyze data. Further computer programming may be required for
the data-reduction methods. The subjects must be assembled. For large-scale
experiments, all sorts of manuals must be written detailing the procedures to be
followed during the data-taking sessions. The acquisition of a facility, of appa-
ratus, and of staff can also be regarded as part of the preparation phase, if the
experiment is the first in a program or if changes are needed in these resources.

In the third phase, the performance data are reduced and analyzed, an ex-
tended process even with computer support. The researchers write reports and
otherwise disseminate the results. The reports may include recommendations.
The third phase may also last several times longer than the second. Except in
duration and in methods of dissemination, the third phase in man-machine sys-
tem experiments resembles that in psychology experiments in general.

Composition

The composition of the management for this kind of enterprise is critical.
Those who exert authority must understand the system and the methodology of
the research to be able to provide guidance. Arbitrary control by those who have
little professional interest in the work can create discord and inhibit the effec-
tiveness of the staff.

One approach is to assemble a partnership of gifted and hardworking scien-
tists. Both creativity and industry are essential. Man-machine system research is
no place for the indolent. Some management structures, such as a rigid
hierarchy, should not be installed automatically simply because they have been
effective in other circumstances. Further, the role of ideas and the value of
experience in this kind of research cannot be overemphasized. Much time may
be required to build up a competent management and to acquire a competent
staff. When further experimentation is projected, the retaining of trained person-
nel may be essential to its success.

The research makes so many different demands that some diversity in techni-
cal expertise, interests, and personality is valuable. Although it may be necessary
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to have a formal leader of the management team, its members need to solve
problems in common. Different members may have to assume technical leader-
ship during different phases of the experiment and for different aspects of its
management. Although such an arrangement may generate debate at times
among the members, it is possible to establish a consensus and take action on
that basis. (Please note this is not advocacy of decisions by majority vote.)

The management should acquire and maintain constant communication and
close liaison with other groups and disciplines whose interests do not lie pri-
marily in the experimental research but whose knowledge and support are criti-
cal. These include engineering and computer programming groups and experts
familiar with the system investigated in the experiment. A management com-
mittee which meets frequently—daily during the experimental runs—should in-
clude engineering and programming representatives. The committee should have
representation from all the major personnel groups concerned with the experi-
ment (except subjects).

Planning

The planning of any experiment obviously involves the objectives discussed
in Chapter 25 and the place of the experiment in any over-all program. The
point to be made here about objectives is that the goal should be clearly estab-
lished. Management policy, particularly that coming from levels above the re-
search managers, should remain consistent. Otherwise the direction of effort will
keep changing, preventing the extended, systematic follow-through of ideas. At
the same time, the research management must have the flexibility to redirect the
experimentation as a result of its own experience in the laboratory.

Planning should be consistent with resources, including funding. Too great a
divergence between aspirations and accomplishment may indicate ingenuousness
on the part of the researchers and possibly a greater talent for dreaming than for
doing. In addition, plans which are grandiose but lack sufficient substance about
the knowledge to be sought are less likely to be funded. This is especially true of
proposals for expensive facilities—although such proposals have sometimes suc-
ceeded, with results not always to the credit of the proposers.

Unless they are simply window-dressing, written plans may be helpful in the
advance structuring and specification of effort. Plans can include schedules,
budgets, and descriptions of all the tasks which have to be accomplished in each
phase of the experiment. Scheduling should be realistic and should incorporate
contingency planning. Items of equipment are often delayed, and computer
programs usually take longer to complete than forecast. The unexpected is cer-
tain to occur, especially in field experiments. Not only is weather unreliable, but
equipment malfunctions seem inevitable. These may occur in equipment which
seems tangential, such as air conditioning or power supply, but which is essen-
tial. For a variety of reasons, both equipment and subjects may become unex-
pectedly unavailable.

It may be well to have a general plan, supplemented by detailed plans. The
general plan shows the major goals, resource requirements, over-all arrangements,
and milestones. The detailed plans incorporate the specifications of apparatus,
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programming and computer models, computer usage, simulation, data collection,
data analysis, subjects and their participation, staffing, experimental design, and
procedures for conducting the data-taking sessions. These procedures may be set
forth in handbooks or manuals for the experimenters, for the subjects, and for
personnel who function as quasi subjects. Checklists are useful as well. The
manuals state how to present simulation inputs and collect data; they also pro-
vide training information to guide the subjects during the data-taking sessions.
Other manuals describe the system being investigated and indicate how it is
represented in the experiment with respect to equipment, procedures, personnel,
and configuration. Plans and manuals should be updated as necessary.

It is important to keep records or logs of what has happened during each
phase of the experiment, especially during the phase of data-taking sessions.
Sometimes there are deviations from the detailed plans and schedules. During
the second phase the logs should be kept daily and weekly, and they should
pinpoint problems. Planning conferences should be scheduled during the first
phase, and should occur daily during the shakedown or rehearsal periods of the
second phase.

Although they share the same kinds of problems, planning for a man-
machine system experiment is far more difficult than planning for more conven-
tional psychology experiments. One of the major challenges is the selection of
independent variables or values of variables (e.g., input “load”) and the selection
of dependent variables or measures. Little may exist in the way of prior research
or theory to guide the experimenter. As in other kinds of experiments he may
conduct pilot studies, which he may or may not call experiments. These may be
few or many, limited or full-scale exploration experiments. Or he may search less
systematically by manipulating independent variables and measures during the
shakedown subphase of his experiment. If his experiment’s objective is essen-
tially discovery rather than verification, he may even redefine his independent
variables and measures during the experiment itself—usually with a resultant loss
of certainty about his results. Then he is “planning” during the experiment as
well as beforehand. More will be said later about this process of “sequential
planning.”

The planner also faces a quandary in projecting the time requirements for
the shakedown subphase, regardless of any preliminary study. How long will it
take to familiarize the experimental staff with procedures; to remove “bugs”
from procedures, equipment, simulation inputs, and computer programs; and to
adapt both staff and subjects to the simulated “‘culture” and to such features as
compressed time? There may be an unfortunate tendency to minimize the time
needed. How long will it take to train the subjects to some desired level of
performance, such as a “steady state,” before the experiment begins? In the
ordinary university laboratory the research psychologist faces the same ques-
tions, but generally not on a scale involving a large staff, many subjects, perhaps
extensive computer time, and the occupancy of a large facility with many sup-
port personnel.

The experimental design may also call for the achievement of a steady state
of performance (constant performance level, such as a baseline) during the ex-
periment, to permit comparison with another steady state after some variable
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has been altered. To develop time schedules, the planner may have to predict
how long it will take to reach each steady state. Even approximate forecasts are
difficult. This is just part of the scheduling problem. Should the experiment
consist of relatively few long sessions or many short ones? One argument in
favor of short sessions is that a malfunction or error requiring a rerun has less
grievous an impact. This is one way to plan for contingencies.

Acquisition and Administration of Resources

The resources which the management must acquire and administer consist of
a facility, apparatus, frequently a computer, and staff. In each case the require-
ments tend to be greater than in most psychological experimentation. One ad-
vantage of planning man-machine system experiments in terms of sets of experi-
ments, or programs, is to spread the cost of resources among a number of
studies.

Facility. Depending on the particular situation, the facility may be built for
the experimentation or it can be an existing location which may be converted to
serve the needs of research. Such locations may be indoors or outdoors. Indoor
sites range from offices to which relatively simple equipment is added tempo-
rarily (e.g., communications), to operational centers, such as one on a ship or a
functioning air defense unit temporarily taken over for the experiment. Those
outdoors may be areas of terrain, large or small, highly instrumented acreage
permanently assigned to experimentation or a small area equipped simply with
stakes through which soldiers in the experiment must pass.

When an indoors facility is created for the research there is a risk that it will
be proposed and built before the research is planned. This unfortunate inversion
of needs will be discussed further in Chapter 25. On the other hand, designing a
facility to meet the needs of a particular experiment may inhibit the flexibility,
versatility, reliability, and expandability that such facilities should hopefully
possess (Ernst 1959).

Flexibility and versatility may be needed when it is difficult to predict the
size and number of teams that will work in particular spaces. Movable and
removable partitions can help solve this problem, along with space for cables
under removable floors. Locations will be needed for session administration, for
activities of quasi subjects (described later), and for subjects’ presession and
postsession briefings and discussions.

One of the factors which can limit flexibility is the installation of permanent
one-way viewing windows permitting the experimenters to keep an eye on the
subjects. These may be desirable, however, when it is necessary to keep subjects
under surveillance to make sure they are not violating instructions. In addition,
some performance measures may be acquired through visual monitoring, al-
though the importance of such measures may be exaggerated. (In any case, the
subjects and their displays may be too far away to be seen by the monitors’
unaided eye.) One reason for including extended one-way viewing windows in
the facility design is to enable visitors to observe the experiment, but this ratio-
nale may simply support the notion that the facility is primarily a showpiece.
Alternatives to permanent, extended one-way windows are small, movable, one-
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way viewing ports and closed circuit television. The concept of raised observa-
tion decks with one-way windows should be carefully examined before these are
designed into a facility.

Apparatus. The apparatus that the management must acquire and maintain
includes simulation devices which produce inputs to the subjects, calling on
them to perform in certain ways; displays which present those inputs; devices
through which subjects make their responses; telephonic and other communica-
tions; instrumentation to record the responses; and a timing system to co-
ordinate all operations. Except for the first and last two categories, the appa-
ratus may be equipment that system operators regularly use in their
operations—a radar display, for example, a console, a tank, a radio mouthpiece
and earphones. The apparatus may be used by the subjects at the operational
scene or brought to the laboratory. Or the equipment may be simulated in some
fashion in the laboratory—by a television display, a control panel, a miniature
tank, a telephone terminal.

Simulation of operational equipment raises questions of fidelity or realism.
If it is prototype equipment it is likely to require continuing maintenance, both
remedial and preventive. Management must be equally, or even more, concerned
about the maintenance of the simulation input devices and the recording devices
than about their cost. Subsequent attention will be given in this chapter to the
fidelity and reliability of the simulation inputs and the appropriateness and
reliability of the recording instruments.

Computer. In some experiments the device for introducing simulation inputs
may be as simple as a script; that for collecting performance data may be no
more complex than a tape recorder. But many will need access to a computer
both for transmitting inputs to display surfaces and collecting performance data.
The computer may be used for producing the inputs in the first place and for
reducing and analyzing the performance data. As noted earlier, a computer may
also model or simulate parts of the system being investigated. To generate inputs
to which the subjects must respond, the computer may in fact first receive and
process within one of its models the outputs from the subjects or from another
model. And if the system itself is computer-based or computer-aided, the com-
puter in the experiment can represent the one in the system.

Another computer function can be the immediate assessment of subjects’
responses, as in umpiring their decisions. It can select subsequent simulation
inputs according to the assessment made. In this sense it is “reactive,” an aspect
of simulation discussed later.

To participate in such ways during data-taking sessions of the experiment,
the computer must operate in a real time mode or there must be buffer com-
puting equipment which does this. Even with a time-shared computer the buffer-
ing equipment may be necessary to deal with delays that might otherwise follow
subjects’ responses; the buffer equipment can also temporarily store responses
and generate displays, such as printouts.

If the computer is the one in the system investigated and also can produce
the simulation inputs, hold them in storage, and then transmit them for display,
the temptation is great to exploit this linkage. But there is a risk. The computer
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will have produced for presentation only that information which people in the
system encounter after it has been computer processed, not the information as it
reaches the computer from various sensors and communication channels. There
is also a risk in the use of the system computer for performance recording and
data reduction. What gets reduced may be only what the computer senses as a
result of subjects’ switch activations, such as pushing buttons. More will be said
about these problems subsequently. What must be stressed here is the signifi-
cance to management of these limitations.

What exists outside the computer’s domain may constitute critical simula-
tion inputs for an experiment or critical performance data. But their critical
nature may not, and probably will not, be recognized by those whose activities
lie entirely within the computer domain—programmers or data system analysts.
This is perfectly natural. The neglect is likely to occur if computer programmers
dominate the research and development organization within which the man-
machine system experiment is conducted, or if they guide the experimental
effort itself.

Several other problems can arise in the exploitation of a computer for man-
machine system experiments. One is analogous to that cited concerning the
building of a facility. If the computer is acquired before the research it will
support is planned, the inversion of needs may inhibit the development of a
superior research program. This inversion can also contribute to another
problem—the estimation of required computer capacity. This can be very diffi-
cult, and underestimation can be unfortunate. A third problem is the amount of
time needed to install the computer, check it out, and develop its software
(programs). Underestimation is likely here, too.

Staff. Large-scale experiments require large staffs. In view of the various
phases and subphases through which an experiment progresses, the staff support-
ing the management must be flexible. Flexibility can be achieved in part through
using the same personnel for different functions within the laboratory organiza-
tion. It may also be advisable to borrow personnel from other organizations. For
peak loads, as during data-taking sessions, it may be necessary to employ part-
time personnel or contract personnel, but since staff must be trained, it can be
advantageous to maintain an in-house supply for an on-going research program.
Contingency plans must be prepared to make substitutions when key personnel
are absent. It is essential that laboratory supervisors be experienced and well
informed.

Job analyses may be useful for ascertaining the manning requirements for
experiments. Staff functions in data-taking sessions include supervision of the
entire operation, recording of difficulties and other events, monitoring and con-
trolling the activities of subjects so that they follow experimenters’ instructions,
participation in presenting the simulation inputs, and participating in the record-
ing of the subjects’ performance. It is important to assign enough individuals to
perform all these functions properly.

Those who take part in presenting simulation inputs may operate devices
which produce simulated radar signals of aircraft on display scopes. The indi-
viduals follow a script in manipulating switches and knobs on the device, or they
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respond to commands from subjects. In other words, they simulate pilots. In
other situations, individuals represent organizations with which the experimental
subjects communicate, such as interacting agencies or superior echelons of com-
mand. In still other cases they may take the roles of hostile troops in a field
experiment. In this book all of these types who simulate or represent people but
are not called “subjects” are designated as “quasi subjects.” They are part of the
staff, and in many cases they also perform the functions of making the subjects
follow instructions and of recording performance data. In other cases these
functions are carried out by individuals who have no simulation roles.

Clearly the acquisition and administration of the staff, including quasi sub-
jects, are management responsibilities which are not found in other psycholog-
ical research, at least not to the same extent. There are also support personnel,
e.g., advisers or consultants; engineers; and, when a computer is being used,
programmers. The advisers may come from the organization which operates or
will operate the system being investigated. They can furnish useful information
about procedures, problems, personnel, and the operating environment. They
can also help disseminate the results of the experiment. Often the advisers are
also subjects.

Engineering personnel should definitely be either present or on immediate
call during the data-taking sessions to deal with equipment malfunctions; so
should programmers to cope with computer program emergencies. In either case
the management should be skeptical about estimates of the time needed to
restore normal operations. One approach is to multiply estimates by a factor of
three.

Programmers and programming are related to the research management in
other significant ways. For example, the design and production of the programs
to accomplish the various computer functions already described are highly tech-
nical activities. They are also very time-consuming and expensive. The research
management must make certain that what goes into the programs meets the
research goals and that the programming does not exceed time and money limits.
Although it is essential to have a sufficient programming staff and a realistic
programming schedule, wishful thinking tends to produce the underestimation
mentioned earlier. In addition, a programmer may go to unnecessary lengths to
make his program a thing of beauty as well as utility.

Another management problem is the estimation of how much computer time
should be reserved. Program development may require five to ten times as much
computer time as the actual data-taking sessions will need, and four or five times
as much computer time as will be needed for data reduction and analysis. The
management cannot afford to take on faith the programmers’ estimates of neces-
sary computer time, of needed programming time, or of the number of pro-
grammers required. Some of the experimental staff must be sufficiently knowl-
edgeable about programming to assess cost, time, and programming capability.
These people should be able to communicate with the programming staff.

In addition, it should not be assumed that the programmers will become
interested in fields alien to their own on their own initiative. Rather, the man-
agement should attempt to bring them into the planning of the experiment and
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to indoctrinate them in experimental techniques and human factors considera-
tions.

Organization and Co-ordination of Operations

Although management responsibilities for organization and co-ordina-
tion of operations during the three phases of a man-machine system experiment
are in many ways obvious, certain of them will be emphasized. The various
necessary activities during the phases have been previously outlined.

First Phase. In the preparations phase, a major undertaking can be the crea-
tion of a simulation production capability. This means a capability to produce
simulation inputs on a massive scale. The nature of such production is discussed
later. Such experiments consume vast amounts of performance-evoking stimuli,
which usually must vary considerably in an experiment. These stimuli represent
the complex events which impact on the system. They vary because the experi-
menters want to know how loads which differ quantitatively and qualitatively
affect the operators’ and the system’s performance. They may also vary so
operators do not encounter the same inputs in succeeding sessions. Much auto-
mation and specialized technology can be required in the mass production of
inputs which must be thoroughly checked out before being used in the experi-
ment.

Another aspect of simulation is the modeling of parts of the system or
organization which will be represented within the computer. Although the
models must be programmed, their design consists of assembling considerable
data-base information and preparing extensive specifications of operational rela-
tionships among many organizational and equipment entities. To prevent in-
compatibilities between models, it is wise to plan and construct them as a single
package, not piecemeal. Also, it is best to begin with aggregated models and flow
charts and work toward greater detail rather than in the other direction. Model
designers should be informed as to what kinds of performance data will be
required so they can allow for the accumulation of such data at advantageous
points. The modeling process can be exploited to integrate much of the prepara-
tion for the experiment. There should be frequent meetings to review work
being done, with publication of minutes, agreements, assignments, and pending
questions.

The construction of the data base for the models, or for other simulation in
the experiment, can present serious problems to the management. If the experi-
ment includes a depiction of a current system, it is necessary to find out how
that system operates. This may not be easy. Those in charge of the system may
be willing to provide the information, but it may not be written down anywhere.
The researchers may have to go and inspect the system at first hand. Then they
describe it in a handbook, along with the embedding environment. The field
study should come in the first phase; it should not be an after-the-fact inquiry.

The programs for the models must be thoroughly checked out during the
first phase, along with the programs for input presentation, data collection, and
data reduction. Unless the data collection and reduction programs are completed
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in this phase it may not be possible to acquire and reduce all the desired data
automatically, and extensive, laborious manual intervention may become neces-
sary. Adequate time should be allowed for debugging all computer programs,
and the work of the programmers should be fully documented with flow charts,
notes, and descriptive material as it progresses through the construction of pro-
grams and their debugging.

Second Phase. The need for shakedown or rehearsal sessions has already been
indicated. These train the staff, help them improve their procedures, and further
check out the apparatus, inputs, and computer programs. It has also been noted
that such sessions may be exploited to search for appropriate levels of load and
other independent variables and to examine methods of collecting data and the
apparent usefulness of various measures. During these shakedown sessions staff
members must play the roles of subjects. Since various mishaps are likely to
occur, the actual subjects should not be allowed to participate lest they be
disillusioned; they must have their own training or indoctrination sessions. Both
the shakedown and training sessions may be numerous, together lasting even
longer than the data-taking sessions.

The data-taking sessions themselves require much co-ordination between the
individuals and devices making simulation inputs and the individuals and devices
recording data. Clock-dependent precision is called for. Co-ordination is partic-
ularly difficult to achieve in field experiments, partly because communications
are less reliable and participating elements, such as aircraft, may not show up.
One of the management problems is to determine when an absence, a mistiming,
or a malfunction should require the session to be interrupted or terminated and
when it should be disregarded. Although sometimes equipment malfunctions can
be simply regarded as a normal aspect of operations, they can also ulcerate the
management.

As mentioned earlier, it is advisable to keep a continuing record of data-
taking sessions, logging all deviations from expected operations and ground rules.
The management may also establish a quality assurance function. An individual
or small staff then becomes responsible for continuously inspecting all experi-
mental operations, eliciting comments and criticisms from the staff and support
personnel, acquiring discrepancy reports, and uncovering incipient difficulties.

Third Phase. A major management responsibility is the dissemination of
information about the experiment and its results. If no report is forthcoming, or
its distribution is seriously curtailed, it is reasonable to suspect that the experi-
ment did not turn out the way someone wanted it to who had a stake in the
outcome. If the report is sketchy, the reason may be poor experimental design,
resulting in the researchers not having enough assurance concerning the results to
want to publish much about them. It is also true that many researchers dislike
writing reports; one way to find out whether this was a reason for inadequate
reporting is to examine how much was put down on paper before the experi-
ment was conducted.

Reports can be well written or poorly written, with a clear or confusing
format. Management should consider itself responsible for producing a lucid,
readable report, with effective presentation of figures and tables. When a pro-
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gram has been completed, a summary report should cover the entire program.
Often two types of reports are advisable, one for the “customer,” setting forth
the results and any recommendations, another describing just how the experi-
ment was performed, for professional inspection.

Management responsibility for dissemination of information does not end
with the issuing of a report; briefings should be given as well. Laboratory demon-
strations can also be held, and follow-up discussions should be offered for those
who could profit from the results. If the report is classified, unclassified portions
may be published separately, as may subsidiary findings of interest to special
audiences. If the experiment had some ad hoc objective concerning a particular
system, any generalizable results should be identified as such and disseminated.

DESIGN

Experimental design may be defined as the specified arrangement of the
conditions that produce data. To elaborate on this phrase it will be necessary to
explore the nature of design in experiments in general, but this will be done to
introduce those features which constitute particular problems in man-machine
system experiments. These arise from the cost of such experiments, the multi-
faceted character of the situations they investigate, and the variety in the over-all
objectives of this research.

(For present purposes no attention is given to so-called ‘“‘ex post facto”
experiments or ‘‘data analysis designs,” in which the independent and dependent
variables are selected after the circumstances in which they are embedded take
place. The use of correlational techniques for investigating man-machine systems
is discussed in Chapter 25.)

Experimental design consists of the following steps:

1. Stating an experiment’s purpose.

2. Selecting the independent variables and their states (values, levels) which

will be manipulated (varied) or held constant, and identifying variables

which cannot or will not be manipulated or held constant.

3. Selecting the dependent variables, the criteria for the measures to be

applied to them, and the measures.

4. Taking steps to prevent other variables, or the independent variables

themselves, from having effects which would diminish confidence in the

results.

5. Determining the number of replications (repetitions) of unique condi-

tions (combinations of states of independent variables).

6. Segmenting the entire operation of data-taking into parts, specifying

their durations and numbers, and scheduling them.

An optional seventh step is to select the kinds of statistics to apply to the
results for testing their statistical significance. Such statistics can help the re-
searcher make confidence judgments about the results. The other six steps are
necessary whether or not significance statistics are used. The applicability of
such statistics may depend on how these steps are carried out. But it is best to
regard statistics as an aspect of design, rather than design as a consequence of
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using statistics. Campbell and Stanley (1963, 1966) have summarized the rela-
tionship thus:

Good experimental design is separable from the use of statistical tests of signifi-
cance, It is the art of achieving interpretable comparisons and as such would be
required even if the end product were to be graphed percentages, parallel prose
case studies, photographs of groups in action, etc. . .. Use of significance tests
presumes but does not prove or supply the comparability of the comparison
groups or the interpretability of the differences found.

The dependent variables, their measures, the criteria for these measures, and
the significance statistics which may be exploited are discussed later in this
chapter. At this point we shall concentrate on the other design steps.

Purposes

Frequently there is a temptation to oversimplify the general reasons for
conducting experiments, For example, it may be stated that experiments test
hypotheses; some do. Perhaps every experiment that relates differences in results
to differences in independent variables could be interpreted as doing so when
accompanying statistical treatment tries to disprove the null hypothesis that no
difference has resulted. But the wide range of purposes that in fact exists should
be acknowledged if the reader is to understand the variety of man-machine
system experiments, as well as others.

Verification. Possibly this is the most common purpose, and for that reason
it may be mistaken as universal. The researcher not only asks whether a differ-
ence in states of an independent variable results in a difference in the measured
dependent variable, he wants to be confident about this cause-and-effect rela-
tionship. His quest is for certainty.

Exploration. The exploration-verification distinction, as mentioned earlier,
will be discussed further in Chapter 25. When exploration is the dominant pur-
pose, the researcher is more interested in discovery than in certainty. He is
looking for variables or states of variables which for some reason are important,
and the experiment reveals them.

Generalization. The researcher performs the experiment so he can generalize
from the results. The experiment may test a theory, or the researcher may select
independent and dependent variables in a way which will permit him to extend
the results to many other situations.

Ad Hoc Answers. Only a particular situation is of interest. The relationship
between generalization and ad hoc objectives is also discussed in Chapter 25. It is
fair to say that ‘“‘applied” research deals with ad hoc objectives.

Description. Here the emphasis rests on measuring the response to a situation

or stimulus rather than on the differences between responses resulting from the

differences between situations or stimuli. In some examples the effective stim-
ulus is specifiable, as in psychophysics. But in other contexts the origin of the
dependent measure, e.g., error frequency, often is not identified.
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Functional Analysis. This is also descriptive, but such analysis aims at show-
ing a systematic relationship between at least three values of an independent
variable and some dependent measure, their co-variation in some pattern. In-
cluded are parametric experiments which reveal the effects of two or more
related independent variables—both parameters of some phenomenon—and the
relationships between the sets of effects.

Evaluation. As in description, the emphasis lies on measuring performance
rather than in tracing effects to causes. The performance may be matched
against some standard, which defines acceptability. Or the purpose may be to
ascertain peak (maximum) performance (capability).

Correlation. This objective and such techniques as regression analysis may or
may not be admitted into the company of experiments, depending on a re-
searcher’s personal biases. Although correlation is often used to measure co-
variation among performance variables, it can also be applied to co-variation
between a dependent variable and a system or input variable not manipulated by
the experimenter.

Comparison. Two entities, such as two systems, are compared with each
other. They react to the same requirements, and their performances are sub-
jected to the same kinds of measurement.

Diagnosis. The paramount concern is to find out what led or might lead to
some result. It is a kind of trouble-shooting. As in the case of verification, it
depends on the manipulation of independent variables to find out how this
variation affects the dependent measures. As in the case of exploration, the
researcher may also be trying to find out which independent variables to manip-
ulate.

Methodology. Rather than directly seeking substantive knowledge, a re-
searcher investigates the effectiveness of some laboratory procedure, simulation
technique, measurement instrument, or other methodological feature to use later
in seeking substantive knowledge.

More than one of these objectives can characterize an experiment. They are
not all mutually exclusive. To some extent, all have been found in man-machine
system experimentation. They impose differing requirements on experimental
design.

The variety of purposes for doing an experiment has not been emphasized by
most authors of books on research and design. An exception is Kaplan (1964).
He has pointed out that ‘““the usual discussion of experiment in the philosophy
of science focuses on only one type, which we may call the nomological experi-
ment.” This has the purpose of verification. According to Kaplan, it “aims at
establishing a law, at proving or disproving some hypothesis or other.”” The most
familiar type is the “crucial experiment.”

Kaplan has called those experiments with the purpose of exploration ‘“heu-
ristic.” They are undertaken ‘“to generate ideas, to provide leads for further
inquiry or to open up new lines of investigation.” Some simply are aimed “to see
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what would happen if . ...”” Kaplan used the term “fact-finding” for experi-
ments with the purpose of description. He also described some experiments as a
“boundary” type—“to fix the range of application of the laws.”

Independent Variables

The knowledge sought through an experiment is defined by its independent
variable or variables, of which man-machine system experiments usually have
more than one. Perhaps more than one primary question is being asked. Perhaps
a researcher wants to know how the answer to a primary question depends on
various circumstances (other variables).

Something (the independent variable) receives different magnitudes or forms
(states, levels, values) in an experiment to see how the difference(s) affect(s)
something else (the dependent variable). Most of the general objectives just
outlined call for the researcher to select the independent variables that will vary
and the states each will have. He will be able to manipulate some variables by
assigning states at will. In other cases he will have to accept the states available
or select among them. The determination of independent variables and states is
likely to be particularly difficult in man-machine system experiments because of
the large repertoire from which to choose. The researcher may also have fewer
sources of inspiration. What have been some of the determinants of choice in this
and other kinds of experimental research?

1. Theory. The experimenter deduces that a certain variable should have a
particular effect. He sets out to prove his hypothesis.

2. Hunch. This is also called “insight.” It comes out of the blue, or stems
from “armchair speculation” or some degree of analysis.

3. Prior experiments. These produce questions, or indicate some lead worth
following. In particular, analysis may show that an independent variable in a
prior experiment consists actually of two or more variables. These must be
manipulated individually to find out which was responsible for the earlier re-
sults.

4. Pilot studies. Some are brief and often somewhat unsystematic or even
disorderly experiments. But, as mentioned earlier, they may also be careful and
fairly extensive explorations. They can be particularly effective for determining
the states of an independent variable to put in the main experiment; they may
investigate a number of levels chosen from the entire range.

S. Preliminary sessions. Before the experiment proper begins, the researchers
may conduct preliminary shakedown or rehearsal sessions. In addition to trying
out data collection methods, performance measures, simulation technology, and
laboratory procedures these sessions may examine one or more of the indepen-
dent variables to settle on the most appropriate states. This is most likely to
occur in the case of input load. Then the preliminary sessions take on the same
role as pilot studies.

6. Computer modeling. A large number of independent variables and levels
of these can be put into an all-computer simulation. Those which lead to impor-
tant differences in results can be regarded as candidates for the experiment. To
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select the appropriate ones, the researcher must consider what assumptions were
made in the computer simulation.

7. Careful and comprehensive examination of the ‘real world’ situation
related to what the experiment will investigate. In the case of man-machine
system experiments, this is the system, whether in existence or being planned.
Such an examination can help a shrewd analyst pinpoint key variables and their
states.

8. Correlation studies. Quantitative data from the “real world” or from a
system test or exercise are obtained about two or more variables. Correlation
analysis may then show that they vary together. If a number vary together,
factor analysis may yield explanatory factors. Correlations and factors may sug-
gest experimental treatment of the variables to show functional relationships.

9. Surveys. Individuals in the real world provide opinions and other reac-
tions in questionnaires or interviews. Such subjective data may help indicate
what objective experimentation should investigate.

Categories. One approach to the selection of independent variables and their
levels is to review a checklist of the categories and subcategories of such vari-
ables. Underwood (1957) set forth four categories for psychological experi-
ments—environmental, task, instructional, and subject. The major categories of
interest in man-machine system experiments total a dozen or more, although
perhaps a majority could be fitted into Underwood’s set:

Procedures and policies

Personnel requirements

Design, including communications and automation
Training techniques

Organization

Decision-making methods

Input loads, including “noise”

Input selections (with equivalent loads)

Ambient conditions

Subjects, or teams of subjects

System resources

Tasks

Instructions from the experimenters

Embedding and interacting organizations (including “enemy”’)
Feedback from performance

Repetitions of conditions

Time factors

Order of encounter of experimental conditions

These are categories of variables which directly affect human performance.
There are other classes of variables that affect system and subsystem perfor-
mance but influence human performance only indirectly, if at all. These are not
discussed in the present context.

Input load has special importance for man-machine system experiments.
Since it consists of most of the information given to the subjects, as a conse-
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quence of which they must act to perform their tasks, it forces their perfor-
mance. Because its variation can show how the system operates under varying
requirements, it may be an important independent variable even when another is
the one of primary concern. When systems are developed to cope with heavy or
special inputs, it is a variable of great importance indeed.

Alternatives to Selection. The researcher has several alternatives to selecting
every state before the experiment begins. He can simply defer some of these to a
later experiment, if another is expected. He can relegate one or more variables to
one or more relatively brief supplementary experiments which are then planned
to follow the main study. He can plan to change the variable states during the
course of the experiment, depending on what happens; and he can even arrange
the experiment in two parts, the second to incorporate new elements resulting
from what is learned in the first. In a sense this is planning a later experiment.
Finally, he can presume that new variables will emerge during the experiment,
that is, make their importance apparent. He may then present and vary these
later in the experiment.

But changing variables during the experiment or introducing new ones is not
feasible in experiments which explicitly investigate processes of change in perfor-
mance, such as learning and training. In others such a recourse can cast doubts
on what brought about the results. This problem, which also goes to the heart of
the difference between verification and exploration objectives, will be discussed
shortly in connection with other matters that reduce confidence in an experi-
ment’s cause-and-effect findings.

Nonmanipulated Variables. In addition to those which are selected for sys-
tematic variation, the researcher must deal with two other types of variables. In
one case he can select some level or value of the variable and hold it constant
during the experiment. There are two reasons for doing this. The experimenter
should be able to specify the conditions under which the results have been
obtained. He should identify all of these constants. The other reason, discussed
subsequently, is that if the variable is not purposely held constant, it may vary in
some fashion which will distort the results.

The other type of variable is the kind which does not permit the experi-
menter either to vary it or to select some level at which to hold it constant. Then
the experimenter can simply try to hold it constant at the level at which it is
available, if this can be identified. If he cannot, then he may try to pick in-
stances of the variable in a random manner as a way of eliminating or reducing
bias. This approach is more effective when there are many instances. If the ex-
perimenter cannot hold the variable constant or if he purposely randomizes it, he
should try to record the states or levels it assumes during the experiment. Then
he at least can state the conditions under which he got his results.

Campbell and Stanley (1963, 1966) have offered a somewhat different clas-
sification of variables in addition to “manipulated” ones which the experimenter
can assign ‘“at will”’: “potentially manipulable aspects . . . that the experimenter
might assign in some random way . . . but rarely does”; “relatively fixed aspects
of the environment ... not under the direct control of the experimenter but
serving as explicit bases for stratification in the experiment”; * ‘organismic’
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characteristics” which the experimenter can measure but not alter; and “re-
sponse characteristics” which ‘“usually appear as covariates or dependent
variates.”

In general, the experimenter must ask to what extent the states of a variable
are manipulable, measurable or definable, and stabilizable. As will be seen
shortly, he must also examine stability across repetitions in terms of identity,
assured or assumed equivalence, and fluctuations.

Selection of Manipulated Variables. How does the researcher go about select-
ing the variables he will manipulate? His sources of inspiration have already been
listed, but how he exploits such sources is another question. Much depends on
his judgment, especially in assigning priorities.

Obviously, the variables have to be linked to particular aims of the experi-
ment, some more apparent than others. For example, if the primary aim is to
determine how the system will operate under various loads, the characteristics of
the input must be varied to satisfy this aim. If the primary aim is to determine
the benefits of computer automation by comparing two systems, the alternative
systems constitute the two states of the key independent variable. But the
parameter of input load, as noted earlier, should be varied as another indepen-
dent variable to show how the systems differ under different loads. Conceivably
one system might be superior with low loads, the other with high loads.

There are certain risks. One is the risk of including a variable because it is
easy to define, present, or manipulate. It may have apparent validity because it is
indeed specifiable and variable, but in fact it may be trivial. The other is the risk
of exclusion. Some variables may be difficult to simulate or measure. They get a
low priority and are deferred to a later experiment, which never takes place.
Because the large number of potential independent variables in man-machine
system experiments includes some which can be trivial and others which can be
difficult to handle, these risks are especially worrisome.

A major consideration is the size of the experiment. How many independent
variables should be included, with how many states for each variable? The num-
ber of states per variable will probably differ among variables, and often the
number is set by the nature of the variables. For example, if two communication
procedures are being compared, the variable is communication procedure and it
will have two states. If there are five crews as subjects common to all conditions,
the crew variable will have five states. Simply investigating the effects of an
innovation, such as a new equipment feature, crew position, or environmental
influence, should actually mean introducing two states of the variable the
innovation represents: its presence and its absence. Its absence can be regarded
as its “zero state.” The variable which most often comes without a preordained
number of values or levels is the input load. It has been noted that to select
states to meet the experiment’s aims, researchers may have to conduct a pilot
study or preexperiment sessions.

It is likely to be more difficult to establish how many variables to introduce
than their states, but the experimenter’s options are bounded by a number of
factors, especially resources and costs. Because of the substantial investment
required in simulation, equipment, programming, subjects, and staff, it is desir-
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able to get as much out of an experiment as possible. This means investigating a
number of variables. The complexity of man-machine systems also makes this
desirable; there is much to investigate. In addition, if two or more variables are
manipulated within an experiment the researcher can ascertain the interactions
between them, that is, the extent to which results are affected by combinations
of states. He may wish, for example, to find out which is the most effective
combination. But the cost also puts an upper limit on the size of the experiment;
the bigger it is the more it costs. Further, the availability of subjects may limit
its duration. And, of course, the longer an experiment lasts the greater is the risk
that something will malfunction: equipment may fail or a subject may become
ill.

The size or duration of an experiment’s data-taking phase depends on the
number of independent variables, the number of states in each, the ways in
which these are combined for presentation, the number of repetitions (replica-
tions) of each combination, and the duration of data-taking for each such com-
bination. Man-machine system experiments require the researcher to examine
the trade-offs among these. For example, for a given size, the more replications
there are the fewer variables there can be, and vice versa. Similarly, more vari-
ables or states of variables can be handled if some orthogonality is sacrificed,
that is, if they are combined in ways which are to some degree confounded.

Types of Design. Man-machine system experiments generally include more
than one independent variable and often more than two states for a single
independent variable. Hence the most suitable design for them is a multivariate
one, which is also susceptible to the analysis of variance method for testing the
statistical significance of the results.

In some instances the design can be a complete factorial, in which every state
of every variable is combined with every state of every other variable and every
combination of the other states so the total of different combinations (unique
conditions) is the product of the states. By incorporating a number of variables
and their states, factorial design shows how differences in one variable are af-
fected by differences in others—their “interactions.” Man-machine system anal-
ysis may want to disclose these. For example, one training technique may be
shown experimentally to be better than another under high loads but not under
low, or for some subjects but not for others.

In other instances the number of unique conditions in a complete factorial
design would be so large that, as suggested above, it would be necessary to omit
some variables or variable states. Instead, the researcher may resort to incom-
plete factorial designs, such as Latin squares, Graeco~Latin squares, repetitions
or blocks of these, or “nested” designs resembling the “mixed” designs described
by Lindquist (1953). When the total number of states in an experiment is very
large, because there are many variables, incomplete factorial designs can take the
form of fractional factorials. In these each state must be introduced as many
times as any other, but the experiment can contain only one-half, one-quarter,
or even one-eighth as many combinations of states of variables as the complete
factorial design would involve.

Latin square and Graeco-Latin square designs make it easy to design the
order of presentation of variables as a semiorthogonal, independent variable into
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an experiment to provide complex counterbalancing. Such squares are often
used when all subjects or teams of subjects experience each of the other variables
and their states. They cannot serve in certain experimental situations—in com-
parisons of training techniques, for example. Each subject would have to learn
the same task with each technique—a manifestly impossible situation; this is the
nonreversibility problem. The very economy these designs provide in reducing
the number of unique conditions results in partial confounding. All of the inter-
actions are not represented in the design. That is, if there are three variables,
each state of any one is not combined with all the possible combinations of the
states of the other two. Fractional factorials admit even more confounding. An
advantage of a complete factorial design is that it shows all the effects of states
on each other.

Still another kind of experimental design which can be used to some extent
in man-machine system experiments is what has been called “time series” by
Campbell and Stanley (1963, 1966) and “steady state” by Sidman (1960). The
state of an independent variable is changed, or a new variable is introduced, after
performance has achieved a constant or uniform level (or constant rate of
change). This can be done many times and any consequent alterations in perfor-
mance noted. This design lends itself to sequential designing during the experi-
ment. The researcher does not have to specify all of his variables and their values
before the experiment starts, since he can introduce one whenever performance
has reached a steady state. Among the drawbacks of this design in man-machine
system experimentation are (1) limits on the situations in which it can be used;
(2) the need to have many replications of unique conditions to demonstrate a
“steady state”; (3) the difficulty of defining such a state; and (4) some uncer-
tainty as to what really caused a change in performance. It may be necessary, for
example, to reintroduce a previous condition as a way of determining whether
simply changing conditions—change in itself—brought about a difference be-
tween steady states.

The time-series design has had proponents and opponents. Because of the
flexibility it permits, it may seem particularly suited to the objective of explora-
tion and discovery. But as will be brought out again in Chapter 25, discovery
requires finding enough reason to believe the results of exploration are worth
further inquiry in the form of verification. The researcher must have some
assurance about the cause-and-effect relationship between the variable or vari-
able state he introduced and the consequent performance, tending to rule out
any alternative reason for that performance. This means extensive replication of
conditions before and after manipulation. In man-machine system experiments
such replications are time-consuming and costly.

Perhaps unfortunately, the literature on experimental method has concen-
trated on design for verification to the neglect of design for exploration. This
may be due to the origin of much of the literature in the application of statistics.
But even if significance statistics are applied, some of the rules or standards
might be different for exploration experiments—for example, the so-called con-
fidence levels expressed in percentages (generally .01 and .05). As Davis and
Behan (1962) have suggested with regard to pilot studies, the requirement might
be made more liberal, such as .10. It has occurred to others that the researcher
might simply present the level reached instead of stating whether it satisfied
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some criterion. Davis and Behan (1962) have also indicated that in pilot experi-
ments the experiment should be ““more concerned about making a so-called
Type II error than making a Type I error. Technically speaking, a Type II error is
made when the null hypothesis is erroneously accepted. The experimenter, in
other words, accepts the hypothesis that a variable is not significant when it
actually is.” Such thoughts about statistical confidence can be extended gen-
erally to the role of confidence in the outcomes of man-machine system experi-
ments which have exploration as their prime objective.

It is realized that to many readers unfamiliar with the terminology, the
foregoing treatment of particular experimental designs will seem abstruse, while
to others it will have been too cursory or superficial. Each type of reader may
want to look further into the literature, including the authors cited.

System Interactions. The very systems they investigate often complicate the
selection and presentation of independent variables and their states in man-
machine system experiments. Systems are characterized by interactions. These
occur between systems, between subsystems within any system, between func-
tions, and between individuals. In this context ‘“interaction’ means that what
one entity does influences what the other does, and vice versa. During an experi-
ment, as in the real world, each shares in determining what inputs are received
by the other, what procedures are employed to cope with them, what learning
takes place, and what motivates the people. The experimenter cannot be sure
that the states of the variables he put into the design will be the ones impacting
on particular system elements; and he may find some new variables intruding
that he did not expect. His input load variable is likely to confound others
because he may be unable to reproduce this variable’s states in successive replica-
tions of experimental conditions.

In one situation, two or more systems are represented in the same experi-
ment. They may compete with one another, even to the extent of simulated
hostilities. Both may be aggressors, or one the aggressor, the other the defender.
Or they may co-operate. In any case, if the actions of one are communicated to
the other, the latter’s performance will almost certainly be affected. All sorts of
errors can occur in an experiment, especially in rapidly paced situations, due to
communication delays or outages and mistakes in reports. For example, in two-
sided combat a weapon actually put out of action may continue to fire and
cause “false kills.” Targets may be destroyed twice or the wrong target desig-
nated as destroyed.

What can the experimenter do about this, other than forego putting both
systems into the experiment—a solution he may very well select? One recourse is
simply to limit intersystem communication. Each system registers its reaction to
the other’s action only by telling the experimenter what this reaction would be
or what it would expect. The other’s action will have resulted entirely from a
preestablished input. This approach limits each system’s reactivity to the other
to a set of single moves or episodes.

Another approach is to represent one of the systems by some of the experi-
mental staff or by a computer. This agent will have been carefully instructed or
programmed to react in ways which are always similar or equivalent, and thus
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reproducible, in response to each type of action by the system represented by
experimental subjects. This approach greatly reduces the amount of unpre-
dictable reactivity in the experiment, but the demands on staff or computer can
be extensive. A relatively simple example is the elimination from subjects’ dis-
plays of simulated radar signals from hostile aircraft which their system shot
down. Even this may not be too easy to do.

Unfortunately it is not always feasible to come up with standard reactions to
subjects’ actions when these can vary widely. If such actions can be sufficiently
constrained by experimenters’ instructions, then instructions can also reduce
reactivity when both sides are played by subjects. But the subjects may be
unable to play their roles realistically.

Still another way to try to cope with intersystem reactivity is to lay stress in
the design on independent variables which are not likely to be differentially
affected by varying inputs which are the outputs of an adversary. These would
be variables that were well established before the experiment began and thus
would not be altered during its course. They might be the knowledge each side
had beforehand, the personalities of the commanders being represented, the size
and configuration of each organization, or the channels of communication.

In a second situation, two or more subsystems interacting with each other
within a system produce the serial processing problem. As Davis and Behan
(1962) have pointed out, subsystems may operate in series or in parallel. When
they operate in series, as soon as an input furnished by the experimenter goes
through the first subsystem he can no longer control and often cannot even
describe the input entering the next subsystem. It consists of the output from
the first, which has processed it in unpredictable ways.

This means that the subsystems later in the processing series may receive
input loads which are too small or too heavy, too perfect or too degraded, to
demonstrate how those subsequent subsystems would perform under other cir-
cumstances. Furthermore, as in the case of intersystem interaction, the inputs to
the subsequent subsystems will vary unpredictably and cannot be reliably repro-
duced. The system as a whole would be properly diagnosed only if it were
certain (an unlikely circumstance) that the processing by the early subsystem—
such as one performing surveillance in air defense—would always remain the
same. There might be no comprehensive way to diagnose difficulties in a later
subsystem such as interceptor control.

Probably the only solution to this problem is to examine the later subsystem
by itself. Davis and Behan (1962) have suggested that rather than examining the
system as a whole, it may be preferable to ‘““break systems into subsystems, to
study the subsystems independently and then to put the subsystems together in
a selective fashion.” When the boundaries of the system domain are shrunk, so
that the experiment examines only a “downstream’ subsystem, special simula-
tion problems arise. The inputs to that subsystem have to be designed to repre-
sent just what might have come out of the antecedent subsystem under a variety
of circumstances. Such simulation is entirely feasible when both subsystems
handle computer-processed data. But difficulties develop if the output of the
first subsystem includes much unwanted content—*“noise”—the characteristics of
which are hard to synthesize.
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As for interactions between functions and between individuals, these occur
with great frequency in man-machine systems. The experimenter faces many
design questions. How many functions can he afford to omit, either to simplify
the simulation or to create a more abstracted and controllable situation?
Similarly, to what extent should the actions and interactions of individuals be
limited, through instructions, to fixed procedures? Should procedural flexibility
be allowed, or even encouraged, to see how new procedures might be evolved by
the subjects during the experiment? Which is better, to present clear options as
alternatives, or let the subjects evolve them in the hope they will evolve some
that had not occurred to the experimenters? Will subjects spontaneously detect
alternative courses of action so that they can make choices and decisions, or
should these alternatives be forced on them as differing states of an independent
variable?

One of the roles of simulation in man-machine system experiments is to
evoke performance as it presents some of the independent variables and states of
variables. How explicitly it evokes and limits performance is a problem of
method the researcher must resolve. Simulation also can help prevent uncer-
tainty about the results by contributing to control—the next topic.

Assurance Methods, Internal

In those experiments in which independent variables are manipulated to see
what differences in results come from differences between states of a variable, it
is not enough just to vary the variable. It is important to know how much
confidence can be placed in the apparent cause-and-effect relationship. It is
convenient to regard confidence in two ways. One is to look at the assurance
that can be placed in the results, considering factors only within the framework
of the experiment. The other is to ask how confidently similar results can be
attributed to analogous variables and their states in the “real world”’; in man-
machine system experiments this is the system being investigated. Campbell and
Stanley (1963, 1966) and Campbell (1969) have thus distinguished between
“internal validity’” and “‘external validity.”

What can threaten either type of validity is the possibility that some other
variable is responsible, in large extent or small, for the results. It can do this in a
number of ways:

1. It cancels out the effects of a difference between two states of the focal

variable, the one being examined.

2. It subtracts from the effects.

3. It adds to the effects.

4. It is entirely responsible for the effects; the focal variable is not.

All four of these effects can be called “confounding,” in those circumstances
where it is not determined what the contribution of the other variable is. If a
confounding variable affects the difference in results associated with the differ-
ence between states of the focal variable, it threatens internal validity. It
threatens external validity even if it exerts no differential effects.

Another frequently used term is “contamination.” Here this term will refer
to assurance-threatening factors involved in the conduct of data-taking sessions,
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particularly the processes of data collection and measurement, which are treated
later in this chapter. Both confounding and contamination have been called
“bias.”

Obviously it is important to hold confounding to a minimum. Assurance that
a particular variable is responsible for the results depends on making certain that
some other variable is not. Most of the methods for achieving internal validity
have been called “experimental control.” In man-machine system experiments
such control is likely to be more difficult to accomplish than in simpler kinds of
experimentation. An effort will be made to specify some of the threats to
internal validity in man-machine system experiments, to suggest some of the
tactics for counteraction, and to indicate some of the difficulties in imple-
menting such tactics.

Before considering man-machine system experiments in particular, it will be
useful to subject the phenomenon of confounding to some analysis. What is the
confounding variable, a manipulated variable or a nonmanipulated variable?

In a multivariate experiment it can be a manipulated variable. That is, one of
the independent variables confounds the effects associated with another inde-
pendent variable in the experiment. Confounding is related, of course, to inter-
action. In each case the effects associated with the states of one variable may
differ because of the states of another. If the experimental design makes this
influence ascertainable, the relationship between the variables is interaction; if
not, it is confounding. When this influence cannot be fully specified, as when all
the states of each variable are not combined with all the states of the others,
confounding is “partial.”

On the other hand, in either univariate or multivariate experiments the con-
founding variable can belong to one of the nonmanipulated varieties already
described. These differ according to the experimenter’s ability to identify them,
to keep them in a constant state, and to select that state. With all it implies,
identification of variables is not as simple a process as it may seem. Depending
on the counteractions to be taken, it may require definition of a particular
variable or simply definition of a class of variables. If it is not certain to be
present, the experimenter must estimate the probability of its occurrence. He
must also try to judge how seriously its confounding with the independent
variables would distort the cause-and-effect relationship; some confounding vari-
ables have relatively little additive or subtractive effect. In the identification
process, the experimenter has to rely on many of the same sources of inspiration
he uses in selecting the independent variables to manipulate. Confounding vari-
ables have to be plausible, just as do independent variables. Their identification
is not all-or-nothing.

Nevertheless, for convenience in the present discussion nonmanipulated vari-
ables will be divided into those which can be identified and those which cannot.
These two categories plus the category of manipulated variables give us three
kinds of confounding variables.

Counteractions. To counteract each kind there are various confidence tac-
tics. For the first category, manipulated variables, the counteractions are orthog-
onality, equivalence, counterbalancing, and replication. For identifiable non-
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manipulated variables they are replication, constancy, preclusion, randomizing,
contrast, and refinement. For unidentifiable nonmanipulated’ variables they are
replication, preclusion, and contrast. What do these terms mean?

Although orthogonality may be defined in statistical terms, here it is used
simply to indicate that one independent variable in a multivariate design is not
dependent on another. All variables affect each other equally. Each state of a
variable is presented in combination with each state of every other. As indicated
in the preceding discussion of confounding by an independent variable, state 4
of variable I must occur (equally often) with both state 4 and state B of variable
II. Otherwise states 4 and B of II might have different effects simply because
state A of I accompanied one of them and not the other. Complete orthog-
onality occurs in a complete factorial design, where each state is presented in
combination with each possible combination of other states. Orthogonality
varies in degree. There is less of it in incomplete or fractional factorial designs, in
which some of the combinations of states are omitted and consegquently some of
the interactions between variables cannot be ascertained.

By equivalence is meant that when some state of a manipulated variable is
repeated, its characteristics are equivalent or even identical, from repetition to
repetition. Often they cannot be identical.

Counterbalancing has various usages, but in this book it means the preven-
tion of confounding that could arise from order of appearance. To counterbal-
ance, the experimenter sequences the presentation of states of variables in such a
way that one follows and precedes another equally often. In an experiment on a
two-state variable, the order would be ABBA BAAB etc. In more complex
designs the order of presentation is itself treated as an independent variable (e.g.,
as in Latin squares, mentioned earlier), orthogonal to the others. Without coun-
terbalancing one state might confound another if the effects of one could carry
over to the other but the same opportunity was not afforded to other states, or
if the reciprocal opportunity were not provided.

Replication can mean the repetition of the states of a variable either by
simply repeating a state or a combination of states or by repeating a state to
produce a number of different combinations. In both cases it helps average out
fluctuations in the state’s level or value. The repetition of combinations also
provides an index of random variance, that is, variation resulting from unidentifi-
able differences within variables or from measurement operations. In the analysis
of variance test for statistical significance, the ratio between this chance varia-
tion and the variation apparently resulting from explicit differences between
states indicates the degree to which the latter variation may be attributed to
chance.

In some cases the constancy of a nonmanipulated variable and the equiva-
lence of a state of a manipulated variable during successive replications may
reduce the random variance in performance. As has just been pointed out, one
function of replication is to furnish an index of this variance, which should be
kept at a low level for testing statistical significance. If a variable state fluctuates,
performance may fluctuate more than it might otherwise, and the variance may
thereby increase. This probably will occur when the state is the team of subjects,
but it does not necessarily occur in reaction to fluctuations in other variables,
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such as certain kinds of input. Empirical investigation of this relationship has
been limited in man-machine system research.

The term “constancy’ serves as the label for one of the most used counterac-
tions against confounding: keeping a variable in the same state throughout the
experiment. The variable then can have no first-order differential effects by
unintentionally co-varying with the manipulated states. The state of a constant
may be chosen by the experimenter if the variable happens to be alterable; if it is
not, what is available remains the same, or so the experimenter hopes. A con-
stant may have some unattributable fluctuation in its replications, contributing
to the random variance just discussed. Sometimes a constant is called a “param-
eter.,”” Constancy of a nonmanipulated variable resembles equivalence among
repetitions of a state of a manipulated one.

Although most counteraction tactics deal with the effects of variables,
manipulated or nonmanipulated, one type seeks to prevent a variable from
having any effect at all. Preclusion, or if you will, exclusion, arranges a labora-
tory situation so a great many possible “impacters” which would evoke some
kind of performance simply do not occur. This counteraction has also been
called “‘removal” or “screening” (Townsend 1953). Simulation, as such, restricts
the stimuli which are presented to subjects. Preclusion also limits the kinds of
performance permitted. This is done through instructions and by specifying the
methods and devices for responding. Likewise, preclusion can restrict feedback
information and motivational consequences, either positively reinforcing or aver-
sive. The claim could be made that preclusion actually holds a confounding
variable constant in a zero or nonexistent state and thus is a special case of
constancy.

Randomizing means co-presenting a nonmanipulated variable in a chance or
random manner with the states of an independent variable or combinations of
states of two or more such variables. Frequently the experimenter does this
when he suspects or knows that the nonmanipulated variable will assume differ-
ent states, but he cannot manipulate these or select one to hold constant—or he
does not want to.

Randomizing inhibits systematic associations of which the experimenter may
be unaware. It also is viewed as important for its role in testing for the statisti-
cal significance of results. One manifestation of the nonmanipulated variable is
as likely as another to be combined with any state of a manipulated variable. For
this rationale to work, the nonmanipulated variable must be combined a substan-
tial number of times with each of these states so there will be a random distribu-
tion associated with each. This supports the concept that uncontrolled variation
originates randomly. Randomizing, which may be complete or can be restricted
in various ways, may be applied to such variables as order of presentation and
subjects when these are not manipulated and when randomizing is feasible.

The term ‘“‘experimental control” is often taken to signify just one of the
counteractions against confounding—the use of a comparison group of subjects.
Not only is this counteraction tactic just one of many but it should be viewed
more broadly. If only one state of an independent variable is presented in an
experiment, it is possible that the same effects would occur when the variable
was not introduced at -all. Then the results would be due to some other variable.
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This possibility can be investigated by including the zero state in the experiment.
For convenience “zero state defines the condition in which either a quantita-
tive or a qualitative variable is absent. If the results from the zero state are
different from the nonzero or focal state, there are grounds for assurance that
the focal state was responsible for the results that followed it. In the present
discussion this is called the tactic of contrast.

The contrast tactic has been particularly popular with qualitative variables
which have only two states, present or absent. But this tactic comes into play
whenever two or more states of an independent variable figure in an experiment,
even though they may not include the zero state. As long as confounding by
nonmanipulated variables is prevented through other counteractions, a differ-
ence in results is attributable to the difference between states. However, the
experimenter may want to include the zero state to see what the difference is
between the effect of some state and the consequence of omitting the variable
altogether.

It should be clear that this counteraction must be accompanied by others.
For example, if the variable is a training technique, its introduction and its
absence must be tested on different groups of subjects. The absence group,
usually called the comparison or control group, must resemble the introduction
group as a result of randomizing or constancy. A number of counteractions may
often be found working together in a well-designed experiment.

The counteraction of refinement, sometimes called reduction, is an exten-
sion of contrast. Refinement proceeds thus. In one experiment a variable state
consists of a number of qualitatively different elements, for example, a whole set
of specified procedures. This set is compared with the absence of all its members.
Results indicate the set’s superiority, but there may be confounding among the
elements; one element may be entirely responsible, but all get equal credit. In
further experiments the elements themselves and combinations among them
become states of the independent variable. In each case one of the procedures is
the contrast (comparison) state; if its results are negative, it is omitted in the
next experiment. Finally the element (or elements) responsible for the superior
results is isolated. In short, states of a variable (or variables in a class) are
progressively refined.

Especially in man-machine system experiments, complete success in prevent-
ing all confounding is more an ideal than reality. The final tactic, which is not
really a counteraction, is to report in the account of the experiment all cases
where the experimenter had reason to believe some confounding occurred. He
should also report the various counteractions he took. His reporting will help the
reader determine how much confidence to place in the results.

Origins of Confounding. The chances of confounding in man-machine system
experiments are greater than in most because (1) there are more variables which
have to be dealt with, and (2) many factors make the various counteractions
more difficult to apply. Some problems can be foreseen, some cannot. The latter
include circumstances that are expected but do not occur and those unforeseen
that do occur, such as mishaps of many varieties.

The many categories of potential independent variables previously listed
illustrate the wide range from which confounding can come; the sources of
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independent variables can also be the sources of confounding. The need to
conduct experiments of a multivariate type, discussed earlier, increases the likeli-
hood of the confounding of one manipulated variable by another. Confounding
by nonmanipulated variables is made more likely by the nature of the material
with which man-machine system experiments deal: machines and men.

As Chapanis (1959) has pointed out, machines which are designed to oper-
ate consistently or alike do not necessarily do so. These can be the system
machines as well as those which help collect data. (Contamination by data-
collection and measurement apparatus is discussed later.) The machines can be
the simulation devices which generate the inputs. Their operators also make
mistakes. Machines are subject to malfunctions, breakdowns, and differing ac-
curacies, all of which can differentially affect—co-vary with—states of an inde-
pendent variable in any experiment. For example, if a data-taking session has to
stop and restart due to a computer program difficulty, the subjects will have
received extra practice in the particular experimental conditions of that session.
But mishaps are not the only problem. When operational equipments are com-
pared as the experimental objective, laboratory circumstances may distort the
comparison. For example, a lag in presentation time may accompany one display
but not another.

Equipment difficulties and computer program problems are analogous to the
“institutional events” which Campbell and Stanley (1963, 1966) have cited as
threats to internal validity under the heading of ‘“history” (preceding or during
one measurement period but not another). In field situations there are more, for
example, weather, illumination, availability of resources.

Human beings are more variable than machines. Subjects differ from one
another in their performance in an experiment, but the causes of the difference
are difficult to assess beforehand. Individual performance fluctuates under the
same conditions and varies nonlinearly. Ernst (1959) has pointed out that if any
operator shares his time among many tasks, the division of his attention may
lead to variable performance in any one task. Further, many operators may share
the same task, and their relative contributions may vary. These are some of the
interactions between functions and between operators mentioned earlier. Non-
linearity in performance may stem not only from acquiring skill in the task’s
procedures but also from adopting or inventing new procedures. Because ‘““‘the
behavior of subjects is relatively unrestricted” in man-machine system experi-
ments, “instead of having to select among a small number of predetermined
actions, a subject may do something which the experimenter has in no way
provided for or expected” (Davis and Behan 1962). These within-subject
changes, which are a function of time, fit that Campbell and Stanley category of
psychological and biological processes (under the label of “maturation’) that
also threatens internal validity by occurring before or in one experimental condi-
tion and not another.

Teams of operators develop new procedures for working together or alter old
ones, as Davis and Behan (1962) have noted. This can be viewed as a kind of
team ‘““maturation” process that can confound other variables. Instructions,
SOPs (standing operating procedures), and surveillance by the experimental staff
can limit the extent of such “procedurization,” if that is desired, but in a
complex team operation this process cannot be prevented entirely.
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Some attention has already been given to the problems of exerting experi-
mental control over situations where sets of subjects, as well as individual sub-
-jects, react to each other. There is the serial processing problem, where subsys-
tems process inputs in series rather than in parallel, and also the problem of
competing or co-operating systems. In each instance the outputs of one entity be-
come the inputs to the other. The inputs vary in ways which prevent
orthogonality, equivalence, constancy, and above all replication. Intersystem
competition, including conflict, characterizes games and gaming. Inevitably these
tend to permit much more confounding than do experiments, and although they
may serve educational and explorational objectives well, their outcomes are
characterized by limited certainty.

If implicit or explicit competition between two systems in an experiment
exists without the interchange of inputs, motivational reactions among the sub-
jects may confound either state of the system variable. Even in noncompetitive
situations, military subjects (or their superiors) may think they are being in-
dividually tested. Subjects may like one system more than the other. Intersystem
rivalry, the eventual emergence of a ‘“winner,” introduces a new and uncon-
trolled variable. To be sure, this may be inserted in certain situations deliberately
to bring about the very complexity, variety, and uncertainty that may enhance
innovative performance. But then the burden lies on the researchers to introduce
the states of this variable in a nonconfounding manner.

In general, motivational variables, including those defined by special cues
and reinforcing and aversive consequences, have to be handled with great care.
So do situations where motivations can produce subject behavior that competes
with performance on behalf of the system. Kinkade et al. (1963) provided some
illuminating illustrations of what happened in an experiment on air traffic
control.

Certain potential sources of bias can affect the results of an experiment when
precautionary restrictions are not imposed. For example, in a real-time simula-
tion evaluation study, some visitors “dropped in” to see a new system develop-
ment in operation. These people were not particularly interested in observing the
control conditions; they wanted to see the test of the experimental condition.
Some of these visitors were high status men and their presence during the test of
the experimental condition probably biased the results. This bias could have
been eliminated by restricting visitors during the actual test run. Demonstration
runs could have been scheduled and these runs could have been conducted in
such a way that they would not have influenced the results of the evaluation
study. In another simulation study where female “pilots” were employed, it was
found that controllers tried to make dates with the girls while they were oper-
ating in the test conditions. Measures of frequency and duration of communica-
tions were definitely affected by this behavior and other measures could have
been differentially affected. That is, if one test condition required very little of
the controller’s time and attention, he might have devoted his extra time and
attention to unnecessary conversation. Thus, a real difference between the test
conditions might not have been demonstrated in the results. Again, this source
of bias could have been removed by restricting the behavior possibilities.

A recurring problem in man-machine system research is getting enough sub-
jects. It is accentuated by the need for subjects to be representative, a matter to
be discussed more fully. There are seldom enough individuals available to carry
out all the desirable counteraction tactics against confounding. This is true
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whether the individuals are actual operators of the system being examined or
drawn from some other source. Paid individuals in large numbers are expensive.
A man-machine system experiment is likely to need many persons, for long
durations. Skilled system operators may be unavailable in sufficient numbers,
even when the research has strong management support. In addition, it is often
difficult to keep military personnel consistently on hand during data-taking
sessions; they have competing duties, go on preestablished leaves, or are reas-
signed.

This resource problem is compounded by the fact that in most of the experi-
ments individuals comprise teams. In many cases these are fairly large. In the
experimental design, each team is one subject. If each team consists of a dozen
persons, five subjects would require sixty individuals. There is still another diffi-
culty. It is often desirable that each subject remain as much as possible the same
while other variables are being varied. This means that the composition of the
team should stay constant, especially since particular skills are required for each
position and for interactions between positions. But this is not feasible if the
individuals keep changing.

As Davis and Behan (1962) have pointed out, teams as subjects are rarely (if
ever) numerous enough to randomize, that is, to assign a number of them ran-
domly to each state of a variable. There may not even be enough to establish any
control groups in implementing the confidence tactic of contrast.

When it is possible to establish teams as control subjects, that is, subjects in
the control condition, they may be limited to one or two, just as those in the
experimental or focal condition may total only one or two. This means there are
not enough subjects in the contrasting conditions to make it likely that differ-
ences between the subject teams in one condition and the teams in another
condition are much the same as those between teams in general. Apparent differ-
ences in results between conditions may really come from differences between
teams. Although differences between teams can occur because one team happens
to have better performers on the average than the other, they also can result
from differences between two or a few individuals. Even in a large team, some of
the operators fill key positions. If the individual in a certain key function in the
control state is much more (or less) competent than his counterpart in the focal
state, team performances may differ regardless of the states.

Confounding also can result from the so-called ‘“Hawthorne effect,” named
for the location of an industrial establishment where this well-known but poorly
defined phenomenon was first systematically observed. The performance of a set
of operators improves just because a change is made in its circumstances in an
experimental setting, regardless of the nature of the change. What has been
poorly defined is the origin (or origins) in the complex of factors which make up
a change of circumstances in an experimental setting. The origin has been viewed
as the attention given to the subjects or as other contact with the experimenters,
such as inadvertent reward or other positive reinforcement, perhaps in conjunc-
tion with the very fact of change.* Among others, Davis and Behan (1962) have

*See Roethlisberger, F.J.; Dickson, W.J.; and Wright, H. A. Management and the
worker (Cambridge, Mass.: Harvard University Press, 1939). This account indicates there
were many confounding variables.
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noted the possibility of the Hawthorne effect in man-machine system experi-
ments. It could confound a particular variable state. It could also make the
experimental conditions and results unrepresentative of the real world by adding
an influential variable not found there—a possibility discussed under “external
validity.”

Even when an experiment investigates something other than training or
learning as such, subjects may still learn during the experiment. As already
noted, this is one of the nonlinearity factors that can lead to confounding, if
more learning is associated with one state of a variable than another. In man-
machine system experiments this problem may have a special impact due to the
dual nature of learning in such systems. As mentioned earlier, operators may not
only acquire skills but they may also change or adopt procedures. The process of
procedurization when it occurs spontaneously can be as confounding as the
acquisition of skill or knowledge.

In the acquisition of skill or knowledge a problem may arise that is particu-
larly severe in such experiments. This is the memorization of a simulation input
so it is easier to handle if it is repeated. Some inputs, such as those simulating air
attacks, have complex patterns and properties requiring quick judgments or
precise visual discriminations. On subsequent presentations of an identical input,
the operator ‘“knows it by heart.” He does better, but the experimenter may be
misled into thinking the improved performance results from another variable
state associated with the subsequent presentation.

Still another difficulty occurs when a man-machine system experiment
examines some proposed improvement in a system that is actually a constella-
tion of new features. If the change does produce better performance, the re-
searcher still does not know which feature did it. Very possibly the system could
be improved faster and at less cost if he did.

Obstacles to Using Counteraction Tactics. Such are some illustrative situa-
tions that can cause confounding. Another way to look at the difficulties of
man-machine system research is to review the various tactics described earlier
and the obstacles which can keep experimenters from exploiting them fully.

Orthogonality. This may have to be incomplete because of the large number
of variables and variable states to be examined in a single experiment.

Equivalence. Mishaps and errors of many kinds in large-scale and intricate
experimentation can change a particular state of a variable from what was
planned.

Counterbalancing. It may be too costly or awkward to change the equipment
configuration frequently. In addition, sessions may have to be conducted out of
order, due to inadequate or lost resources or other untoward events.

Replication. Since repetitions of experimental conditions extend an experi-
ment’s duration and cost, there should be only as many as necessary. Although
some statistical techniques may help, it is not easy to determine how many there
should be.

Preclusion. Simulation and instructions accomplish only so much. The com-
plications introduced by interactions between systems and between subsystems
have already been described.
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Constancy. The same kinds of factors that lead to inequivalence affect con-
stancy, and there are others. The variability of both men and machines has been
noted earlier; too often the causes are unpredictable.

Randomizing. The unavailability of enough teams as subjects to randomize
them has already been pointed out. The same is true of sets of equipment.
Inputs usually cannot be randomized because the researcher wants either to
present a realistic simulation or to vary the load systematically.

Contrast. Again there is the question of enough subjects. On a broader basis,
the experimenter must decide whether to invest his resources in contrast or in
replication. This is a difficult trade-off problem.

Refinement. An experiment cannot have an infinite number of variables and
variable states. The number involves more than a trade-off with replication and
with orthogonality. How far should the researcher refine his variables within an
experiment? What should he defer to a subsequent experiment?

Some Solutions. As said at the outset, this chapter poses at least as many
problems as it answers. But there are some ways to cope with confounding.

For example, take a situation where there are not enough teams to ran-
domize them or assign different teams to contrast conditions. Let us presume
none of the independent variables embodies an irreversible process which
changes the operators, such as learning in an experiment on techniques of train-
ing. To deal with this situation, the researcher manipulates a variable called
“teams.” Each team becomes a state of this variable and is associated with the
other states of other variables. These may include a ‘“‘zero.”

The design may be a “complete factorial” or some version of an “incomplete
factorial” with the latter’s fewer experimental conditions (combinations of
states of variables) and partial confounding. Kidd and Michels (1959) favored
the Latin square version mentioned earlier, which admits three variables, all with
the same number of states. A Graeco-Latin square admits four variables. Davis
and Behan (1962) advocated the “mixed” designs in which the same subjects are
used for some comparisons of variable states and different subjects are used for
other comparisons.

The economy of the square must be considered with reference to the num-
ber of subject teams that are desired to increase assurance about their representa-
tiveness. This is a matter of external validity. Since there must be as many teams
(treated as a variable) as there are states of other variables, some multiplicity of
teams is inherent in the square design. If external validity were not a primary
consideration or if it could be assured in some other fashion, the researcher
could turn to a complete factorial design incorporating a single team. This would
be more economical than a square. If a complete factorial design and a square
design had the same number of teams, the square would be the more economical.

When only a few teams can be composed from the number of available
individuals, there are several ways of assignment and matching to maximize the
number of teams or their equivalence. These are discussed later in the section on
Subjects.

To preclude learning or practice from confounding variable states (in a non-
training experiment), all the subjects should be trained before the experiment
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begins. They may need classroom indoctrination and individual practice as well
as team training. All should get the same information in briefings. Before he
terminates the training, the experimenter should try to find out whether each
team has reached a steady state of performance. He should get quantitative data,
even though he may have to use judgment rather than significance statistics to
conclude that performance has stabilized. He may well want to establish some
criterion of stability in advance. Another thing he can do is design the experi-
ment so he can find out how much learning occurred during the data-taking
sessions, if any. This may require successive blocks of sessions, each block con-
taining all conditions in the same arrangement.

The experimenter can also try to equalize the effects of practice during the
experiment by making sure that each state of each variable occurs about equally
often during each stage of the experiment and precedes and follows each other
state with the same frequency during each stage. Accordingly, he introduces the
counteraction tactic of counterbalancing by treating the order of presentation of
variable states as itself a variable, with different orders constituting different
states. Alternatively he may use ABBA BAAB patterns within parts of the
experiment; these lend themselves to more flexible design. Still another ap-
proach is to randomize the order.

The special practice effects which can result from memorizing a simulation
input can be prevented, at least in large part, by techniques described later in
this chapter. Essentially, the inputs are varied in ways which keep them equiva-
lent or constant in load but conceal their resemblance to previous inputs. The
experimenter should, if possible, try to find out whether the different versions
of the inputs within any load level had differential results. To do this he can
design the different versions into the experiment as states of an independent
variable. In any case, he should refrain from changing the inputs arbitrarily
during the experimental sessions, even though he may be tempted to do so if he
finds they lack challenge or, instead, offer too much. Rather, he should test the
inputs in preliminary sessions and adjust them before the experiment proper
begins.

Simulation in which the inputs are preestablished is a potent method of
‘applying the confidence tactics of preclusion, equivalence, and constancy by
keeping out extraneous factors and reproducing the same inputs. But given the
variability of human involvement in simulation and even of electronic process-
ing, not to mention that of surrounding circumstances, a concurrency approach
is desirable when it is feasible. Concurrency makes simulation even more con-
sistent. By concurrency is meant the presentation of the same inputs to different
systems or under different procedural conditions at the same time. The compari-
son situations—the different systems, for example—would have to be operated in
the experiment in parallel. Such a arrangement also saves time. Concurrency may
be even more effective when inputs are real rather than simulated, since it is so
difficult to repeat the same real inputs consistently.

Next to simulation the most effective preclusion agent is probably instruc-
tions to the subjects, as in any experiment with human subjects. Yet these
require even more care in preparation and delivery than they do in other re-
search, due to the complexity of the experimental environment and the number
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of alternative courses subjects may adopt. Instructions must be fully written
down and thoroughly understood by the subjects. The experimenters must make
clear, at least to themselves, where the subjects must be constrained in their
procedures and where they have latitude. All instructions should be reported in
the description of the experiment. Members of the experimental staff must
monitor the data-taking sessions to make sure that instructions are being fol-
lowed, and they should record deviations.

Preclusion must also be practiced by the experimental staff, including its
managers. Precautions should be adopted to keep the staff from giving subjects
inadvertent cues or feedback that could distort results. The large number of
individuals in a subject team, the variety of on-going situations, and the number
of experimental staff members combine to make this a bigger requirement than
in other kinds of experimentation. Quasi subjects should be monitored to make
sure they behave the same way with all subjects and in all conditions. Visitors
should be excluded, or at least the subjects should be kept unaware of their
presence. One way to handle them is to hold demonstration sessions after the
experiment is finished, or during the experiment with the staff as subjects; note
the foregoing quotation from Kinkade et al. (1963). It is unlikely that visitors
can be manipulated so that their presence can be made common to all condi-
tions.

As in other kinds of experiments, the formal design of a man-machine sys-
tem experiment must be planned and recorded to include the schedule of ses-
sions and intrasession conditions; and a log of what actually occurred must be
maintained. Possibly the most challenging tasks are determining in advance how
many replications of a condition are desirable (or judging during the experiment
when there have been sufficient), and planning for contingencies (or dealing with
them as they arise). There are no simple prescriptions for these tasks.

There are significant advantages in establishing and maintaining a rigorous
design. Another approach is to attempt a kind of flexible modular design, in
which certain successive blocks (within sessions or day-by-day) have the same
combinations of experimental conditions, so that when disaster strikes there is
less damage to the design, and the experimenters can adjust the number of
replications as they go along. But the dangers of confounding are greater, and
less confidence can be placed in the results. More will be said about this in
Chapter 25 in comparing the objective of certainty with that of discovery.

A somewhat different approach to flexibility favors dividing an experiment
into many short sessions instead of a few long ones. As suggested early in this
chapter, less of an investment is lost if a malfunction or error occurs late in a
relatively short session and it has to be aborted. It is also possible that if condi-
tions remain the same throughout, subjects’ interest will last throughout the
session when it is short. Since shorter sessions mean more intermissions, there
will be more opportunities to make any necessary changes to equipment or
computer programs or to give instructions to subjects when incipient difficulties
come to light.

Certainly session length should not be governed by some factor of conven-
ience or tradition, as in the psychoanalytic hour or those university experiments
with student subjects held during class periods. In some situations length is a
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matter of external validity. For example, it may be best to match a session’s
duration to that of the system situation being simulated. If the effect of dura-
tion itself is of interest in a study of space flight, the session should last as long
as the actual flight. In other situations time may be compressed, a technique
discussed shortly under Simulation.

In many man-machine system experiments it is important to avoid any “end
effect,” that is, some effect on performance because the subjects know the
session is coming to an end. One way to prevent this is to have sessions of
irregular duration. Another is to add some time, perhaps of varying length, to
that part of the session in which data are gathered.

In this discussion the term “session” has meant the continuous period during
which subjects are performing in a laboratory. But the terms “session,” “‘run,”
and ‘“trial” have not always been clearly distinguished in the research literature
(as the following chapters indicate), any more than “condition,” “problem.”
“set,” “period,” or “phase.” There might be less confusion if “condition™ were
understood to be each combination of states of variables; “set” were to include
all conditions, and “subset” some portion of them; and “run” were to mean
each run-through or replication of a set. The term “problem” is often taken to
designate some simulation input coinciding in length with a session.

It is clear that a single session can include a single condition, some subset of
conditions, or even all of them. Possibly a single condition could extend over a
series of sessions. In addition, data might be recorded only during certain periods
within a session.

Assurance Methods, External

To this point the treatment of experimental design has centered on how
confidence in the results depends on features strictly within the framework of
the experiment itself. As noted initially, another aspect of confidence is the
degree of certainty that the outcomes match what would occur in the world at
large, outside the laboratory. As with internal validity, some tactics to increase
external validity are associated with independent variables, others with depen-
dent variables or measurement. The latter will be discussed in the fifth section of
this chapter. The former are briefly described here, along with attendant difficul-
ties.

1. Perhaps most important is the representativeness of each state of a vari-
able, whether a constant or one of some number of states. This means each piece
of equipment, task, subject, procedure, environmental influence, and simulation
input. Does each typify what it represents? This implies two further questions.
Are the most important values or states of the variables in the real world repre-
sented? Is the range or variety of these represented?

Although these questions of sampling are in essence no different for man-
machine system experiments than for other kinds, it can be much more difficult
to meet sampling requirements or to know whether they have been met. Special
problems are associated with simulation and subjects. For example, if a system is
being developed so it can handle very heavy peak loads of traffic—for example,
an air defense system—the simulation should incorporate such peak loads. Yet
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they may not be representative in the sense of being normal. There should be as
many subject teams as possible, to make the sample of teams more likely to
reflect the actual population of teams. Yet it has already been pointed out how
difficult it can be to assemble a number of teams. The questions still remain,
how many suffice and how should they be chosen to make the sample suffi-
ciently representative? More will be said about subjects further on in this
chapter.

It may be assumed, and usually is, that a single set of equipment can repre-
sent all the sets in the same class. Yet, as has been observed, operational equip-
ment is variable to some degree, like other equipment, and is subject to biases
and malfunctions. The assumption may be false. Further, equipment may be
cperated in an experiment to represent the hardware in a future system. How
that hardware will actually be designed can only be a best estimate at the time of
the experiment. Or equipment in the experiment may represent what is oper-
ating in a current system being compared with a future one. Yet by the time the
experiment is finished and the results published, the current or “benchmark™
system may have so changed that the comparison is no longer valid. The same
may be said about computer programs and team procedures.

The representativeness of procedures is a difficult matter in man-machine
systems experiments for another reason. Partly because in teams people interact
with each other, it is not possible to make them follow prescribed procedures
precisely; there is always some deviation. This is one reason why interactions
lead to variable performance, as we have seen. Furthermore, it can be difficult to
prescribe precisely, in advance, the procedures which team members should
follow. In fact, in some experiments the experimenters may want to give them
latitude to see what procedures they evolve or how they change what has been
specified. If procedures in an experiment are so variable, how can the researcher
be assured they properly represent those in the real system? How can he know
whether the options to change and evolve procedures match the team’s options
in the real system?

2. Another, related method of increasing confidence in an experiment’s ex-
ternal validity is to include the multiplicity of variables which are known to
influence performance in the real world. Here, as in other ways, the effort to
achieve external validity competes with that for internal validity. It has been
noted that the greater the number of variables with varying states, the more
time-consuming and laborious it is to implement such tactics as orthogonality
and replication.

But important variables which might be introduced as constants may be
disregarded for a different reason. They are omitted because they seem to be too
difficult to incorporate. These are such aspects as the adversary and his actions
(including his deceptions and errors), or actual combat, or special environmental
circumstances like weather and zero gravity. Although the difficulty may some-
times be insuperable, the researcher may simply follow the line of least incon-
venience. More will be said about these things in the section on Simulation.
Researchers may also omit significant events or contingencies because they are
rare. It is not clear how to replicate rare events to achieve internal validity
without jeopardizing external validity by repeating them.
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3. In the real world performance is frequently influenced by developments
which cannot be specified in advance. To enhance internal validity, the experi-
menter employs the counteraction tactic of preclusion to forestall such effects.
Since they are not allowed to intrude or emerge in the experiment, the experi-
mental situation may be regarded as losing some of its external validity. This is
the old story of increasing confidence in what an experiment yields by limiting
its field of view. The variables that are manipulated hopefully remain uninflu-
enced by confounding from unpredicted or unspecified circumstances. Man-ma-
chine system experiments are sometimes criticized for “artificial” restrictions on
the situations they embody, because the complexity of actual systems encour-
ages critics to favor a more naturalistic approach. What needs to be asked,
however, is what is actually precluded in an experiment, if anything? To what
extent does the preclusion make the effects of variable states that are included
unrepresentative of the real world?

4. One form preclusion takes is to limit the performance that subjects are
permitted. This is done by specifying the procedures to be followed and the
points at which decisions must be made. Yet as was noted a short while back in
discussing the representativeness of procedures in the real system, operators may
have considerable latitude in what they adopt. They may also come to decisions
at other times than those which might be specified. If this is so, similar latitude
ought to be extended to the experiment to support external validity. Yet by
limiting the amount of preclusion, internal validity could suffer.

5. If preclusion takes away something, experimentation as such may add
something to threaten external validity. It may influence the behaviors of sub-
jects during the experiment. This can occur in ways other than by taking data
and applying measurements, described later, although possibly these are the
most usual occasions. Pretesting as an experimental device, for example, may
sensitize subjects so they subsequently perform differently than they would in
real life. Although counterbalancing cancels out the effect of order from the
viewpoint of internal validity, the effects of initial conditions in the experiment
on later performance may cause that performance to differ from performance in
the actual world. Clearly, practice, either early in the experiment or before it
starts, may give operators skill levels uncharacteristic of real operators. Contact
with the experimenters may supply cues and consequences (reinforcements) not
encountered in reality. The “Hawthorne effect” has already been noted. It can
easily be a greater threat to external validity than to internal validity by affect-
ing performance in all conditions rather than affecting it differentially. Safe-
guards against some of the effects of experimentation per se, including the
Hawthorne effect, will be discussed in the section on Subjects.

6. As noted previously, the state of an independent variable in an experiment
is often a composite of two or more states which might be manipulated sepa-
rately. If one composite is found superior to another, the experimenter still does
" not know which component makes it better. Although it may be more practi-
cable to manipulate the composites at first, in subsequent experiments the com-
ponents can be examined separately in a process of successive refinement. Such
refinement is needed to support external validity. While, for example, a combin-
ation of training techniques abc might surpass xyz both in an experiment and in
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real life, xbz might do so also. To make an experimental finding more applicable,
the reason for the effect should be narrowed down by eliminating irrelevant
factors, such as ¢ and c¢. Then the finding can be related more precisely to
real-world situations.

7. Valid extrapolation to the real world also depends on all the experimental
circumstances under which the finding was reached and the extent to which such
circumstances are deemed representative. Hence the experimenter should specify
in his report not only the states of all independent variables but also the values
of all variables held constant as well those which varied autonomously but were
measured.

8. Confidence in the applicability of a laboratory experiment’s results can be
increased if a field test is conducted afterward and similar results are obtained.
The field test need not be as comprehensive as the experiment, and significance
testing of the relationship between two sets of results is not essential. The
comparison may have to be made on the basis of judgment.

SIMULATION

Simulation covers a great deal of territory, and an entire book could be
written about it even if it were confined to man-machine system experiments.
To many it is the most challenging aspect of such research, with the result that it
often overshadows other problems of method which also need attention. One
hazard is that simulation may come to be viewed as the primary goal, so experi-
ments are conducted to make use of it, rather than the other way around.

Views of simulation’s role in man-machine system research on the part of
numerous authors are set forth in Chapter 24. All-computer simulation, for
example, is discussed there. Anticipating that chapter slightly to give the reader
an overview of methodological problems, this section will look at what is simu-
lated and what does the simulation—the objects and the agents; uses and advan-
tages of simulation, and some criteria; the production of simulation, and its
presentation; the fidelity of simulation, including noise and reactivity; and time
compression and expansion.

Objects and Agents of Simulation

If simulation is taken to mean the representation of something by something
else, everything of interest in a man-machine system experiment may be simu-
lated. This includes the system being investigated and its subsystems, the events
and situations which lead the system to react, the system’s environment, other
systems and organizations, the system’s operations and its components. Physical
components include machines or equipment: vehicles, such as ships, tanks, auto-
mobiles, and aircraft; radars; missiles; facilities, including displays, consoles,
pushbutton panels, keyboards, and computers; and communications, for ex-
ample, telephone, radio, and pieces of paper. Components also include people—
the operators of the machines and the system managers. Components may be
interpreted further to embrace the processes and procedures through which the
system functions.
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The environment to be simulated may be land, sea, or air, and various
objects or phenomena in it—vehicles, or geographical features, or weather. The
other systems and organizations range from one in which the system being
examined is a part to those with which it has dealings. A process can be a
computer program.

Those real-world features which tend to figure most prominently in simula-
tion are the events and situations which lead the system to perform. An air
defense system reacts to hostile bombers and to its own interceptors. A logistics
system reacts to malfunctions in equipment and to supplies or shortages of spare
parts. A police dispatching central reacts to an urban disaster and to police and
ambulance units. Conceivably all these originating events and objects could be
simulated directly, and sometimes they are. But usually the system itself deals
with them less directly—through radar returns from aircraft, through messages or
records on paper about malfunctions and spare parts, and through radio or
telephone calls from police units. Accordingly, it is likely to be the radar echoes,
the pieces of paper, and the radio calls that are simulated, not that from which
they emanate. In the simulation of inputs then, that which is simulated may well
be some signal or message instead of the original article. The system’s outputs
may also be signals or messages for reception and processing elsewhere; these too
are simulated.

The agents of simulation are more various than is generally realized. Among
them are equipment, environments, and people. Actual equipment may simply
be assigned to a different role, as when a SAC (Strategic Air Command) bomber
simulates a Soviet bomber. Ordinary office telephones may function as a simu-
lated system’s phones, or an intercom system may represent a radio network.
Actual equipment may be modified or reduced, as in the case of an immobilized
automobile or an aircraft cockpit. Actual equipment may be closely copied, as in
a mock-up. Equipment may be used that is thought to resemble the real equip-
ment: displays, consoles, keyboards and panels, the computer itself. The displays
may be computer-generated on a cathode ray tube or projections of slides pre-
pared manually. Some lamps may represent the lamps in the real system. An
actual environment occasionally simulates the environment in which the equip-
ment functions. Some instrumented terrain is the scene of a simulated battle-
field. A special road is traversed by an experimental automobile.

This kind of simulation has both advantages and disadvantages. Aircraft and
consoles already exist and are the real thing, or almost so. But their availability
can be uncertain, and hidden costs can be considerable. If large numbers of
aircraft are required at frequent intervals, availability may be out of the ques-
tion. Smaller numbers may be difficult to control as planned. Individual aircraft
fail to appear where and when they are expected. Communications are available,
but may fail or become overloaded with other requirements, such as those for
operational use. Actual terrain seems readily available as an experimental setting
for maneuvering soldiers, tanks, or low flying airplanes, but adverse weather may
prevent its use. )

An alternative is to resort to miniature terrains (scale models) associated
with miniature tanks or with cockpit simulators engaging in low level flight.
Miniature cars may be guided along miniature roadways. For certain objectives,
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notably experimenting on the performance of controlling the vehicle, it is not
possible to shift too far from the real objects. But where other kinds of perform-
ance are of primary interest, the environment may be represented otherwise, by
maps, photographs, cathode ray tubes (e.g., radar scope simulators), and map-
like or diagrammatic (e.g., geometric) surfaces on which markers, signals, or
tokens represent moving objects.

Words, numbers, and graphical materials also can and do represent, in an
experiment, the physical real world directly. Diagrams may simulate all system
elements, information flow, and actions taken. More familiarly, words and num-
bers (and sometimes voltages) simulate elements, processes, inputs, and outputs.
The words and numbers occur in scenarios and scripts, including scripts of inputs
for human simulators; in handbooks and descriptions of system operations and
environments for system operators and experimental staff; in instructions to
subjects concerning the procedures to follow; and in computer programs. Such
programs may contain models of: (1) the external events and situations or the
inputs which generate system responses; (2) the system elements and processes
which operate on such inputs; (3) the system outputs; and (4) even the human
operators and their performance. All-computer simulations consist entirely of
such symbolic program models; man-machine system experiments may incorpo-
rate some of them, along with simulation by such agents as people, equipment,
environments, and symbolic and graphical materials in other media.

What about people as simulation agents, rather than as objects of simulation?
Obviously, people are most often used to simulate people. But as quasi subjects
one or a few individuals also may simulate (1) an entire organization, such as a
superior echelon or command or an information source, e.g., a weather bureau;
(2) a man-machine subsystem, such as an aircraft; or even (3) a computer, with
the human simulator processing inputs as though he were a program and com-
posing verbal outputs as though he were a computer-driven display.

Clearly some simulation agents can portray a variety of objects, and objects
can be represented by a variety of agents. There can be many different combina-
tions. The relationship between object and agent can find itself at various places
along a reality continuum. Representation may be “first-order,” where the agent
simulates the object itself, or “second-order,” where it represents some signal or
message emanating from the object and in that sense representing it.

Together with the data-gathering agents in an experiment, the simulation
agents constitute what some (e.g., Davis and Behan 1962) have called the “meta-
system.” Connections between simulation agents and data-gathering agents (dis-
cussed subsequently) may have to be close and continuous. The same individuals
or the same computer may perform both functions. A record should be kept of
the simulated inputs as well as the outputs to verify what actually went into the
system to make it perform.

Uses and Advantages of Simulation

Simulation has other uses in man-machine systems besides experimentation.
It can support training, design, communication between disciplines, and non-
experimental evaluation or testing, such as physical testing of components. For
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example, radar simulation might be used to train operator teams, to experiment
on operator procedures, and to test the capacity of a radar scope (e.g., a plan
position indicator) to display signals. This does not mean, however, that the
same simulation equipment is suitable for each purpose, although this is not
always understood. Unless it was expressly designed for multiple use, it is likely
to be appropriate only for the purpose for which it was designed. For example,
the kinds of signals needed to experiment on operator procedures may not have
to be as diverse and precise as those for testing the equipment. More precision
-and reliability may be needed for experimentation than for training. Similarly,
the same simulation inputs or problems may not be optimal or even suitable for
two purposes, such as training and system evaluation. The former may call for a
range of inputs, the latter for greater realism. On the other hand, a production
technology for creating inputs for training may very well be turned to creating
them for evaluation.

For experimentation, probably the greatest advantage of simulation is the
control it provides over inputs and other system features. As noted earlier, it
contributes to preclusion, the tactic of preventing unwanted variables from con-
founding those in the experiment. It also facilitates replication, the repetition of
experimental conditions, together with the constancy or the equivalence which
such replication requires. It is much easier to repeat a simulated input coming
either from a script or a computer tape than to rerun an exercise with actual
aircraft or other objects.

Even on the first run-through, simulation is likely to be more reliable than
real-world inputs. The availability of simulated elements is greater than that of
elements subject to malfunctions, constraints, and interference. Simulation can
also project future circumstances, incorporate infrequent events, present input
loads which are not otherwise feasible, and vary these under fairly precise con-
trol. It eliminates hazards to people and equipment and may cost far less than
operating the objects that are simulated. However, simulation is by no means
inexpensive. Its realism may leave much to be desired. Some things are very
difficult to simulate properly, such as weather and the effects of actual hazards
on performance.

What are some of the criteria by which to judge the effectiveness of some
proposed simulation device or approach? Chapter 24 responds to this question
further. Here, the following criteria are proposed for man-machine system ex-
periments. Researchers may have to make trade-offs between them, or between
them and other requirements; they should at least try to determine what the
trade-offs might be.

Cost. This consideration should include the possibility of initial design for
mulitple use, as well as the cost of a versatile capability for producing simulation
inputs.

Precision and Reliability. These concerns used to be even more significant
when analog computers and electromechanical devices predominated. They are
less pertinent to digital computers, which are more precise and reliable.

Ease of Production and Availability. This theme is discussed at some length
below. Input content may depend on how easy it is to produce.
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Ease of Presentation and Manipulability. This theme is also discussed below.
Presentation is closely tied to production.

Fidelity and Verisimilitude. Other terms include completeness, validity, real-
ism, and generalizability. Although relatively little can be said with certainty
about how to handle this criterion, the theme receives considerable attention
further on in this section. There is often a risk that fidelity may be sacrified to
ease of production or presentation.

Level of Detail. Clearly, the level of detail of simulation relates to its fidelity
and the simulation’s purpose. If the experiment is designed to answer highly
specific questions, it must contain a vast amount of detail and represent many
functions and entities. But this makes it more costly and analysis more difficult.
Rauner and Steger (1961a, 1962) observed: “The simulation must be abstract
enough to permit manipulation of a reasonable number of variables, but must
not be so abstract as to cast doubt on the validity of results.”” The level actually
chosen in an experiment which these authors described was one which “seemed
to feel right to both the Laboratory staff and the participants,” but, these
writers said, some rationale should be indicated for the selection. They further
suggested that in the future it might be possible to vary the level of detail among
the applications of models.

Rauner and Steger (1961b) also wrote that one function of increasing the
level of detail was to help validate an experiment’s results. They added that “By
providing a detailed, tangible representation of reality, game simulations make it
easier for planners to understand the overall model than if it is more abstractly
drawn.” In addition to “‘understanding,” they said, a proper level of detail would
provide to a planner ‘“greater confidence” in the results of the experiment and
“greater ease” in applying them. But here, too, was a dilemma. The more the
detail, the greater the loss in “manipulative power.” Because of the greater cost
and effort required, the fewer must be the runs and the less the confidence in
the reliability of results.

Production of Inputs

Input simulation must first be produced, then presented in the experiment.
It is information on magnetic tape, film, audio tape, paper, or some other
medium. Production consists of assembling the information and putting it on the
medium,

The simplest assembly method is to copy inputs which have entered the real
system. These might be actual sonar signals recorded in a destroyer or sub-
marine. An experiment on image interpretation might use photographs copied
from those which were interpreted in a real surveillance system—or even the
same photographs. Recordings of voice communications—rerecorded or not—
might be replayed. Teletype messages from actual operations might be repro-
duced. The experimenter might even incorporate historical data about weather
and battles.

Production of this kind of simulation input is relatively easy but it is con-
strained. Although the researcher may reduce the constraint somewhat if he
himself can control the environment and system operations giving rise to the
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recordings, all there is on hand for simulation is a replica of what happened. This
may be less than, or different from, what is desired.

A variant of this method is the regenerative recording technique for com-
puter-based systems (Sackman 1967). The computer in the system records the
inputs which the system received from diverse sources as well as the actions
taken by operators through manipulating switch-associated controls (switch-
actions). This replay technique serves primarily for re-examinations of the data.

Another assembly method is to combine recorded or previously experienced
inputs to create a composite different from any that occurred earlier but com-
posed of actual events. For example, a sample of flights for an experiment on air
traffic control might be created by combining a number of actual flights and
their patterns for a particular airport. Similarly, actual commercial flights might
be copied and combined to provide background traffic for an experiment in air
defense. Although the experimenter still depends on what has occurred, he can
generate a new composite.

The third and most usual method is to create inputs rather than reproduce
them. It gives the versatility and completeness that otherwise are hard to
achieve. The design task is a major effort. The research staff must extensively
examine the system and environment to be simulated and collect a vast amount
of data, so that the material created will resemble reality. For example, the staff
of an experiment on logistics must ascertain all of the hundreds of different
malfunctions that might require spare parts, the many situations that might
cause the malfunctions, and the probable frequency of each malfunction. For a
large-scale experiment in air defense, scores of bomber tracks must be projected
on the geography of radar coverage in a manner reflecting the speed and altitude
capabilities of the aircraft, their probable tactics and targets, and the temporal
and spatial relationships between them.

In addition, of course, the experimental staff would have to collect a great
deal of information about the operations and capabilities of the real system, so
that the simulated system would reasonably match it. Such information in an air
defense experiment would include data on radar coverage, on interceptor per-
formance, on communications, and on computer processing.

To design each session’s input from scratch for a large number of experi-
mental sessions would be an almost overwhelming task. Accordingly, a number
of methods have been devised to facilitate the synthesis of inputs. These include
(1) designing “libraries™ of specific, indexed inputs to select from; (2) standard-
ized techniques of altering a small number of such inputs; (3) programmed tem-
plates of typical inputs which can be aggregated in a great variety of combina-
tions; (4) retrofitting, whereby new elements are added to a total input or some
are deleted that are no longer appropriate; (5) modularization, which permits
combining elements in various ways to create new total patterns; and (6) rapid
design of new inputs for unforeseen situations.

These methods and much of the design process can be semiautomated by
means of a computer. This is possible when inputs are symbolic, and relatively
easy when the symbols are standardized, such as radar returns, and their posi-
tions can be expressed in mathematical terms. When the symbolic material takes
the form of words, expressing information or calling for action, the extent of
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automation in design depends on how stereotyped and classifiable are the mes-
sages and other verbal materials which have to be manipulated. The design of
much of the material cannot be automated. Even so, verbal inputs designed and
produced by hand are much easier to create than physical objects; it has already
been pointed out that symbolic materials of all kinds lend themselves to simula-
tion.

The fabrication as well as the design of input materials is a major effort, and
if it could not be largely automated it would be most laborious and expensive. A
computer can easily generate magnetic tape and printouts of verbal material.
Special devices can be constructed to transfer information from magnetic tape to
film.

Load. The importance of input design and production lies partly in the
frequent need, already noted, to vary the input load as an independent variable,
giving it a number of values or states. Since the input is the major factor in
evoking system performance, such performance may be expected to vary accord-
ing to the input load’s quantitative and qualitative differences. Effective
methods of design and production permit systematic variation in load.

In some experiments the system’s response to differences in load may be the
principal objective, to evaluate its ability to deal with an enemy threat, for
example, or to handle different amounts or kinds of traffic. As pointed out
earlier, in other experiments load is varied to learn whether the states of some
other variable, such as procedures, achieve relative superiority according to the
input loads imposed on the system. A complete picture of system performance is
gained only if it is tested over a range of loads. Some systems are built to replace
earlier ones specifically in order to handle heavy input loads. To determine
whether these systems accomplish their mission, it is essential to test them
experimentally with the loads for which they were degigned. In most cases only
simulation can do this.

At an early stage in system development, input load can be varied through
simulation to obtain estimates of how well operators at consoles can cope with
different loads. Such experimentation can indicate not only the proper design of
consoles but also the number of consoles (and operators) for peak loads. (Un-
fortunately, this has not always been done.)

Input loads can be compared with each other quantitatively by tallying the
number of similar events or situations to which the system, subsystem, or opera-
tor must respond. The times covered by the tallies must be the same. The
number of events per unit of time can be regarded as the load’s time density, a
measure of comparison. An even better time density measure is the ratio be-
tween time available and number of action-evoking events.

The difficulty system operators have in responding to events is a function
not only of time density but also of the nature of particular events. Some
require more time than others. The time relationships between them can be
determined empirically. By assigning weights, different kinds of events can be
combined in the time density measure. In any case, inputs that are qualitatively
different from each other should be designed into the load. Some may have such
inherent difficulty that system performance may be severely degraded.
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It was observed in the previous section of this chapter that frequently an
experiment requires two or more sets of inputs that have constant or equivalent
loads but are different. They are different so the operator will not be able to
handle an input more easily simply because he has memorized it. Equivalence or
constancy means that the two different loads place the same demands on opera-
tor processing,

The researcher can adopt several approaches to achieving both difference and
equivalence/constancy. One is to maintain the same elements but disguise them.
For example, he may start the same aircraft tracks from different locations, by
creating a mirror image or rotating all track origins 90 degrees. He may reorder
the starting times of events. He may assume load equivalence among all input
events of the same type, such as an aircraft’s change in speed. He may charac-
terize inputs according to such equivalence properties as variety, redundancy,
distribution, uncertainty, distraction, and intensity. He may determine weighting
factors empirically, as just noted for establishing time density.

Finally, as suggested earlier, he may design the experiment with “equivalent”
inputs as an independent variable to find out whether the different sets actually
impose the same difficulty. This would be indicated by measures of time and
error in processing. Subjects can also be queried at the end of an experiment as
to whether they recognized the equivalence of inputs.

Presentation of Inputs

Some simulation inputs can be acted on by subjects directly, whereas some
require a transducer to convert them into forms which operators or other equip-
ment can process. Messages or reports on paper can be provided directly to a
subject. Voice tapes need only a playback device connected to a phone line, and
slides need only a projector. Magnetic tapes are transduced by a computer and
peripheral equipment so that the information on them appears in printouts or on
a computer-driven cathode ray tube display. Films containing optical radar sig-
nals need some kind of transducer to convert the marks on the film into electri-
cal signals at a radar. Scripts need human transducers who speak their contents
into telephones, tell them to subjects on a simulated battlefield, or convert them
into manipulations of knobs and switches on devices. The devices in turn convert
them into moving signals that appear on radar displays or into data pulses that
are further converted by a computer into electronic signals on a display. (Some
simulation inputs processed by a computer are outputs from the subjects who
have produced them by processing other outputs from the computer.)

Much of the history of transducers has been one of early unreliability of
electromechanical and analog devices, lack of precision in the analog devices, and
increasing improvement in transducer design. Preventive and corrective mainte-
nance of transducers and constant checking on their accuracy are important
requirements; such checking applies equally to human transducers, the quasi
subjects described in another section of this chapter.

Location of Transducer and Inputs. The location of a transducer in the
simulated system determines the nature of the simulation input that enters it,
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just as the location of direct inputs to a subject determines their nature. Where
in the system should the transducer be located, or where should the information
be directly presented?

In a surveillance system, an observer in a helicopter sees some action on the
ground and composes a radio message about it. The content of that message is
not, let us say, a complete or accurate representation of the ground situation,
which is difficult to discern, complex, and partly obscured. The ground situation
has been transformed. The radio message is sent to a communication center,
received, and recorded, possibly exactly as it was sent, possibly not. In accord-
ance with procedures and as a result of other information, its contents may be
supplemented or otherwise altered, and it is reformatted for further transmission
to a computer center. There it may be recopied and reformatted for entry
(possibly without error) and the computer, through its program, may filter it,
supplement it, or otherwise alter it in combining it with other information. This
is a third conversion. The final contents do not represent just what occurred
back there on the ground.

In another surveillance system, a radar ‘“‘sees” an aircraft and produces elec-
tronic signals which are registered for visual inspection on a plan position indi-
cator (PPI) scope. The information is “noisy.” Misleading, irrelevant, or missing
data characterize the signals, misrepresenting the aircraft or its position. The
signals are automatically transmitted to a device which converts them into
binary pulses; what comes out of the converter is not the same content that
went in. The pulses go to a computer. The product of its processing as seen by
an operator on a display does not have the same characteristics that went into it,
nor the same characteristics that could be seen at the PP1. Again, after this third
conversion, what is viewed may not adequately represent the object in the air.

Now suppose the first system is to be simulated in an experiment. The
situation on the ground conceivably could be simulated so it was seen directly
by the simulated observer in the helicopter. On the other hand, the observer’s
message might be the thing simulated (thus including the effects of one conver-
sion), or it might be the communication center’s transmission (with the effects
of two conversions), or the computer’s output (three conversions). Correspond-
ingly, in a simulation of the second system, actual U.S. aircraft might fly
through a radar’s coverage in an experiment to simulate a Russian bomber. Or a
transducing device at the radar might put simulated radar signals into the radar’s
receiver. Another transducer might enter simulated signals somewhat different in
form and content into the converter. Finally, magnetic tape with still different
content and format might be transduced by the computer.

In either system the proper format and content of the simulation input must
differ at each point of entry, because of the changes which occur during each
conversion. Those changes must be reflected in the design of the input if it is to
represent that in the real system. Yet these changes may become progressively
difficult to specify as more conversions occur, partly because changes in a later
conversion compound those in an earlier. The difficulty increases with the ex-
tent of ‘“‘noise” in the original transmission—from the ground to the helicopter
observer or from the aircraft to the radar; the nature of noise is discussed
subsequently.
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One way to achieve the proper content and format is to place the transducer
and the simulation inputs as far forward as possible in each linkage. The inputs
can be designed with greater validity if they enter the system after a single
conversion. Another solution is to give in to the temptation of by-passing the
problem and neglect the conversions entirely.

This temptation may be greatest in a computer-based system. In such a
system it is relatively easy to produce the simulation inputs for that system stage
which follows computer processing, the display stage. The system’s own com-
puter, in fact, can be used for this production. Yet it is exceedingly difficult,
perhaps impossible, to produce inputs for this stage that take into consideration
the changes that would have come from various pre-computer conversions. As a
result, in experiments on computer-based systems, information may be pre-
sented to subjects in a fashion that misrepresents operational reality by disre-
garding the effects of conversions.

This by-passing of proper input design occurs in part because of the ease of
production of inputs for entry into the system at the display point. It is also a
question of system boundaries, discussed in Chapter 25. If the simulated system
includes the locations at which the conversions take place, transducers and in-
puts can be placed at those locations. In any case, if experimenters introduce
inputs directly into the simulated system’s computer, they should state in their
reports the extent to which the outcome might have differed if the simulation
had included conversions in the information flow.

Similarly, Sackman (1967) has cautioned that in experiments on computer-
based systems, researchers should obtain data about those manual operations of
operators that are not registered by the computer. This requirement can mean
such an extensive data collection effort that the researchers might prefer to
forego it.

Developments in Simulation Technology. Simulation technology in com-
puter-based systems has become very sophisticated in recent years. One develop-
ment deals in part with the problem that has just been discussed, that of serial
processing information through subsystems. However, it is concerned with
serial processing of data after the computer has already received the data from
other sources, rather than with the sequence between original source and input
into the computer. As suggested in the section on Design, when the serial pro-
cessing problem involves only interactions between operators and the computer, it
is more amenable to solution, probably because the problem is focused on content.

It was pointed out earlier that since the content on arrival at one subsystem
depends on the antecedent processing by other operators it is difficult to achieve
experimental control. The researcher cannot guarantee either the same input to
the subsystem from replication to replication or the input he desires. As ob-
served further, one solution is to operate the subsystem by itself. Then it is
necessary to simulate the effects of the prior subsystem on the inputs. These
effects came about as a result of switch actions by operators interacting with the
computer. Simulation of switch actions is easier than simulation of other kinds
of conversions and has been a technological advance.
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Switch actions can be simulated as having been “perfect” or as possessing
whatever lags and errors the researcher wishes to design into the input. With this
technique the same input can be repeated reliably and with realism with respect
to the actions taken within the preceding subsystem. Operators in that subsys-
tem need not participate in the experiment.

Another technique is concerned with tagging each input item distinctively—
for example, giving it a number. Then the computer keeps track of what happens
to it. It can determine whether the item actually enters the system and at what
point it changes. This helps the computer itself collect data about its own
performance. It permits an experimental staff member at a console to change an
input element during the experiment—for example, in reaction to some adver-
sary action. It also enables the staff to monitor the progress of elements through-
out the experiment as they appear with their tags on a display.

In a computer-based system human intervention may become necessary
when automatic processing requirements exceed certain programmed limits. A
feature of simulation technology can force such manual intervention. First the
limits of automation have to be determined by test. Then inputs are introduced
which exceed the limits. The computer can be programmed to record all in-
stances where the desired inputs actually were introduced and the manual ac-
tions which operators took in consequence; it also classifies and summarizes
them. This technique is useful in experimentation which emphasizes human
intervention,

When the system represented in an experiment is computer-based, a com-
puter—even the system’s own—not only can produce the simulation inputs but
also can present them to the subjects, record their performance (and its own),
and make judgments about their performance (and its own). It has been pointed
out that the linkage between production and presentation is simpler when the
same computer can do both. The warning must be repeated, however, that this
technological accomplishment may lead to a serious problem. The simulation of
the system may be limited to those inputs which enter the computer and those
outputs which it produces. Yet some inputs may be handled and some outputs
produced by people and other machines; these will not be considered in the
simulation. This deficiency is not the same as the failure of the simulated system
to deal with the various conversions in information before it enters the com-
puter, but both inadequacies may occur together.

Al] the simulation inputs produced by a computer do not have to be gen-
erated before an experiment starts. Indeed, immediately following an experi-
mental session the models in the computer, representing some part of the system
or some related system, may produce inputs or printouts, tape or cards, for the
next session, in reaction to what the subjects and system have just done. These
reactions can be generated even during a session, the computer then presenting
inputs to subjects on cathode ray tube displays.

In a technology which is demanding, fascinating, and continually being im-
proved by man’s ingenuity, it is hardly surprising that presentation and produc-
tion of simulation inputs by computers absorb much time, effort, money, and
attention. Nor should it be surprising that the ease and availability of com-
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puterized production and presentation could lead both to a neglect of other
types of simulation and to engaging in simulation for simulation’s sake.

Fidelity

Simulation fidelity is clearly important to assuring an experiment’s external
validity. Yet little experimental evidence has been gathered about requirements
for simulation fidelity or realism in man-machine system experiments. Experi-
mental research on simulation fidelity has centered on that needed for training
aircraft pilots; various degrees of realism have been compared for their effec-
tiveness in these studies. In the field of air traffic control, two kinds of graphical
or diagrammatic simulation have been compared with equipment (radar simula-
tors and consoles), for experimentation and training. These studies will be
covered later in this book. As previously noted, there is considerable further
discussion of simulation, including simulation fidelity, in Chapter 24; much of
that is of a general nature. Here it seems best to review questions which may
more immediately perplex prospective experimenters.

An analysis of fidelity of simulation in man-machine system experiments
raises a number of questions. Is objective realism necessary or does subjective
realism suffice? In any case, when is fidelity desirable and when is it undesirable?
When may it be traded off in favor of other needs? What features have proved
most difficult to simulate validly and what factors have stood in the way of
simulation fidelity? Kidd (1962) commented that “the whole issue of fidelity in
simulation is still unsettled” and ‘it would be very helpful to have more than an
intuitive feeling for the establishment of fidelity values for all the attributes of a
simulation facility.”

Verisimilitude. Subjective realism means that the simulation evokes the same
behavior from experimental subjects as the real objects, events, or inputs would,
regardless of the extent of similarity. The simulation is real enough to the
subjects, even though objective scrutiny shows differences, perhaps large ones.
The illusion of reality is created, one might say. Perhaps the best term is veri-
similitude.

How can the experimenters know whether subjects are experiencing subjec-
tive reality? Probably the best test is whether the subjects respond to the simula-
tion as they would to the reality. As Kidd (1962) put it, there is some indication
from research that “the essential factor for achieving valid results is the nature of
the response requirements imposed on the human operator.”

In the absence of empirical evidence, experimenters can try to “look through
the eyes of the subjects by putting themselves in their roles, or by listening to
their comments. They can interview the subjects and make them place simulated
items on a reality scale. Subjects are likely to comment candidly if verisimilitude
is absent. Subjects may “fight” the simulation, blame it for their difficulties in
performance, or even fail to respond to it. However, a researcher can often avert
such behavior and strengthen verisimilitude if he explains to the subjects initially
what is unrealistic and why it was necessary to create the simulation in that way.
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When they are unsurprised and given an advance explanation, subjects may
exhibit far less antagonism to low-fidelity simulation.

Subjects are more tolerant about simulations of sensor data where technical
problems account for diminished realism than about computer models of opera-
tions with which the subjects are familiar. A subject tends to insist on realistic
performance characteristics of an aircraft which he flies himself. He also worries
about loss of realism apparently due to the experimenter’s lack of sophistication.
The experimenter must give no evidence that he is ignorant about the operator’s
system. Subjects should also be warned to expect malfunctions in operational
equipment, in transducers, and in computer programs. As previously noted, such
malfunctions, which can bedevil experiments, should be held to a minimum
through preventive maintenance, and engineers and programmers in sufficient
number should be standing by to take quick remedial action.

If objective reality is desired instead of verisimilitude, the researcher faces a
different question. How does his symbolic simulation relate to what the system’s
sensors would actually be sensing? One way to proceed is to arrange and measure
the objects of the sensing. For example, if the simulation is to consist of aerial
photographs, the developer of the simulation first creates the ground objects
which will later be photographed—if they do not already exist—and measures
them at the scene. Thereby he establishes “ground truth.” If in the experiment
an image interpreter fails to identify an object in the photograph, it is definitely
known that the object was there and was photographed.

The same approach might be extended to radar and sonar, through the
concepts of “air truth” and ‘‘sea truth.” Recordings of radar signals and elec-
tronic countermeasures, for example, would be made during flights and emis-
sions of actual aircraft. They would be used for calibration of synthetic material
or possibly for simulation directly.

Reasons for Nonreality. One reason to abjure too comprehensive a striving
for reality is that such an effort can be self-defeating. The experiment becomes
too unwieldy or costly. Rather, realism should be sought in the critical aspects
of the experiment. But the researcher must be careful that simplification in what
he regards as peripheral does not, in fact, affect what he regards as central. For
example, it might be felt that simulated inputs for a surveillance system had to
be simplified to make it possible to study procedural changes in processing. But
in the actual system the processing procedures might be influenced by features
of the inputs that were lost in the simplification.

On occasion, the level of fidelity is simply a matter of resources. Consider
simulation of radar. It is possible to produce and control with relative ease a
great many radar signals of many aircraft as “canned” (stored) inputs, if subtle
characteristics of the signals and diverse characteristics of noise are omitted. To
present these subtle and diverse characteristics is relatively easy if it is necessary
to generate signals of only one or a few aircraft with accompanying noise in
alterable form. But to produce and manipulate a great many signals with subtle
characteristics accompanied by extensive diversity of noise would be extremely
expensive and technically difficult. (Noise in this context has very complex
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forms and patterns rather than some stochastic distribution, which, of course, is
easy enough to produce.)

Time compression, discussed subsequently, may be regarded as a way of
compromising reality to conserve resources. It increases the amount of system
performance per unit of time. Space compression is not practiced so widely;
instances of it include miniaturization of automobiles and highways, tanks and
terrain, Organization compression, however, has been frequent. In an experiment
a single individual, a subject or quasi subject, plays the role of an entire organiza-
tion. He not only enacts the main person through whom the organization com-
municates but also provides the information and makes the decisions that would
come from elsewhere in the organization.

Ernst (1959) described the difficulty of achieving complete realism thus:

It is necessary to decide first upon the degree of realism that is required, know-
ing that simulation will yield relative rather than absolute results. Complete
realism is probably impossible and certainly undesirable, because over-complica-
tion, with its inevitable inaccuracies, would mask the basic issues and unduly
confound the results. However, the representation must be realistic enough to
embrace all significant factors, and these must certainly be kept under experi-
mental control. Given adequate control, undesirable interactions between such
factors need not be thought of as confounding the experiment, for their delinea-
tion may become the principal objective of the experiment.

Too narrow a concern about realism may conflict with objectives in experi-
mental design. An experimenter may wish to vary inputs and environmental
circumstances systematically to find out how the system operates under a range
of conditions. In a military system, however, operational personnel may regard
only one or a few of these conditions as normal or probable and thus realistic.
They may prefer to restrict the conditions to what they regard as the threat,
whereas the researcher wants to stress the system, perhaps even to breakdown.

In justification, the researcher may point out that the threat is a matter of
probability. It can take many forms, and not enough may be known about these.
Even if substantial knowledge does exist about the threat, it may not be avail-
able to the researchers; but it is more likely that whatever knowledge exists is
fallible. Researchers cannot have complete confidence in the data they get even
about their own forces, much less the adversary’s. Data about both may be
colored by wishful thinking. Critical information should not be taken on faith.
Predictions about what the adversary would do may be based largely on what,
under similar circumstances, one’s own side would do.

Researchers may wish to forego some kinds of realism because they believe
that by presenting abstract inputs they can generalize more widely from the
results—or at least just as widely as they could with concrete inputs that might
be more difficult to produce and present. They may use checkerboards or cell-
like designs instead of geographically detailed maps, markers instead of vehicles,
or dots instead of electronically generated radar signals.

Experimenters may contrive an entirely imaginary system, with displays that
are not intended to be identical with those in a current or planned system. The
hypothetical system may have functions resembling those in current systems,
but the operational procedures are invented, not borrowed. Such simulations,
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discussed in Chapter 25, are found in experiments seeking general knowledge,
not knowledge about a particular system.

Researchers may prefer to make use of a hypothetical system if they are
investigating new procedures or equipment for a particular system with per-
sonnel from that system as subjects. Those personnel may be biased against the
new procedures or equipment because of familiarity with the old; or they may
be biased in favor of them. It may be possible to eliminate or modify that bias
by putting the procedures or equipment into a system with which they are not
familiar. Such a system may have to be designed in great detail.

Under some circumstances it may be necessary to use experienced subjects,
although the experimenter would like to know how less experienced ones would
perform. Since too familiar a setting might make the task too easy, the experi-
menter may resort to a composite of settings.

One of the questions researchers face in devising hypothetical systems, as
well as in simulating real systems, is the level of detail to incorporate. This has
already been touched on with regard to simulation criteria. What facilitates
generalizability? If the answer is abstraction, then this has to be defined in terms
both of level of detail and relatedness to a real system.

Finally, it may be necessary to compromise with reality for ethical reasons.
There are widely held views that subjects should not have to encounter certain
kinds and degrees of stress. For example, in an experiment on vehicular traffic,
should it be possible for the subject driving a simulated automobile to knock
down a simulated pedestrian?

Obstacles to Fidelity. Certain matters seem especially difficult to simulate.
These include acceleration or deceleration in air or land vehicles as well as
vehicle movement in general, and actual combat. Compromises with regard to
movement include putting a stationary automobile on rollers with external
“passing” scenes, or giving pitch, roll, and yaw movements to a stationary cock-
pit, also with views of terrain as though this were being overflown. In the
simulation of a battlefield, mines and other explosives may be detonated. Al-
though it is not feasible to simulate death and destruction fully, soldiers may be
instructed to drop in their tracks. The signals of aircraft and ships may disappear
from radar scopes, and simulated reports may say that they were destroyed. Civil
defense officials may see external devastation, simulated by projections of doc-
tored photographs, but the emotional impact cannot be the same as the real
thing,.

In other cases poor fidelity may be attributable to a combination of diffi-
culty in simulation and inconvenience, or simple disregard, as noted in the
discussion of external validity. In air defense studies there may be a tendency to
give low priority to simulating wind, weather, altitude, degradation in radar
returns (e.g., fading, low blip-scan ratio), reactive course changes by enemy
aircraft, feints, and enemy mistakes. In other studies, too, sensor inputs may be
insufficiently degraded. Peripheral activities may be omitted.

A major obstacle to fidelity in simulation is the difficulty in projecting the
future, a topic also commented on in connection with external validity. The
researcher may have to predict some future input load, such as the frequency of
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aircraft arrivals and departures at an airport. Or, he may be simulating a com-
mand and control system which is being developed. In facing the updating
problem, he must foresee changes in _computers, in programs, in consoles, in
displays, in personnel, and in procedures. If his simulation must be designed
while the system is still in the conceptual stage, his problem is even more
difficult. Chapman (1960b) observed:

If one wishes to predict real-life system behavior from simulation studies, one
must use representative stimulus conditions and system components—both men
and machines. Unfortunately, most fancy systems are developed to meet antici-
pated rather than existing conditions. I don’t know how one is sure that he has
drawn an adequate sample from a population of undefined conditions that do
not exist.

The problem of fidelity in getting people to simulate people is discussed
later. When people are represented by parts of computer program models, there
exists a tendency to make simplifying assumptions about their behavior. It be-
comes necessary to consider motivational factors and their effects as well as
probable error rates and times required to complete tasks. Not enough is usually
known about error rates to make the simulation valid. It is possible to make
estimates of time required, but these have to be distributed in accordance with
the distribution of competence among actual system operators. Data on such
distributions are not generally available. Although error and time data can be
collected by the researchers from the system being simulated, this may not be
easy to do. Computer modeling of human performance in systems is further
covered in Chapters 23 and 24.

If it is difficult to model detailed human reactions to pre-established inputs,
it is more difficult to model a total simulation in which the inputs change as a
result of the human reactions. The inputs resulting from the reactions must be
planned in addition to the reactions themselves. Then another step follows in
which the reactions to the new inputs must be predicted, then the inputs result-
ing from these, and so on. Very quickly in the sequence of steps it becomes
impossible to set forth the inputs unless in each step the range of possible human
reactions is very limited indeed and the inputs resulting from each can be readily
predicted.

This is the problem of introducing reactivity or responsiveness into an ex-
periment. Both reactivity and noise deserve extra attention as problem areas in
simulation fidelity.

Reactivity. The simplest case of reactivity is the one in which inputs are
stored on some medium, like magnetic tape, for presentation through a trans-
ducer. Although such inputs are generally unalterable except by re-entering the
production process, there are a few ways to give them some flexibility.

The easiest technique to implement is deletion. If elements in the simulation
package are tagged with identifiers, e.g., numbers, which the computer can rec-
ognize, the elements can be removed during the experimental session. For ex-
ample, simulated radar signals from hostile bombers that are shot down can be
eliminated from the displays used by surveillance operators and interception
directors. A member of the experimental staff watches the action at his own



PROBLEMS OF METHOD 65

console. When he sees a “kill,”” he manipulates switches to transmit to the
computer the tag number of that simulated bomber and the instruction to
eliminate it. Its radar signals do not reappear during the session. No additional
inputs have to be placed on the tape as a consequence of the reaction resulting in
a kill.

In contrast, consider a different sequence of events in real life. When the
bomber pilot detects the approach of an interceptor attempting a kill, he
changes course, or speed, or altitude, and perhaps thus avoids being shot down.
To simulate this evasive action would mean placing many new position inputs on
the magnetic tape, reflecting the new course, speed, or altitude in the bomber’s
simulated track. It would also mean the elimination of those originally there.
This has not been feasible in simulations of large-scale air battles, although new
on-line programming techniques raise the possibility of making such substitu-
tions on a modest scale. Deletion, on the other hand, does not require adding
inputs resulting from new characteristics.

Along the same line the technique of deletion can be used to alter inputs
from session to session, possibly as the result of what occurred in the preceding
session. This is done before an experimental session starts by inserting supple-
mentary instructions via a keyboard or some IBM cards to remove certain pro-
grammed inputs. For example, the tape might contain thirty simulated bomber
tracks. An instruction to the computer might withhold fifteen of them from one
session, while another instruction could withdraw a different set of fifteen from
a second session, thus producing two different sets of inputs with the same tape.

More complex is the technique of producing and storing a number of alter-
native inputs which might be the consequences of an operator reaction. These
might be stored on a magnetic tape or in a script which directs a human simula-
tor. Also stored is some kind of guidance for making the choice among the
alternatives. This guidance may state which characteristics of the human reaction
should result in one alternative, which in another. There is more flexibility in the
situation where a human simulator is following a script, since he can interpret
the operator reaction and the guidance instructions together to select the alter-
native,

With human simulators who are not forced to follow a script even more
flexibility is possible. The human simulator can concoct a new input instead of
having to choose among stored alternatives. Consider the simulation of voice
messages from an observer in a helicopter. The contents of a voice tape are
unalterable; at most a device or a human being might make selections among
them. But a human simulator could create and transmit new messages. He would
not be constrained by choosing among alternatives and by guidance rules for
doing so. The human simulator, perhaps with some device, could also fabricate
the inputs which were the consequence of his innovation. For example, were he
simulating a bomber pilot, he might not only take evasive action but also create
the subsequent track.

Such flexibility typifies free-play simulation, in contrast to scenario simula-
tion. These can be combined, just as input simulation may be a mix of computer
and human sources. But generally in man-machine system experiments there has
been relatively little free play. The human simulators, which this book calls quasi
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subjects, are constrained by rules and procedures. The roles they play are as-
signed to individuals associated with the experimental staff rather than actual
subjects for the very purpose of standardizing their reactions and making sure
they follow instructions.

Reactivity becomes far more complex in an experiment when the inputs to
an individual, team, or system are the outputs of another individual, team, or
system. It is difficult to predict the particular input at each step because it
proceeds from one of a number of possible human reactions. The input which
brought that reaction in turn resulted from a number of possible reactions, and
so on. When one side in a two-sided game is modeled in a computer, it is possible
to model explicitly only a relatively few steps, and then only if the alternative
reactions at each step are few in number. Tic-tac-toe can be modeled for its
entire course, but chess can be modeled only for a limited number of moves
unless some rules or tactics are incorporated into the program to guide the
selections among alternatives. The difficulty of modeling one side of an interteam
competition or conflict in an experiment can be imagined. It usually seems
better to let actual subjects engage in interaction with other subjects.

The difficulties that such interteam competition poses for experimental con-
trol have been well covered in the section of Design. All that needs to be said
here is a word about fidelity aspects.

If motivational effects of competition can confound variable states, they can
also be desirable because they resemble what happens in the real world. Compe-
tition may also make the environment more complex for each team, the events
more various, and the uncertainty and challenge greater. If real-world competi-
tion does not exist in the experiment, the subjects may tend to adopt procedures
and strategies that merely seem adequate—they ‘“‘satisfice.” Reality is distorted.

A very different effect can come from implicit competition, the kind that
may arise when two similar systems are being compared in an experiment with-
out interaction between them. The subjects may compete with each other, exert-
ing extra effort, if they know they are in a comparison situation. If they are
informed about their performance they are likely to do this even more. As
previously suggested, confounding may result. Reality may be distorted, too,
when competition occurs in an experiment but not in the real world, and each
system may perform better than it would in actuality.

Noise. Any system which processes information must cope with noise. Simu-
lation in man-machine system experiments must include the simulation of noise
to be valid. Noise can be a critical aspect of the input.

What is noise in this context? The term here is meant not to stand just for a
particular auditory stimulus or for electrical phenomena above the level of which
a signal must rise to be detected. Rather, it is used in a more general sense, with
borrowings from the unwanted nature of noisy sound and other electrical phe-
nomena which accompany signals. It means factors in the input to system opera-
tors and equipment that interfere in some way with the correct discrimination of
information being transmitted. The information may be a typed message, for
example, a radio transmission, or a series of radar signals.

Noise can take effect in several ways (Parsons and Perry 1965). It can simply
blot out the information, like an ink blot covering a written word. For example,
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radar signals from an aircraft may be lost in a myriad of other radar returns from
clouds or mountains; the returns are so numerous and close together that the
aircraft signals are indistinguishable. Noise may distort the information by elim-
inating or adding some feature, or by doing both to different features at the
same time. An instance would be a typographical error which dropped “not’ out
of a sentence or an error which changed “not” to “now.” Radar jamming keeps
the scope operator from knowing the range of the jamming aircraft, although the
jamming still indicates the aircraft’s direction. Camouflaging a ship hampers the
discernment of its outline. Finally, noise may consist of false information which
is a counterfeit of the real. A hostile radio may transmit misleading messages as
though they came from a friendly source. One frequent form of. this type of
noise is the production of many apparent signals, so that the observer cannot tell
which is the one he wants.

Noise is particularly effective when two or all three of these types of noise
occur together. For example, if due to noise some radar signals from an aircraft
fail to appear on a display, their track may be already difficult to distinguish. If
some false targets or counterfeits are added, the track may be utterly
obfuscated.

Noise may be categorized as coming from nature, from a system’s or opera-
tor’s own actions, or from an adversary. Noise can be clerical errors in transcrib-
ing radio messages, heavy vegetation concealing troops from view, feints by an
attacking submarine being tracked by sonar, multiple sources of data resulting in
some overestimate of resources, or radar-detected “chaff’ surrounding the path
of an incoming missile. Because it can be so effective in confusing the other side,
hostile forces employ noise against each other. In radar systems the attempts to
employ it are called electronic countermeasures (ECM), those to cope with it
electronic counter-countermeasures (ECCM).

As noted previously, noise, especially ECM from hostile sources, is difficult
to simulate in all its diversity because the more effective it is the more difficult it
is to describe and predict. If description and prediction were easy, so would be
the ECCM. As has been pointed out, this kind of noise is not random. Nor does
the need to simulate it spring from any requirement to present ‘“perceptual
realism” as such. Rather, noise is important because of the actions or nonactions
that result from it. It leads operators to do things they should not do and fail to
do things they should; and their discriminative behavior then influences the
actions of other operators. The test of effective simulation of noise is the dis-
criminative behavior that results.

In a few man-machine system experiments, noise and its effects have been
the focus of inquiry, yet in others it has received insufficient attention in the
simulation. Why? The difficulty of creating it has been noted; its simulation
takes time, money, and skill. Its complexity and subtlety also make it difficult
for experimenters to understand. Security constraints add to its mystery. Noise
often leads to an “ostrich syndrome.” Although the head is not actually hidden
in the sand, the matter is disagreeable enough to be avoided.

The simulation of noise may simply be postponed to a later date, which
never arrives. At times it is argued that state-of-the-art improvements in the
system will shortly eliminate the noise. In addition to this wishful thinking, it
may be urged that the system should be evaluated first under optimal condi-
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tions. If it fails under these, then it might as well be discarded. Unfortunately, if
it succeeds under these, it may be accepted without a subsequent evaluation
under less ideal conditions. This risk is a real one in man-machine experi-
mentation oriented to system evaluation.

Still another reason why noise is often disregarded in simulation comes from
an emphasis on a system’s processing or decision-making stage. This may be
somewhat removed in time and space from the system’s “front end”” where the
noise enters and where information conversions occur. The significance of these
conversions has already been pointed out. Noise and conversions often interact
in distorting information (Parsons and Perry 1965). In reality, decisions, e.g.,
evaluations of threat, are greatly influenced by noise and by how the system
handles it, but the commanders who make the decisions may not fully under-
stand this. They may leave the noise problem to others. Experimenters inter-
ested in decision-making may do likewise. Whether they are designing it, oper-
ating it, or evaluating it, those involved in a computer-based system tend to
disregard the system’s front end. It does not seem to be where the action is. But
it is certainly where most of the noise enters.

Time

The time during which events and human performance take place in a real
system may be variously simulated in the laboratory. It may be the same, com-
pressed, or expanded. Compression ratios in man-machine system experiments
have been 3:1, 7:1, 48:1, and others. To help design and organize the inputs the
researchers may even resort to a double compression. First, they assume that all
the events which might normally occur in, say, thirty days in a real system
actually occur in ten days. Then they compress the ten days into ten hours, with
one hour of laboratory time representing one day—but actually three days in the
real world.

Compressed time need not flow smoothly. That is, within a laboratory ses-
sion there may be a series of “‘clock jumps,” with the result that segments of the
session may incorporate events occurring at or close to their rate in the real-
world system, but the total session will represent a fraction of its real-world
counterpart because time has been skipped by means of the clock jumps. Uneven
progression may derive also from “event-stepping,” where time is skipped be-
tween certain events so that events rather than the clock regulate the simulation.
This might be called “event compression.”

There are a number of reasons to compress time in an experiment. One is
that without compression long-duration processes simply could not be simu-
lated, as Kidd (1962) has pointed out:

Some real systems have very long feedback delays. Most productive businesses,
for example, require decisions about which the consequences may not be de-
notable for months or years. Even with extensive support, researchers cannot
afford to represent such conditions in the laboratory. Foreshortening of the time
intervals between certain processes, then, becomes a highly desirable expedient.
Still another facet of this same problem centers on certain ‘‘critical-incident™
phenomena in system development. For example, under ordinary circumstances,
the growth of an organization is a lengthy process. The primary expedient here is
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usually the introduction of artificially high levels of environmental stress in the
hopes of forcing the pace.

By shortening laboratory tenancy, time compression saves money even in
situations where it might be feasible to reproduce real time. It also can increase
the interest and attention of the subjects, because matters with which they have
to deal occur more frequently. By eliminating minor real-world activities, simula-
tion sometimes creates voids. These are reduced by time compression.

On the other hand, time compression may cause problems because of its lack
of simulation fidelity. Compressed performance may be distorted performance.
For example, too much compression may exaggerate the importance of co-
operation and co-ordination within an organization; people may have to work
together more closely than they would in the real system to get a job done in the
time allotted. The faster rates of performance needed to accomplish the task
may result in more errors. Time compression may discourage innovation, there
being less time in the simulated situation available for contemplation or discus-
sion. Human learning might be unrealistically facilitated. By making subjects
more attentive, time compression may prevent the occurrence of an inattention
that characterizes the real system on occasion and that leads to poorer
performance.

Such are some of the factors to consider in selecting a compression ratio.
The tempo of events in a system and its parts is another factor. The durations
between important events in a real system may vary among its subsystems and in
a real organization among its various functions, so any effects of a particular
ratio of compression could vary among the parts of a simulated system or
organization. Presumably one should determine which is the most important
subsystem within the context of the experiment and tailor to it the experiment’s
time compression ratio. It can be particularly important to make certain that
thereby some desired number of events or operational cycles is included in the
experiment.

Should the same ratio occur throughout an experiment? Differing ratios may
be used provided the experiment is designed to prevent changes in ratio from
biasing results. (One objective might even be to try to find out whether differing
ratios have differential effects.) Variation in compression ratio might be one way
to tailor compression optimally for different subsystems, some being optimized
in one part of the experiment, others elsewhere.

Subjects become oriented to compressed time as though it were real time,
although no data exist on how long this process takes and how complete the
orientation becomes. As a matter of fact, we regularly experience compressed
time in verbal simulation of the world in much of what we read, not simply in
history books but in a novel where a page perused in a minute covers an hour or
a day of activity. Another illustration is the comic strip, which may be viewed in
a fraction of the time taken by the events it represents.

Expanded time has not been introduced as such into man-machine system
experiments, but has figured in one method of simulation associated with some
of them. In graphical simulation, a system’s information flow is represented in a
series of diagrams on which an individual can trace what happens to an input
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after it enters the system. He may take much more time to do this than the real
system and its operators would. Essentially this kind of expanded time is self-
paced. It might be exploited for fine-grain examinations of behavior, or to find
out what would happen if the rate were slowed down in the real system.

Another temporal consideration is “empty time.” This has occurred only too
frequently in man-machine system experiments when a piece of equipment has
malfunctioned. The equipment can be an operational unit, a simulation trans-
ducer, a data recorder, or a computer performing one or more of these func-
tions. The most important thing is to have an engineer or programmer on hand
to make repairs. But the researcher should also make contingency plans for
filling this empty time.

A discussion of time in experiments would not be complete without some
mention of computer processing time. If system operations are simulated sym-
bolically in a computer model, they occur in much faster time than they do in
the real system. The compression ratio is very high. This is attributable not only
to the speed of the computer but also the symbolic nature of the simulation and
the aggregating of system details which symbols make possible.

Although computer processing time is so fast, a computer in an actual sys-
tem may also be made to operate in real time, or in “realtime,” as Sackman
(1967) has phrased it, to match the system’s real time. This means that the
computer is receiving data from the front end of the system as they enter, not
according to the speed with which all the data could be processed; and the
computer is regulating actions elsewhere in the system in accordance with the
tempo imposed on those actions by the other parts of the system or environ-
ment. Usually in such a situation the computer is said to be ‘““on line.” Sackman
(1967) has discussed “real time,” “realtime,” and “nonrealtime” processing at
some length.

In a man-machine system experiment, a computer may function in both real
and fast time. It may operate “on line” to present inputs to operators at con-
soles, for example, at a real time rate. Similarly it may record the operators’
outputs as these occur. However, in reducing the data and performing statistical
analyses it operates in fast time, as it also does in input production.

SUBJECTS

In this book the people in experiments who simulate people in systems are
called either “subjects” or “quasi subjects.” Experimenters have also called sub-
jects “participants” and ““players,” or they may be labeled “actors” or ‘“‘simula-
tors.” It would be interesting to know whether the label they bear in a particular
research program affects their performance.

Selection

Undoubtedly the selection of subjects is one of the principal problems faced
by man-machine system experimenters. Some of the reasons have already been
indicated in the section on Design. The importance of selection arises partly
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from the wide range of individual differences that has come to light in the
experiments this book describes. Those who have played the roles of operators,
commanders, and decision-makers have differed widely among themselves. Al-
though such individual differences have not been systematically investigated in
most real systems, it can be presumed that they also exist there. The significance
of individual difference has been noted by Davis and Behan (1962).

Individual differences in team situations can result in differences in team
performances, even though teams sometimes resort to compensatory procedures
to counteract the inferior performance of an individual. An operator processing
information in series may be fast or slow, careful or error-prone. Someone in
a nodal position may be well-organized or readily confused in assigning tasks and
monitoring them. Commanders vary in aggressiveness and degree of risk-taking.
In each instance the team output can be substantially affected by individual
performance, even when the team is fairly large.

The great differences in capability which have been uncovered in man-
machine system experiments have on occasion constituted the major or only
difference in experimental results. The discovery has usually been serendipitous,
since personnel selection has rarely been a focus of the experiment. It is possible
that great differences in motivation have contributed to the differences in per-
formance.

Variability among potential subjects and teams makes it difficult to achieve
either external or internal validity. External validity calls for a representative
sample of subjects or teams. Such a sample can consist of individuals clustering
around a performance mean, or it can require a distribution of capabilities. A
biasing of subjects toward very effective or very ineffective performers is likely
to distort the evaluation of a system, a set of equipment, or a set of procedures.
It can also distort experimental comparisons. One set of equipment, for ex-
ample, may be superior to another when operators are highly talented, but it
may be equivalent or even inferior if they are inept. Some range of competence
among subjects can demonstrate this interaction between equipment and opera-
tor performance levels.

On the other hand, some kinds of differences in equipment design can lead
to a consistent difference in performance whether the subjects are inept or
talented. To be sure, if the researcher wants to predict absolute rather than
relative performance—the ‘“‘evaluation” previously mentioned—he should select
subjects with competence or aptitude levels similar to those of future operators.

As Sinaiko and Buckley (1961) and Morgan et al. (1963) have pointed out,
design engineers do not qualify as representative subjects in experiments which
investigate the equipment they have designed. Not only are they too familiar
with its operation, they have aptitudes above those of the eventual system
operators. They also have an inevitable partiality toward their creation that will
affect their performance in a comparison study.

To achieve internal validity the experimenter must try to maintain constancy
in his subjects and teams if these experience all the conditions of the experi-
ment. If different subjects and teams have to be assigned to different conditions,
he has to seek equivalence among them. As we have seen, randomization of
teams is rarely feasible in man-machine system experiments. Some kind of
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matching may be attempted to make teams equivalent. This will be discussed
shortly in connection with methods of team composition. Nonequivalent selec-
tion of teams constitutes one of the threats to internal validity described by
Campbell (1969) as the differential recruitment of the comparison groups.
Another threat is the differential rate of autonomous change resulting from
selection—what Campbell called ‘‘selection-maturation interaction.” Confound-
ing can result from either threat.

Sources. The representativeness of subjects depends in part on their source.
Sources for subjects in man-machine system experiments have included military
officers and enlisted men, air traffic controllers, test pilots, municipal officials,
policemen, company employees, university students, and women and girls who
were none of the foregoing. The military personnel have often come from the
system being investigated, or from a current system related to one to be ex-
amined. The same may be said of air traffic controllers. Test pilots have simu-
lated astronauts who, to be sure, have been drawn from the same ranks.

But representativeness can compete with other considerations. Students and
company employees may be readily available and their continuing participation
more reliable. Women and girls have the same trade-off advantages and may be
regarded as especially ‘“manageable.” If less representative subjects take longer to
train before the experiment begins, this may be an asset; it means they lack
competing habits, predispositions, or biases already acquired on the job. They
are ““naive.” If two systems are being compared, they are not predisposed toward
or against one of them due to past experience.

The factor of professional inexperience may be discounted to a considerable
extent if the experiment undertakes a comparative evaluation. The comparison
study looks for differences in results rather than absolute values. The differences
obtained with students may approximate those achievable with professionals,
because lack of professional background affects each state of the focal variable
equally. If an experiment seeks generalizable rather than ad hoc information,
results based on amateurs may seem just as generalizable as those obtained with
professionals, or even more so.

Thus there is no simple method of determining the appropriate source of
subjects. The purpose of the experiment must be considered, as well as trade-off
factors. User experience saves training time. In intricate ad hoc experiments it
may be essential, especially if it is important to know the actual effects of each
state of some variable. As a further advantage, user subjects may transfer some
of the learning they acquire in the experiment to the real-life situation. If they
are high-ranking officers or officials, they can acquire a deeper understanding of
the experiment and its purposes than they could otherwise. In consequence the
experimental outcome may have a greater impact.

In team situations experimenters may want to make use of teams that al-
ready exist instead of creating new ones. Presumably in existing teams the mem-
bers are already accustomed to working with one another. Informal procedures
have been developed. Incompatible members may have been filtered out. Such a
team is more representative of real life than one which is artificially created for
the experiment.



PROBLEMS OF METHOD 73

Number. As explained earlier, each team is a single subject in the experi-
mental design. It is often difficult to obtain more than a few teams or crews, due
to cost and unavailability of people. Yet the more obtained, the greater the
chances that the experiment will have a distribution of teams approaching that
existing or to be expected in the real world. The relationship inevitably remains
fortuitous, since stratified or proportionate stratified sampling is out of the
question. Not only are there too few teams but the actual characteristics of
teams in the real world are usually undetermined.

It was pointed out in the discussion on Design that the needs of internal
validity and external validity may conflict in establishing the number of teams.
For example, a single team experiencing all states of independent variables can
be the best arrangement for assuring internal validity by reducing confounding.
It “serves as its own control.” The experimenter may have just so much time
available before the experiment starts. He can give a single team intensive train-
ing so its various procedures are well established and its performance highly
consistent. Then the random variance in its performance is lessened and differ-
ences in the effects of states of variables are more apt to be statistically signif-
icant. In contrast, the experimenter could use the same amount of time to
assemble a number of teams, training each to only a limited extent in following
procedures. These teams are also more apt to be representative. But at the same
time the procedures, being poorly followed, will not validly reflect those that
might be used in the real system, and the random variance (error term) will be
large. Accordingly, the experimenter may choose the first course as that which
best reconciles internal and external validity, especially if he thinks that differ-
ences in procedures may have more impact on the system than differences in
teams.

As will be seen in the discussion of team composition, it is possible to create
a number of teams out of a set of subjects smaller than the total of team
positions multiplied by the number of teams created. This can be done, for
example, by putting a number of different subjects in the key position, or
positions, keeping the subjects in other positions the same. This arrangement is
more apt to achieve external validity than relying on a single subject in an
experiment in a critical position. How much can be generalized about decision-
making from an experiment which incorporates only one individual as the deci-
sion-making subject?

Screening. One approach to acquiring either a representative sample or equiv-
alence among subjects is through examining and screening candidates. Even if it
is not possible to eliminate many because there are too few available, the exami-
nation process may tell something useful about those who take part in the ex-
periment. This information should be included in the experiment’s report.

Of particular importance is each individual’s prior applicable training. If all
individuals in teams cannot be associated with all states of variables, the level of
experience of those associated with one should be equated with the level of
those associated with others. Another way of trying to achieve this equivalence,
of course, is by training all subjects to some established level before the experi-
ment starts; this will be discussed shortly. Achieving equivalent experience in
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comparison teams without such pre-experiment training is possible only if the
subjects have had an opportunity to encounter all the various variable states in
their working lives—or if they have had no opportunity to encounter any of
them.

In the case of military personnel and civilian professionals who are system
operators, some information can be obtained about their over-all competence in
their regular jobs. This may be exploited either for estimating the distribution of
competence in the experimental tasks or for trying to compose equivalent crews.
The information can be sought from their commanding officers or supervisors, if
only in the form of ratings along various dimensions or percentile rankings.
Biographical information can also assist in making inferences. Biographical data
include age, academic grades, and jobs held. Academic grades may suggest the
level of verbal ability, and jobs the amount and kind of experience in leadership.
Neither supervisors’ ratings nor biographical data are likely to be of much help,
however, in examining candidates for such complex tasks as problem solving.

Alternatively, or in addition, the researchers may give the potential subjects
tests for intelligence, aptitude, personality, or performance (achievement). Prob-
ably the chief advantage of intelligence, aptitude, and personality tests is to
eliminate extreme cases at either end of the scale. Otherwise the tests may have
insufficient predictive power for the researchers to gauge how any one individual
will perform in particular tasks in the experiment. In preference to these tests,
potential subjects should be tested on the tasks themselves, similar tasks, or
components of the tasks, such as reading or simple discriminations. In fact, the
researchers may be able to conduct some preliminary sessions of the experiment
before assigning subjects to positions, to determine who should do what. In -
addition these sessions may provide some indicators of leadership ability and
interperson compatibility, to compare with results of psychometric assessment.

Even if considerable information can be assembled about individual compe-
tence, it is not certain that its exploitation will indicate the relative competence
of teams or make them equivalent. Not enough is known as to how individual
abilities are related to team abilities. It can be useful to keep a record of indi-
vidual as well as team performance in an experiment to cast more light on this
area. In addition, interperson activities which can be examined only in a team
context need to be separately recorded and studied. These have not been as
pointedly investigated in man-machine system experiments as they deserve. Such
activities include load-sharing, task-assignment, and communication behaviors.

One further requirement in screening subjects may develop in certain mili-
tary situations. When a military organization faces anything it may regard as a
test, including a man-machine system experiment, it is likely to assemble its best
performers to compose the team or crew to be tested. In some quarters this is
known as the “tiger team.” The researchers may have to take steps to prevent
this if they want to find out how normally composed crews will perform.

Crew Integrity. If subjects drop out of an experiment, their loss may have
differential effects on the outcome. Campbell (1969) has called this origin of
confounding ‘“‘experimental mortality.” Turnover can occur in man-machine
system experiments when subjects leave a team by reason of illness, other duties,
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vacation or leave, or for some other reason. Substitutions have to be made, and
the team loses some of its constancy. This misfortune is most likely to occur in
operational settings, where there are competing and often overriding demands on
personnel.

Team Composition. Teams can be composed in a number of ways:

1. Randomly assigning individuals to each team.

2. Matching individuals to each other and then assigning those within each
match to different teams; this assignment can be random.

3. Assigning individuals so teams perform equally well under the same con-
ditions, according to some measure; the teams are matched, not necessarily
the individuals.

4. Assigning individuals to positions according to some arbitary rule, ap-
plied consistently, such as alternating assignment to teams according to sub-
jects’ alphabetical order.

5. Accepting crews as they already exist.

6. Rotating individuals through crew positions.

7. Assigning some individuals to fill the same positions in all crews while
other individuals vary between crews. Those common to all crews handle
“routine” functions, whereas those in different crews handle “key” func-
tions. The latter may be permanently assigned to functions or may rotate
through them,

8. Matching individuals in different teams to each other after the experi-
ment through the statistical operation called analysis of co-variance.

In turn, teams can be associated with states of an independent variable or
variables in several ways. To repeat what has been said earlier, these are:

1. Randomly assigning teams to states, a number of teams per state. This is
not usually feasible in man-machine system experiments because there are
seldom enough teams to justify randomization.

2. Making teams equivalent to each other in some fashion and assigning a
different team or teams to each state. It may be difficult to achieve equiva-
lence. A multiplicity of teams for each state may be needed to average out
differences.

3. Associating each team with each state, as in a factorial or incomplete
factorial design (e.g., the Latin square). The teams then themselves consti-
tute states of an independent variable.

Note that in the foregoing summaries teams are not the same as groups of
subjects used in experiments on individual behavior. Teams have team behaviors
and are measured for team performance. As stated earlier in this chapter, from
the point of view of the experimental design a team is a subject. Also, certain
parallels exist between assignment of subjects to teams and assignment of teams
to states. In particular these are the operations of randomizing and matching.
Methods of team composition and methods of team assignment also may inter-
act. Some methods of team assignment may be helped, or hurt, by some
methods of composition. This point is worth examining further.
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Might random assignment of subjects to teams help the random assignment
of teams to states by reducing the number of teams needed? Could it lessen the
biases among teams? If so, it might be argued that the fewer or smaller such
biases, the fewer the teams that would be needed in randomization. But such
double randomization might work in just the opposite direction. Random assign-
ment of individuals to teams could result in major differences among the teams
if by chance persons with widely different capabilities were placed in corre-
sponding key roles in different teams. The double randomization question merits
more attention from experts in experimental design and statistical testing.

Matching of individuals to make teams equivalent has already been discussed
in connection with screening. It was pointed out that screening for matching
could be based on biographical data, tests of various kinds, and the extent of
experience in performing the system’s tasks. Matching of individuals is only as
good as the basis is for predicting performance in the experiment, and the
predictor may not be valid. Nevertheless, matching has been widely used in
psychology experiments on individual subjects. It has been advocated by
Chapanis (1959) but not by Campbell and Stanley (1963, 1966), who favored its
use only as an adjunct to randomization. However, their objections concern
undifferentiated groups of individual subjects in education experiments. The
composition of teams in man-machine system experiments involves other con-
siderations.

The method of matching individuals to compose teams might be combined
with another method, that which distinguishes between filling critical positions
and filling routine positions. Only those individuals filling each of the critical
positions would be matched, the others being the same in all teams. If potential
subjects were in short supply, this limited matching would have an advantage
over matching for all positions. Although for good matching there should always
be more individuals to choose from than positions to fill, matching among a few
positions in a team requires a smaller pool of potential subjects than matching
among all of them.

Matching individuals through the method of co-variance seems more appli-
cable to individuals in undifferentiated groups than to those in teams performing
tasks which differ among the individuals. The method of matching teams
through some measure of team performance must also be considered. Not only
does it share with individual matching the problem of finding a suitable basis for
matching, it encounters a further difficulty. Unlike individuals, a large number
of teams whose performance may be assessed and from which matches may be
chosen may not already be on hand. It may be best to compose teams by
matching individuals and then to compare team performances as well.

Rotation of individuals through positions in a team is a method of composi-
tion that can be combined with randomization. Individuals can be assigned
randomly to sets of subjects and then rotated within each set to compose a
number of different teams. Even within a single set, consisting of as many
subjects as there are in a team, rotation can produce a multiplicity of teams—as
many as there are positions within a single team. Although rotation can yield a
substantial number of different teams, it has a major drawback. The continuing
alteration of roles may weaken the interpersonal relationships that can be impor-
tant in team performance.
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Like randomizing and matching, rotation is a way to constitute a different
team for each of the states of a variable. Because of the transferable learning that
may occur regardless of the position filled, rotation may be less desirable than
the other methods in experiments which investigate nonreversible processes,
such as training. All three methods can be used as well to compose teams in
experiments in which each team encounters all the variables’ states. Although
their value in association with this way of assigning teams may be considerable,
it may seem less obvious because other methods are also available. These are the
methods of composing teams according to some arbitrary rule, and of accepting
them as they exist.

In this discussion so far, methods of composing teams have been examined
with respect to their effects on internal validity—the avoidance of confounding.
Choice of method may also depend on the desire for external validity. As noted
earlier, the greater the number of teams in an experiment the higher the chances
are that they will represent the teams in the real world. Methods of composition
should thus be evaluated according to how many teams they can create with a
given number of subjects.

Matching runs into some difficulty in this regard because effective matching
requires more potential subjects to be available than subjects chosen. If the pool
of potential subjects is small or the size of the team is large in relation to that
supply, rotation of subjects through positions becomes an attractive method of
increasing the size of the team sample. Since the kinds of positions in the team
and their requirements can vary so much in man-machine system experiments,
one of the split methods of composition may seem preferable. Some of the
subjects are common, some rotated. The other split method, in which the non-
common subjects occupy the same positions throughout the experiment, re-
quires more subjects for the same number of teams but not as many as are
needed if each team is composed in its entirety of different subjects.

Training

If the subjects in a man-machine system experiment start out with more
proficiency in dealing with one state of a variable than another, clearly any
difference in results can come from the difference between proficiencies rather
than the difference between states. Proficiency, then, is a confounding variable.
An appropriate counteraction is to transform it into a constant. As indicated in
the discussion of screening, one way to do this is to try to select individuals or
teams possessing the same proficiency in dealing with any state. The other is to
try to bring the individuals or team to the same level of proficiency with each
state by training them.

If there are individuals who have dealt previously with all the states, it may
be possible, as suggested earlier, to use biographical data or tests to find those
with equivalent capability. However, one or more of the states may be entirely
new to all subjects. In that case it may be advisable to select subjects with no
experience with any of the states; their lack of proficiency is the constant. But it
should be realized that they will acquire proficiency during the experiment and
that this may happen faster in relation to one state than to another. Then the
experiment should be continued to the point where proficiency has leveled off
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for each state. Otherwise it is possible that any difference in results associated
with states is really attributable to faster learning with one than another.

Starting the experiment with untrained subjects has other advantages. Sub-
jects will not have acquired performance habits with one state that impede,
through “habit interference,” performance with another. The use of “naive”
subjects can also indicate, within limits, how the level of performance is related
to the interaction between amount of training and the states of the focal vari-
ables.

Alternatively, researchers often go about training subjects to equal profi-
ciency on all states of variables because the available or desirable subjects already
have considerable proficiency with one of them. When this approach is taken,
the experiment’s results cannot be generalized to unpracticed operators. This
limitation is unimportant if, as is so frequently the case, the researcher is con-
cerned only with system performance when the system has been operational for
some time.

The training is conducted shortly before the experiment begins. One of its
benefits is that random variance in a subject’s performance may be lessened if he
is highly practiced. The amount and kind of training are discussed shortly.
Although it may be assumed that training, as such, will match subjects by
bringing them to equal proficiency with all states, the researcher may also go
through a matching procedure. On the assumption that it will remain at the
measured amount, he measures the proficiency of the subjects and assigns those
with equal levels to corresponding positions on different teams. Thus the indi-
viduals undergo the performance or achievement testing mentioned earlier. The
measurement of performance must be independent of the states so that it indi-
cates equal proficiency across them.

Even after extensive pre-experiment training the performance of subjects
may continue to improve during the experiment. The experimenter wouul2 like
to know whether this has occurred and, especially, whether it has occurred more
in conjunction with one variable state than another. He can design the experi-
ment to determine this. If two or more run-throughs of all experimental condi-
tions follow one another, differences in results between run-throughs will indi-
cate that the teams were still acquiring proficiency in the first run-through. The
data should indicate whether the change is larger for one variable state than
another.

Amount of Training. The criterion of equal proficiency across states of the
focal variable or variables is some constant level of performance with each of
them. To rely on equal performance scores across states would not take into
consideration the differential effects of the states themselves, the very question
the experiment was investigating. Fixed durations of training would not elimi-
nate the differential effects of earlier experience. Instead, researchers should
train the subjects until their performance reaches a steady state in each of the
major experimental conditions. If the focal variable of the experiment consists
of sets of equipment, subjects should practice with each set. Once performance
has leveled off, the researcher may assume that the subjects are performing on
each set with the same proficiency they would have acquired in the operating
system.
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But how does the experimenter know that performance has truly reached a
steady state? He faces two problems. One is to determine when enough data
have been acquired to give a convincing appearance of stability. The data must
be continuously reduced and the performance measures displayed. The deter-
mination that performance is close enough to a stable level will be a matter of
judgment. Of particular importance is the requirement, during the planning of
the experiment, to leave enough time for the training that may be needed.
Underestimation is likely.

The other problem is the possibility that a steady state does not really
indicate the end of improvement. Teams, like individuals, develop new proce-
dures which can cause an abrupt shift. As Chapman (1960b) stated the problem,
“the learning function is not a smooth continuous one but a series of jumps that
are the product of problem solving and procedural innovation.” The researcher
can try to prevent such innovation through instructions and other constraints,
unless he is actually hopeful it will come about.

Kinds of Training. Preexperiment training of subjects can take several forms.
The primary one is practice in the system operations which the experiment will
investigate. This is the training just discussed. The simulated inputs should be
different from those in the experiment so no specific learning or memorization
of inputs can carry over to the experiment. The training sessions should be
different from the pilot or exploratory sessions which the experimenters also
conduct before the experiment starts. As already noted, the subjects should not
take part in the exploratory sessions, which are intended to check out staff,
procedures, inputs, computer programs, equipment, and so forth.

Another kind of training is training in component tasks or training of an
ancillary nature. The component task may be touch-typing for an experiment
involving computer-associated keyboards, map reading for one in which troops
maneuver, talking on the radio for one in air traffic control. Interactive tasks
may also be taught, such as the distribution of multiple assignments and transfer
of responsibilities between operators. Component tasks, whether individual or
interactive, are likely to be better taught through training focused directly on
them than through training in team situations. Training of an ancillary nature
could include physical conditioning, as in the case of subjects simulating astro-
nauts.

The third kind of training can be summarized as indoctrination. Through
lectures, handbooks, and discussion, the subjects are familiarized with the sys-
tem being simulated, its operations and environment, the experiment and experi-
mental operations, and the constraints on what they can do as subjects. All these
instructions are much more far-reaching than those usually given in experiments
concerned with behavior. Some of them will be discussed further in connection
with Motivation and Control.

Motivation

When motivation is discussed in connection with man-machine system ex-
periments, those confusions which normally accompany the term are augmented
by a duality of reference. ‘“Motivation” may mean the extent to which the
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motivation of subjects realistically resembles that of the people whom they are
simulating. Or it may mean the motivation of the subjects to play the roles given
them. The distinction is important.

Realism of the Motivation. Presumably subjects, to act like the people in the
real system, should be affected by the same motivational factors. These factors
come in two related sets. One consists of what might be called ‘“‘establishing
circumstances,” the other of the consequences of performance that cope with
these circumstances. For example, some circumstance involving the real system
might establish a threat or stress, and the system operator would take action
resulting in its termination or future avoidance. In the experiment the subject
should act in a similarly motivated fashion as a result both of the simulated
threat and his performance in dealing with it.

Although the establishing circumstances are important, it can be extremely
difficult to invest them with the same effectiveness in the experiment that they
have in the real system. An impending collision between aircraft on a simulated
radar display may not have the same impact on an air traffic controller that it
might if it appeared on a real radar display. On the other hand, the successful
prevention of the collision, as such, conceivably could influence subsequent
performance as much in a simulation environment as in a control tower.

When the consequences of performance are made known to the subject, we
have feedback. It has both motivational and informational effects on the sub-
ject’s subsequent behavior. In a man-machine system experiment it is important
to arrange the consequences of performance and their feedback to the subject so
they closely resemble actuality. Although this may be easier to do than arranging
the establishing circumstances, it is not always a simple matter. Consider, for
example, an experiment which simulates a control center in a ship. If the ship is
destroyed by an enemy, one realistic consequence would be that the experimen-
tal session would immediately terminate, but the experimental design may call
for continuing it for its pre-determined duration to collect more data.

Complete fidelity cannot be achieved in simulating establishing circum-
stances such as combat and catastrophe. Even when they are signified by mes-
sages and signals the subject knows they have not occurred. But the realism of
the message or signal per se as the conveyor of the circumstances may help bring
the motivation of the subject close to that of the real system operator, who
would be also dealing only with messages or signals. In addition, extensive indoc-
trination on the circumstances through briefings and instructions may augment
their impact. Finally, it may be beneficial to use as subjects those already famil-
iar with such circumstances and their gravity; on this basis, experienced military
personnel would be more motivated than college students in an experiment on
nuclear warfare. )

An obvious way to give the simulated establishing circumstances full moti-
vating power is to convince the subjects that the circumstances are real. This
may be done in certain situations simply by not letting the subjects know that
the circumstances are simulated. However, experiments which thus employ con-
cealment are open to charges of unethical professional conduct, even if the
subjects consent to take part.
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In any case, the experimenter will want to know how effective the simulated
circumstances were from the point of view of motivation, and how effective the
simulated consequences of performance were. He can get some indication by
probing subjects to learn their subjective reactions. They can register concerns,
intentions, expectations, desires, and feelings both by verbalizing them and by
rating them on scales. Probing should link queries about such reactions closely to
the establishing circumstances and performance consequences. Even so, there
will not necessarily be one-to-one correspondence between subjective reactions
and the motivating factors.

Motivation to Play the Role. To motivate subjects to be good simulators of
other people it is necessary to establish circumstances to which the consequences
of good role-playing can be related, and to bring about those consequences. For
example, the researcher can ask the subjects to participate enthusiastically and
when they do so he can reward them. He can also tell them how important their
participation will be because of the significance of the research, and then when
they play their roles well he can indicate they are supplying important data
because they are doing such good work as simulators. Financial rewards may be
given, not only for perfect attendance and punctuality in arriving at experi-
mental sessions but also for effective role-playing according to ratings by experi-
menters of particular performances. This process of rewarding for effective simu-
lation performance may be accompanied by punishment for poor simulation
performance, and it should be applied only on an individual basis, along with
identification of the good or poor role playing. Unless, and perhaps even if, it is
well handled, the researcher runs the risk of rewarding or punishing the individ-
ual’s performance as a system operator rather than as an actor. This risk of thus
contaminating the experiment’s results may be the reason why little if any effort
has been made in man-machine system experiments to strengthen role-playing in
this fashion.

The researcher should also seek to prevent subjects from misplaying their
roles. Subjects may leave their roles temporarily to chat with the experimental
staff about nonsystem matters. They may try to cheat to achieve a better per-
sonal showing in some component task. In fact, military subjects may be inap-
propriately motivated in their system performance because they think they are
being personally evaluated in the experiment; and their commanding officers
may be especially concerned and try to influence experimental design or data
collection to avoid the risk of a bad showing. Subjects may also engage in
by-play with quasi subjects. They may resort to unauthorized activities during
slack periods to avert boredom. Researchers can try to prevent such misplaying
of roles by giving careful and repeated instructions, keeping subjects under sur-
veillance, explaining the purpose of the experiment, and giving punishments
(e.g., fines). This brings us to the whole question of Control.

Control

Those who conduct man-machine system experiments have to exert control
over their human subjects to a greater extent than do most behavioral scientists.
The subjects are more numerous and occupy the laboratory for longer durations.



82 MAN-MACHINE SYSTEM EXPERIMENTS

Instructions are lengthier and more difficult for the subjects to follow. More
occasions present themselves for deviating from the constraints the experimenter
has set. The purpose of control over subjects is to prevent factors from intruding
that would make the experimental situation unlike the system operations being
simulated or would confound the effects of independent variables.

Indoctrination. Questions of control begin with the introduction of the sub-
jects to the experiment. Their indoctrination should be done by the experi-
menters themselves to assure an adequate understanding. Not only should brief-
ings be given but handbooks of instructions should be prepared covering experi-
mental operations and rules for subject behavior. The researchers may wish to
give tests to make sure the handbooks have been read and memorized.

How much understanding about the experiment is it necessary to impart?
The researchers may want to hold back some information if its release would
jeopardize achieving valid results, even though subjects might prefer to know
everything. For example, the details or even the over-all nature of scenarios and
simulation inputs might be withheld to forestall advance preparations by the
subjects. (In field experiments other kinds of advance preparations can be
thwarted by holding no-notice sessions.) Some of the variables being investi-
gated, such as load, may remain unspecified, to limit unrealistic motivations and
expectations. Unless some purpose is stated, the subjects will try to figure one
out. In some situations the purpose can be explained without injuring the experi-
ment. In others it may have to be disguised. It could be unwise in an experiment
investigating spontaneous team behavior, such as procedurization, to divulge to
the subjects the purpose. Their procedurization would no longer be spontaneous.

Concealment of some of the methods of simulation may be as warranted as
concealing the simulation inputs prior to their presentation. No harm is done to
a subject by pretending his outputs are being processed by a computer when
actually a human being is simulating the computer. But the researchers should
examine each instance of deception to make sure it will not have any unfortu-
nate long-duration effects.

Supervision during Sessions. Continuous and meticulous surveillance and
supervision of subjects are essential during experimental sessions. Members of
the experimental staff should be designated for this function and instructed how
to carry it out. It is important that enough personnel be allocated; researchers
can easily underestimate the need. The number required will increase with the
degree of activity imposed on the subjects by the inputs. As the load rises, some
kind of help may be needed from automation, or the monitors, by instruction,
may resort to sampling. In any case, the subjects must remain under visual and
auditory surveillance through closed-circuit television or one-way windows and
through connections to telephone lines or microphones picking up conversa-
tions.

The purpose of such supervision is to make sure that the subjects follow the
instructions and rules given them. Many of the instructions are part of the
simulation. Rules specify what subjects are permitted or forbidden to do as
subjects. For example, they may make it clear that subjects should telephone
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each other rather than shout across the room if in the real system they would be
miles apart. They state in what activities subjects may engage during idle periods,
and in what they should not. They indicate to whom subjects may address
questions among the experimenters, with whom they should not talk, and other
aspects of contact between subjects and experimenters or quasi subjects. Such
contact must be carefully regularized. Socializing during sessions should be pre-
vented. The rules may establish certain off-limits locations in the experimental
area, such as places where the experimental staff works.

Subjects become forgetful, and competing interests lead to inappropriate
behavior. But the fact of being under observation and being corrected can min-
imize such deviations, hopefully without distorting the realism of the simulation.
If deviations do occur, the experimental staff or quasi subjects should record
them, or the subjects themselves may be induced to do so. Often the experi-
menters can detect behavior which forewarns of some emerging problem, and
this can be prevented before it becomes serious.

Information Exchange among Subjects. Sometimes unsupervised discussion
among the subjects within a crew may be systematically arranged in post-session
meetings. The subjects can discuss system operations or problems about the
experiment itself. This is a way of helping the subjects develop new system
procedures or of finding out, by recording the discussion, what they are feeling
and saying about the experiment. Possibly the process also develops cohesive-
ness, makes the subjects more involved in the simulation, and develops indepen-
dence from the experimenters. Unless the experiment is focused on proceduriza-
tion itself, the adoption of such post-session discussions should depend on an
analysis of what the discussions can usefully contribute and how they may add
an uncontrolled factor to the experiment.

Information Exchange between Teams. If one team develops new procedures
on its own, it becomes important to pass these along to other teams in the same
experiment to keep procedures equivalent among the teams. On the hand, pre-
cautions should be taken to prevent exchange of information about simulation
inputs and other matters a crew should not know about beforehand. Different
sequencing of input material and scenarios is one solution, competition between
crews another, although the latter may breed its own difficulties.

Information Exchange between Subjects and Experimenters. In addition to
instructions concerning how to behave as subjects, information going from ex-
perimenters to subjects can include the results of their performance. The out-
come of a team’s performance may be summarized after each session. This
procedure may make the experiment more interesting for the subjects and foster
competition. If knowledge of results would be similarly provided in the real
system, realism is enhanced. If not, the teams may perform in a way uncharac-
teristic of real life. In any case knowledge of results, if furnished, should be given
in the same regular and specified manner to each team, with the same type of
content. This can include both team and individual scores, including errors.
Informal, casual information about experimental results and performance should
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be scrupulously avoided; there is too great a danger that one team or one
experimental condition may receive more of this kind of reinforcement than
another. All indications of praise or blame must be similarly excluded.

Information going from subjects to experimenters may include (1) sugges-
tions about experimental operations; (2) attitudes, expectancies, and self-instruc-
tion on the part of the subjects; and (3) evaluations of some of the states of
variables in the experiment, such as equipment designs, training techniques, and
procedures. Such evaluations will be discussed under Measurement. Attitudes,
expectancies, and self-instructions may be sought from the subjects through
questionnaires, interviews, and rating scales. Scales and questionnaires can be
administered impersonally through a computer terminal at the end of a data-
taking session.

Hawthorne Effect. The phenomenon of enhanced performance because the
subjects are taking part in an experiment has been discussed earlier as one that
can threaten either external or internal validity. According to Davis and Behan
(1962), when ““motivation has been artificially increased by manipulating the
social (laboratory) climate, it becomes extremely difficult to generalize experi-
mental results to everyday field operations,” but such manipulation is justified if
one wants to find out “what kind of performance can be expected with opti-
mum motivation.” It has been conjectured that the “laboratory climate” can be
manipulated to minimize its effect on subjects as well as to strengthen it. Among
the steps which may minimize it are the isolation of subjects from experimenters
to reduce contact between them and shut out comments by experimenters about
subjects’ performances, and subjects’ self-management of their affairs.

Quasi Subjects

As we have seen, man-machine system experiments have frequently included
sets of people who represent personnel associated with the system being investi-
gated, but who are not regarded as genuine subjects in the experiment. These
“quasi subjects” simulate pilots, embedding organizations, hostile forces, or a
commander’s assistants who handle communications or displays. Their roles are
important but peripheral or are simply responsive to the subjects. Quasi subjects
may be selected from the experimental staff or its support elements, military
personnel, or personnel hired for the job. Women and enlisted personnel who
have never flown a plane may simulate pilots; psychologists or clerks may pre-
tend to be generals or members of their staffs. They provide contact between the
subjects and the external world by giving inputs, receiving outputs, enforcing
and clarifying procedures, and setting limits and constraints. At times they col-
lect data.

But no data have customarily been collected about the performance of quasi
subjects. Although experimenters may have presumed that this performance did
not affect the experimental results, undoubtedly it has. In some experiments the
performance of subjects has had to be further processed by quasi subjects before
it was measured. In others the quasi subjects affected subjects less directly; they
were simply the subjects’ principal human contact in the laboratory. Though
generally they have not been called on to engage in dynamic interplay with
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subjects but rather to maintain nonadaptive performance, it is not certain how
consistent that performance has been. Finally, in occasional experiments quasi
subjects have been given equipment or tasks which were a major focus of the
experiment,

Research reports have failed to specify how quasi subjects were selected and
what training they received. Although it has been assumed that they remained
constant quantities during an experiment, they may have learned to perform
their tasks better, just as subjects do unless they are thoroughly pretrained or
were fully trained before becoming subjects. The need for pre-experiment train-
ing or selection on the basis of prior experience applies to quasi subjects as it
does to subjects.

If social interactions develop between quasi subjects and subjects, the be-
havior of both can be affected to the experiment’s detriment. The likelihood of
such interaction increases when the quasi subject is an attractive clerk or secre-
tary and the subject is a military officer. Quasi subjects should be cautioned as
much as subjects against any social contact between these groups, within the
laboratory or on the outside.

To play their roles effectively, quasi subjects should become completely
familiar with the people or organizations they are simulating. They should know
procedures, jargon, and geography. They should be so knowledgeable and prac-
ticed that when the quasi subject makes errors they are those of the professional
rather than the amateur.

In real systems, people make errors. Pilots make errors. Generals make
errors. Communicators make errors. Display keepers make errors. Unless the
quasi subjects make errors they will be playing their roles unrealistically, and the
inputs and feedback they furnish to the subjects will misrepresent what happens
in the real system environment. But the circumstances of their participation in
the experiment limit the likelihood of error. Presumably they should be re-
quired, through instructions, to make occasional, typical mistakes, programmed
by the experimental design into the input.

Data should be collected about the errors that quasi subjects make, whether
these are purposeful or accidental. Data should be gathered also about other
aspects of their performance. In representing embedding organizations, the quasi
subjects should be consistent, following rules assembled in handbooks before the
experiment begins. Although rules may also have to be developed at times as an
experiment progresses because all contingencies cannot be foreseen, they must
be recorded and standardized so that all the quasi subjects respond similarly to
similar contingencies. When new problems develop, it may be necessary to refer
them to laboratory supervisors for resolution.

A number of other guidelines may be suggested. In talking with subjects, the
quasi subjects should be serious and should emphasize the importance of the
experiment and its goals. They can help make the subjects goal-oriented, and
help them to understand the simulated system and to believe in the simulation.
Quasi subjects can participate to a major extent in exerting the control over
subjects discussed earlier, by making certain that the subjects’ procedures remain
within established limits. Thus, quasi subjects can function as control staff—and
data collectors—as well as simulators.
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Researchers should establish criteria for selecting quasi subjects and publish
these criteria in their reports, along with the data about their performance and
information about their training. It is also necessary to assign quasi subjects to
experimental conditions and subjects in a fashion that will prevent or minimize
confounding. If each team or variable state is associated with a unique quasi
subject, it will not be possible to distinguish the effects of the quasi subject from
those of the team or state. Preferably, quasi subjects should be rotated through
teams and states, or each should be common to all of them. The latter approach
is not feasible, however, when two teams or systems are performing concur-
rently; and it can overload the quasi subject when subjects being handled in
common impose substantial requirements on quasi-subject performance.

When a quasi subject, or two or three of them, represents an entire organiza-
tion, the simulation involves what earlier was called “organizational compres-
sion.” The experimenter may assume that because the quasi subject is merely the
mouthpiece for an aggregate, his personal characteristics and style of expression
are not especially important. But this viewpoint may oversimplify matters. How
closely should the characteristics and style resemble those of the contact in the
real world? If that person is a communicator, he may still reflect some of the
manner and reaction of the organization’s head or commander. If he is the head
man himself, there is all the more reason to want to represent him realistically.

As a technique, organizational compression merits more analysis. Re-
searchers should determine the conditions under which quasi subjects can prop-
erly represent aggregates of people.

MEASUREMENT

Finally we come to the entire process of measurement. It includes the col-
lecting of data, through both instrumentation and human means; the determina-
tion of criteria; the selection of measures in accordance with various specified
requirements; and the analysis of the data together with the confidence testing
of the results. These subprocesses are highly interrelated. The measures selected
must satisfy the criteria and identify the kinds of data, yet the feasibility of
obtaining data exerts some effect on the selection of measures and criteria.
Preselected methods of analysis influence what data are collected.

Each of the subprocesses calls for considerable description, because each
makes special demands in man-machine system experiments. A vast amount of
data gets collected, through a multiplicity of methods. Care must be taken lest
this aspect of measurement itself contaminate the results. Criterion selection is
related to the objectives of the system and the experiment. System objectives are
likely to be numerous, sometimes conflicting, occasionally disguised. Many dif-
ferent measures are obtained because of the diversity in system performance.
Some are more useful than others in fulfilling the specified requirements. Data
reduction is a big undertaking and usually requires a computer, which may also
be helpful in data gathering. Analysis and confidence testing are major tasks
because of the many measures and the multiplicity of independent variables and
their states that are generally found in the experiment’s design.
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Data

The collection of data in an experiment should be planned well ahead. The
methods should be set forth in planning documents and tried out in the check-
out sessions preceding the data-taking sessions. To the extent feasible, planning
should embrace the selection and amount of data to be collected, the sources of
data and agencies of collection, and provisions to prevent contamination.

Selection of Data. What are some guidelines for selecting the data? The most
obvious one would seem to be relevance. The data should be pertinent to the
measures chosen for stating the experiment’s results. Data by themselves are
simply records, which may or may not be expressed in quantitative or sum-
marized terms.

According to one view, the measures should be entirely established before
the experiment starts. But from a different viewpoint it is possible and necessary
to predetermine all the measures and thus all the kinds of data only in those
experiments which have a verification objective. For experiments which aim at
exploration and discovery, the value of some of the potential measures may
become evident only after the data have been gathered. Selective planning of all
data collection is not feasible. In fact, a discovery-oriented experiment is par-
tially defined by the fact that some of its measures can originate from the data.

Other criteria for data selection have been set forth by Meister and Rabideau
(1965) as objectivity, quantifiability, validity, reliability, automation, and econ-
omy. Some of these seem more applicable to measures then to data, others fit
both. An additional criterion is the need for redundancy (back-up) data.

Not all data are quantifiable. Records of particular problem situations or
critical incidents, for example, are qualitative and can be expressed only in
words. The same may be said about responses to open-ended queries in question-
naires and statements of opinion. Such statements may become quantitative
only to the extent that they are contained in rating scales or rankings. Non-
quantifiable data can furnish useful insights and are often desirable in explora-
tion experiments. By their nature they do not lend themselves to summarization.
Hence they are likely to be disregarded in reports because they take up inordi-
nate space.

In general, data related to time are easier to collect than data concerned with
errors. Yet accuracy can be more important to system success. The difficulty in
getting error data comes from problems in recording as well as the rarity of some
errors, including crucial ones. Frequency data, e.g., of communications, are
often so easily obtainable that they are collected without regard to their value—
which may be limited.

Indeed, a criterion for data selection which should not carry undue weight is
that of data availability. It can be difficult to acquire performance data in some
situations. For example, either careful human monitoring or complex instru-
mentation is required to record human head and hand-signal movement on the
part of vehicle drivers in traffic simulations; eye movement is still more of a
problem. On the other hand, movements of foot pedals and steering wheel can
be recorded much more easily. But that does not mean that hand, head, and eye
movements should be neglected. Along the same line it has been pointed out
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earlier in this chapter that switch actions at computer-connected consoles can be
readily recorded by the computer itself, whereas numerous other operator ac-
tivities, some very significant, cannot be; but that does not mean they should be
neglected.

The criterion of economy is related to the amount of data collected and cost
and effort of processing. Should more data be collected than the researcher
knows or suspects will be processed? In the case of data that are computer-
recorded and can be easily computer processed, this question is not so signif-
icant. But where considerable manual processing is needed it has been a major
dilemma in man-machine system experiments.

There are a number of reasons for collecting more data than will ever be
reduced. Some surplus data will be collected simply to back up primary data
from another source; this other source may at times malfunction, or ambiguities
may arise. A hunch may dictate the collection of data, and it may or may not
need follow-up. Still other data may serve during the experiment only to help
the experimenters understand what is happening. In discovery experiments, large
amounts of data may be collected just to see what they yield. Although this
procedure may seem expensive, the extra cost may be small indeed compared
with that of rerunning the experiment to collect data which the researcher had
neglected to obtain. Still another reason for acquiring data which will not be
used to any great extent is the experimental design which requires that the
system being examined reach a steady state before and then after a change in an
independent variable; the data collected during periods of change may not be
pertinent. In other situations the data from the transition periods are important
and those from the steady states are relevant only by indicating that these were
reached.

Yet researchers should guard against waste that can be foreseen. For ex-
ample, motion picture cameras and films are expensive, and experimenters
should be wary of using them. Data cannot be extracted easily from film and
reduced; coding and tabulating human performance recorded photographically are
even more difficult than coding and tabulating voice communications recorded
on voice tapes.

The transcription of such tapes can be a long and laborious effort. It is
preferable to try to code and tabulate directly from the tape to bypass the need
for transcription. In any case, recordings do not always have to cover an entire
experimental session. Samples may be taken, provided the subjects do not know
this; the sampling should be disguised. If the entire session is recorded, the data
transcribed and reduced may come from samples of the recordings.

Although waste should be avoided, how and when to avoid it depend on the
circumstances. For example, if the recorded data are essential to the analysis of
results but cannot be reduced because of the cost and effort involved, the
experiment has been wasteful. Careful attention should be given to ways where-
by manually collected data can be converted for computer processing. If vast
amounts of data are collected that are never used, probably either the data
should have been reduced and analyzed or more were gathered than were needed
or could be used.
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Agencies of Collection. As agencies of collection it is conventional to distin-
guish between instrumentation, which is mechanical or automatic, and human
observers, whose operations are manual. In turn, manual collection can be either
direct, through observation of on-going activities, or indirect, through examina-
tion of records or recollections (Meister and Rabideau 1965). Automatic collec-
tion can be differentiated into the kind characterized by recording devices and
the kind where a computer collects data on operations performed on itself.

Automatic and manual data collection may be alternatives between which
the researcher must choose, or they may occur together. One may back up the
other or data collection may include both mechanical and manual elements. A
motion picutre camera may back up human observers (or vice versa). A human
being operates a stop watch or a tape recorder. A human operator may have to
measure photographs or transcribe and categorize data from voice tapes. The
connection between data recording and data reduction must be considered in
grading the automaticity of the collection agency.

Facility of processing the collected data is also one of the criteria for evaluat-
ing the agent and making a choice between automatic and manual methods.
Other criteria include accuracy—frequency and amount of error; precision—the
sensitivity of the method; reliability—the likelihood of malfunction; variability—
variance among devices or people; capacity—the volume and speed of registra-
tion; flexibility—adaptability to different situations; complexity —ability to dis-
criminate and record patterns of situations or events; neutrality—lack of bias or
collusion; selectivity—ability to screen out or interpret data; dependence—need
for maintenance of equipment and training of observers; and cost—dollar ex-
penditures for acquisition, operation, and upkeep. Many of these criteria have
been listed by Meister and Rabideau (1965) as trade-off characteristics.

Inaccuracy, bias, and variance in human observers have been the major fac-
tors which have led researchers to emphasize automatic recording in man-
machine system experiments. Davis and Behan (1962), in pointing out that
monitors “with their various aids for data collection constitute another kind of
system—in effect, a metasystem,” have warned of the results of overload:

The same variables which influence the behavior of the data-processing system of
interest also influence the behavior of the data-collection system which monitors
the system of interest. Since one of the most pervasive variables affecting all
system performance is input load, the experimenter must always be sure that the
individuals collecting data are trained to recognize and collect the data required,
and that in the process of collecting this data they do not become overloaded.
When data collectors become overloaded, there is an interaction between the
system that is being observed and the system doing the monitoring. In such a
situation, the response measures being collected are no longer related solely to
the system under observation, but reflect instead the behavior patterns of both
systems.

Although instrumentation undoubtedly assures greater objectivity in data
collection, Meister and Rabideau (1965) noted that objectivity and subjectivity
represent “a continuum, not a dichotomy.” They argue that in system testing
“no clear-cut advantage in general for either type of methodology is apparent.”
They also note:
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In observation the data reported are already partially evaluated, because the
human cannot observe without in some way organizing or interpreting his ob-
servations. The very data collection categories he used tend to include a built-in
evaluation, which cuts down on the amount of data gathered, because the cate-
gories are inherently data selective.

The observer’s very freedom to select, however, is largely responsible for the
errors that he introduces into his data. He often responds to irrelevant stimuli or
fails to respond at all; or his biases may distort the data.

Contamination. In the discussion of Design it was mentioned that factors
related to measurement could “contaminate” the results of a man-machine sys-
tem experiment and thereby diminish the confidence to be placed in them.
Contamination associated with dependent variables is perhaps as important to
consider as the confounding of independent variables. A dependent variable is
contaminated if any of its states—its measured values—is affected by the process
of measurement so that the independent variable is not exclusively responsible
for those values. Either internal or external validity can be threatened, depend-
ing on whether the contamination affects the outcomes differentially or jointly.

Contamination can develop out of a number of aspects of data collection.
Campbell (1969) listed instrumentation, testing, and instability. The instru-
mentation factor can affect results due to changes in the measuring instrument,
whether this is human or automatic. Human observers, Campbell noted, vary in
recording skill and efficiency as a result of learning and fatigue, among other
reasons. As mentioned earlier Chapanis (1959) has emphasized that mechanical
devices vary as well as humans.

It must be presumed that learning and fatigue affect human data collectors
in man-machine system experiments, although researchers have not tried to de-
termine to what extent. Another kind of potential human contamination factor
is the experimenter’s expectation of what the results will be, including his expec-
tation that a difference between states of an independent variable will result in
differences in a dependent variable. It is well recognized that such expectancies
can contaminate experiments on behavior in the course of data collection. Social
interactions between experimenters and subjects can influence data-collection
procedures in complex experiments as well as simpler ones. In fact, in some
man-machine system experiments such interaction has taken the form of col-
lusion between subjects and data gatherers.

By the testing factor Campbell meant that taking one test could affect a
subject’s scores on a second test, or that publication of a set of measurements
could influence a second set of measurements of the same individuals with access
to such publication. In man-machine system experiments this factor would not
only include feedback of results to subjects during the experiment but also the
effects of data-taking during one session on performance in a subsequent session.
Subjects might channel their performance in some fashion if they discovered
what kinds of data were being gathered. Data collection should be as unobtrusive
as possible.

By “instability” Campbell meant sampling fluctuations, the variation in re-
peated or equivalent measurements. He noted that this threat to internal validity
was “‘the only threat to which statistical tests of significance are relevant.” Both
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mechanical and human data-collection methods are subject to such instability,
but mechanical devices presumably have less of it. Another way to look at this
factor is in terms of precision; variance is inversely related to the precision of
measurement as well as its reliability. Objective data collection can increase
internal validity in particular if it increases precision, reliability, and accuracy.

Good experimental design can help prevent contamination. When preclusion
and other counteractions are brought to bear against confounding, the events
resulting from different states of an independent variable are more predictable.
Such is notably the case in man-machine system experiments in which simula-
tion tends to limit the number of possible events to be observed. When events
fall within the realm of those expected, it is easier to observe and record them.
The data that are gathered are more accurate, reliable, and precise.

Contamination related to data collection can also result from the way inputs
are organized, and it can be prevented through better organization. It should be
realized that performance lags behind input. Performance resulting from inputs
introduced toward the end of a session could occur only after the session is
terminated. If the input load has to build up early in the session, performance at
a point near the start could be superior to later performance simply because it
has not yet dealt with the inputs introduced at that point. In other words, data
collection is not concurrent with input introduction. Experimenters must take
this asynchronism into account in arranging states of independent variables with-
in experimental sessions.

Instrumentation. In man-machine system experiments in laboratories and
many field situations the principal recording devices are tape recorders, cameras,
event recorders, keyboards, stop watches, and devices which register switch ac-
tions. Tape recorders pick up face-to-face, telephone, or radio communications.
Cameras may register what people are doing but they are more likely to record
events on displays, such as large maps or simulated radar displays. Observers may
use keyboards to record various events in some code; event recorders do this
automatically. A switch action, such as pressing a button on a console, can also
be tallied by an event recorder, but switch actions are mainly the inputs to
computers; switch actions are the human behavior that digital computers can
record. (Analog computers can record other behavior that can be transduced
into voltages, such as movements and pressures.)

Some kinds of experiments in field situations call for even more instrumen-
tation, because actual people and objects are being observed rather than signals
and messages. Special instruments may be needed to determine where troops and
vehicles are located as they move across some terrain in poor or even in good
visibility. Other instrumentation is needed to indicate automatically the out-
comes of action, such as firing. Such instrumentation may be needed because
human observation alone would be too fallible. However, it can also be ex-
tremely elaborate and expensive and endow an experiment with such an aura of
objectivity that other experimental requirements are neglected.

In selecting instrumentation for data collection, researchers should be con-
cerned about its reliability and maintainability as well as its cost. As already
indicated, they should also consider how readily the data can be taken from the
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recordings and processed for analysis. Manual intervention in making such trans-
fers can be improved through practice and through coding the data from the
medium directly on IBM cards or magnetic tape.

Although digital computers can directly register only switch actions, there
can be a considerable variety of switches and a much greater variety of switch
“meanings,” that is, the function of a particular switch. One console button can
be associated not only with different sets of functions but also different ele-
ments of symbolic displays. Light pens and light guns, which are also switch-
action devices, can select any item in alphanumeric or pictorial displays on a
cathode ray tube. Nonetheless, there are other human actions which must be
recorded manually or through devices such as a tape recorder and a camera,
subject to the same limitations as in a noncomputer system.

The operator switch actions which have been recorded can be replayed by
the system’s own computer, along with the inputs received by the system and
the computer’s own responses. Such replay through “regenerative” techniques
(Sackman 1967) mentioned earlier permits re-examination of the data.

Not only can the system computer record switch actions, inputs, and com-
puter responses, it can be programmed to reduce these data for analysis. In fact,
the data can be processed during an experimental session. As has been pointed
out before, the linkage between data collection and reduction is an intimate and
economical one—so much so that only the perceptive researcher will seek out
other kinds of data that are less accessible. He will not imitate the drunk who
leaves the dark alley where he lost his keys to search for them under the street
lamp. Astute researchers will also understand the space limitations that may be
encountered in computer or buffer storage and in computer-generated evalua-
tions. The formulas programmed into the computer for refereeing the outcome
of some operator action, for example, may be highly sophisticated, but still may
not match the intricacy of human umpiring.

Human Data Collection. There are four kinds of persons who may gather
data in a man-machine system experiment: members of the experimental staff,
quasi subjects, operational personnel, and the subjects themselves. Operational
personnel, who are sometimes recruited for the purpose in field experiments,
have been found to be highly unreliable. Subjects can provide data along several
different lines. They may either furnish their own views as to what the experi-
ment is demonstrating or evaluate their own success or failure. They may eval-
uate the states of an independent variable, such as equipment design. They may
make suggestions about how to improve the matter being investigated, such as a
display, or what is needed in procedure or policy. The variance which charac-
terizes their opinions and the divergence between their opinions and objectively
derived data will be discussed shortly.

Human data collectors gather data directly from performance during experi-
mental sessions and from subjects’ comments during those sessions, from their
comments in post-session discussions and debriefings, from interviews and sub-
jects’ progress critiques, from pre-experiment and post-experiment question-
naires filled out by the subjects, and occasionally from workshops in which the
subjects participate. Researchers may profit from trying to optimize these chan-
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nels. For example, discussion leaders can be counseled and trained, and pro-
cedures can be developed to encourage participation.

As gathered by all four kinds of human data collectors, data may be “‘raw,”
categorized, or evaluated; as Meister and Rabideau (1965) have noted, these tend
to be mixed. Categorization means defining units of performance, such as com-
ponents of an air traffic controller’s verbalizations, so the units can be tallied
and their durations measured. As in all content analysis, defining units can be a
tantalizing task. Categorization may be established in advance so the units can be
recorded directly or after the raw data have been recorded. Evaluation takes
advantage of the human’s pattern-recognition capabilities. For example, in his
recording the data collector may relate a unit of performance to its goal or to its
effect on other subjects; how much of this to do should be made clear to the
data gatherer.

The data collector is often called on to make judgments of the success or
failure of a subject’s performance, such as intercept control or firing at a hostile
tank. Although human umpiring of this kind relies extensively on interpretation,
it may be assisted by providing the referee with clearly defined criteria and
instructions about contingencies. Judgments of an number of umpires can be
combined. Umpires can be required to indicate in their analysis why the partic-
ular outcome occurred.

Visual observations and estimations (“eyeballing’) may be recorded by ex-
perimental staff, quasi subjects, and even subjects, on recording sheets. Auditory
data may be similarly gathered. Again, the data may be raw, categorized, or
evaluated. They may be samples rather than a continuous recording. The same
sources can provide descriptive material, such as descriptions of critical incidents
and ratings of subjects’ performances.

Thus, subjects may rate themselves. Ratings can also be regarded as data
about discrete units of performance or other matters. For example, subjects may
rate the difficulty of their simulated jobs or tasks. They may rate their satisfac-
tion with them. Opinions and evaluations of all kinds, including umpire judg-
ments, can be expressed in ratings and rankings. Ratings of the importance of
the performance judged, such as a decision, can accompany the ratings of its
quality. In combination they provide a score which reflects importance as well as
excellence. Ratings or rankings may be applied by subjects or staff to the simu-
lated inputs with which the subjects have to deal, along various dimensions.
These can include hazard, difficulty, or trouble; then scores derived from these
ratings or rankings when the system saturates or breaks down measure the effec-
tiveness of the particular state of the independent variable being examined at the
time. Subjects may provide ratings of their subjective feelings, moods, motiva-
tions, and emotions. In short, ratings are a crude way to quantify qualitative
phenomena, in which man-machine system experiments abound.

Subjective Opinion. When data from subjects take the form of opinion, the
wide range of opinions invariably encountered bears testimony to the risk of
relying on any of them. The opinions may be related to procedures or equip-
ment, and the subjects may be experts, such as pilots or air traffic controllers.
Even two such experts are likely to have diverging opinions.
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The danger of designing equipment or procedures according to the views of
““users” is further demonstrated when those views, obtained from subjects, are
compared with measurements of data collected through instrumentation. An
occasional experiment has compared such measures with subjects’ impressions of
their own effectiveness in relation to different aspects of inputs; the objectively
derived measures contradicted the impressions. In more experiments a contrast
has been drawn between a subject’s evaluation of, and the actual performance
data derived from, some display or display feature, console or console configura-
tion, or other equipment which could be subjected to human engineering anal-
ysis. The subjective opinions and objective data have disagreed.

Improvement of Human Data Collection. As Meister and Rabideau (1965)
have observed, the techniques of human observation and data recording deserve
more study than they have received. These authors commented that the observa-
tional process could be improved by training observers in cue discrimination and
data recording, in specifying the cues in advance, and in simplifying the observa-
tional task. It has been demonstrated that skill in data collection increases
greatly with practice, both in accuracy and capacity. The criteria of what to
watch for and how to evaluate should be clearly set forth in advance and given
to the observer. Subjects’ actions should be specified according to well-defined,
discriminable segments. Observers can be helped by good design of recording
sheets. Cues and categories can be already printed on them, and their formats
should facilitate the time-ordering of data and provide space corresponding to
the amount of data to be recorded.

Recording forms can either explicitly reject or call for diagnostic data as well
as performance data. Observers can record “difficulty” situations in addition to
checking those on a list. They can record apparent causes of each difficulty in
addition to marking a checklist of possible causes. Observers may note inferred
relationships between events. Particular procedures for recording evaluative data
can make such data more useful. For example, observers should be cautioned
not to use such high-generality phrases as “too much time taken™ or categories
which are too broad. Explanations of why they were made may be required to
accompany judgments; so may the data on which they were based. These may be
spoken into a tape recorder at the time of judgment. In general, such dictation
can be helpful in stimulating subsequent recollection.

Data from a number of observers can be pooled to obtain aggregates or
collective opinions. The observers can be checked and tested to determine how
well they are performing in the experiment. For this purpose some kind of
mechanical recording may be needed in parallel. Such recording may be desirable
in any case during the experiment, for double checking and back-up.

Criteria

Criteria may be regarded in man-machine system experiments as general
terms or statements describing dependent variables. Although criteria can be
viewed as qualitative as well as quantitative, they must be rendered into quanti-
tative form to be generally useful in experiments. Measures do just that. They
are more specific than criteria, which they define operationally. A number of
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different measures can pertain to a single criterion (for example, system safety),
and a number of criteria can figure in an experiment (for example, safety,
effectiveness, and resource consumption); thus, the experiment may include a
number of dependent variables.

In verification experiments in particular it is desirable to specify both the
criteria and the measures in the experiment’s plan. The criteria have to be
selected first, because they play a major role in determining the measures. Other
reasons for selecting measures will be taken up shortly. What are the criteria for
selecting criteria?

A criterion should reflect system objectives, assist in making system diag-
noses, or be pertinent to the independent variables in the experiment. Some
criteria may satisfy more than one of these considerations. As a matter of fact
this is generally the case in ad hoc man-machine system experiments, because
independent variables are manipulated either to show how the system performs
under varied circumstances or to find out what parts or features of the system
are responsible for the level of performance. In the general knowledge type of
experiment the researcher is entirely concerned with linking his dependent vari-
ables to his independent variables, although to do this he may make use of
system performance criteria which he assumes reflect system objectives. He does
this to give his results reality and generality. For example, in an experiment on
training techniques the results indicating relative effectiveness may be expressed
in system outputs.

Experimental criteria are associated with performance, not static charac-
teristics. In man-machine system experiments the performance of interest is a
combination of human performance and machine performance, with varying
emphasis on the two elements. How the system performs depends on both the
men and machines which comprise it, and the same is true of its subsystems.
Even at the component level, performance is what is done by a man and a
console, a man and a radio, a man and a rifle. Machine-only functioning and
man-only behavior do occur in man-machine systems, of course, and occur in
experiments about them, but they are not the dependent variables in man-
machine system experiments.

Although criteria are associated with performance, they can consist of what
performance involves rather than what performance is. For example, the crite-
rion may be cost. If two policies result in equally good performance, how much
more does one cost than the other? If two systems are loaded until they break
down, what is the difference in loads at the point of collapse? In neither case
does the criterion assess performance directly.

Still other criteria are used in evaluating systems but cannot be introduced
into experiments themselves. These include maintainability (unless the experi-
ment happens to be investigating system maintenance), survivability, adapability
to change, and ability to be integrated with other systems. An experiment on
training methods based on simulation would not examine the number of person-
nel needed to install the method or the outlays needed for producing the simula-
tion inputs, although these points would have to be carefully analyzed before
any decision was made to adopt the method which the experiment showed was
superior.
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When criteria are based on the objectives of the real system being simulated,
researchers can run into a number of difficulties. Real systems usually have
multiple objectives (some of which are more explicitly acknowledged than
others), but relative weights among objectives are seldom specified. For example,
a real air defense system may exist to protect both population and industries and
to prevent the destruction of one’s own offensive weapons (and incidentally to
benefit in one way or another those who designed it, produced it, and operate
it). Even if some general distinction of relative value could be made between
protecting populations and protecting industries, how could the criterion of
protecting populations be quantified? Communities differ in composition and
size. How much is a human life worth? The problem of incommensurable criteria
extends to other kinds of systems. Some allocate resources over extended
periods of time. What would be the criteria of their effectiveness—criteria that
could actually be helpful? The same question can be asked about broad ques-
tions of policy and strategy.

In general, it can be urged that criteria for man-machine system experiments
should be comprehensive, relevant, and quantifiable. They may have to be mul-
tiple, and when they are the researcher may try to combine them through
weightings or other techniques. For some purposes system output provides a
common criterion. Uhlaner and Drucker (1964) pointed out that a common
metric based on system output could permit comparisons among the contribu-
tions of training, selection, and equipment design to system effectiveness.

Measures

Like independent variables, dependent variables in man-machine system ex-
periments come in many varieties, and the researcher faces the task of choosing
among them. Just as he is likely to select a number of independent variables, he
will find it profitable to make use of a number of measures to get the most out
of an experiment. A man-machine system experiment is characterized by a mul-
tiplicity of measures reflecting the multiplicity of criteria they define. Each
measure will say something about the performance of the system, subsystem,
components, or individuals in it. Some measures will be more effective than
others in demonstrating differences generated by the states of the independent
variables.

Although several guidelines will be presented here for selecting measures,
researchers may wish to follow the precedent of some of their predecessors by
incorporating into a research program an experiment to investigate the useful-
ness of measures to be used in the other experiments. Such inquiry may also
come in pilot studies or pre-experiment sessions (if data reduction can be rapid
enough). In any case, since the kinds of measures chosen depend in part on the
nature of the system and its operations, the researchers should become as knowl-
edgeable as possible about that system and its parts. They should consult system
operators and get help from analysts who have been developing measures of the
same system for other purposes. Researchers should describe in the reports they
write about an experiment the rationales they used in selecting measures.
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Guidelines. Various requirements have been stated by Kidd (1962), Sinaiko
and Buckley (1961), Morgan et al. (1963), and Meister and Rabideau (1965).
There is general agreement that measures should be reliable and valid. Reliability
means that the value found in a particular measure recurs in repeated measure-
ments under the same circumstances. Before rejecting a measure as unreliable,
the researcher must make sure that variability is due to instability in measure-
ment rather than poor control over independent variables and constants. One
objection to using subjective judgments as measures is that they tend to be
unreliable. Lack of reliability threatens internal validity, as noted in the discus-
sion of data; sampling fluctuations in the data come to light in the instability of
the measures derived from them.

The validity of measures means their pertinence to the matter being investi-
gated, their contribution to the external validity of the results. There are several
ways to interpret this. One is to relate the measure to the criterion. If the
measure represents the criterion, then it is the criterion that must be valid—by
being the same in the experiment as it would be in the real system, for example.
However, if the same measures are used in the experiment that are used in the
system, validity can be inferred without involving the criterion; this is possible
only in ad hoc experiments.

Validity can be construed as ‘‘relevance,” ‘‘meaningfulness,” and “criti-
cality,” in the sense that some measures are more valid than others. Too much
precision may be irrelevant. For example, measures of reaction time averaging
around one-half second at a console might have little relevance to system opera-
tions if response latencies up to two seconds had no differential effects on these.
Tabulations of observed behavior, whether communication frequencies or other
tallies of performance, should not be undertaken unless they provide informa-
tion to which some criterion gives meaning. Criticality may be more difficult to
assess; perhaps it simply means to forego trivial measures.

Other requirements include comprehensiveness, sensitivity, and availability.
The number of measures may be fewer in experiments which focus on the
effects of independent variables than in those whose aim is to evaluate the
system; they are chosen to indicate the nature of the relationships. If they are
not sensitive in revealing relationships, they are discarded. This does not mean
that multiple measures should be foregone completely. Numerous measures in-
volving a variety of dependent performances can add generality to general-
knowledge experiments. In evaluative studies that place emphasis on the system,
“the practice is usually to collect as many measures as can be shown to vary with
the independent variables used. This is a wasteful procedure, but not an entirely
unreasonable one” (Davis and Behan 1962). It is reasonable because unless the
measures associated with all important criteria are incorporated, incomplete con-
clusions may be drawn about system effectiveness. Productivity measures should
not be neglected, for example, while speed and accuracy measures are included.

Availability is synonymous with feasibility. Some measures may be infeasible
because the events which produce the data that are measured do not occur
frequently enough. This is one of the problems of measuring certain kinds of
error. Cost of instrumentation may also limit feasibility. There is also another

I ¢
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side to availability. A measure should not be sought simply because it is avail-
able. Measurement is not a justifiable end in itself.

Types of Measures. Measures have been categorized in various ways. Some
concern total system performance, some components. Some are final or end
measures, some intermediate. Some relate to outcomes, some to processes. Some
are evaluative, some diagnostic. Actually all of these binary groupings have much
in common. Probably the main purpose of component, intermediate, and
process measures is diagnostic, for system trouble-shooting (Parsons 1962). They
can reveal the locations where poor performance degrades the entire system. End
measures, sometimes called “single-payoff” measures, cannot do this in systems
in which inputs are processed serlally They conceal the problems that arise
earlier in the processing.

Another purpose of component measures is to predict end measures when
these cannot be readily obtained. Here the question of serial processing again
enters. If a subsystem early in the chain does poorly, later subsystems are not
likely to help matters. Then the performance of the early subsystem does predict
system performance. But if it does well, the measure of its performance cannot
predict system performance because a subsequent subsystem may do poorly. A
measure of performance of the last subsystem in the chain may constitute one
part of a total system measure and thereby help predict it. The other part
consists of the inputs which the system originally receives.

Systems which are not characterized by serial processing are not subject to
this analysis. For these, attempts may be made to show how well component
measures predict total measures by determining correlations between them.
Component measures from experiments may also be put into computer models
in which system performance is simulated. The computer generates the end or
system measurements.

A type of component measure which has been inadequately exploited in
man-machine system experiments is the measure of interaction between compo-
nents, between individuals, and between subsystems. More analysis is needed to
set forth the various interface measures which might be put to use. Such analysis
would have to start with taxonomies of interaction. These might profit from
studies of critical incidents in system functioning. Critical incidents are a class of
dependent behaviors which cannot be measured, but they can supply insights
that might lead to new measures.

Again let it be noted that most measures in man-machine system experi-
ments describe the joint performance of men and machines (or computer pro-
grams), not that of one or the other alone. Although there are machine (or
program) contributions to more of their experiments than psychologists in other
fields generally concede, in man-machine system research the duality of source is
unquestionable. For diagnostic purposes it may be desirable to sort out the
respective origins of errors, for example. But frequently the operator and his
equipment (or program) constitute a performing unit in which the relative con-
tributions can be partialled out only through component experiments in which
operator factors and machine aspects are separately manipulated as independent
variables. The composite nature of performance in man-machine systems limits
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the generality of the results of experiments on them, since the machines (or
programs) may differ widely from one system or kind of system to another.

Many classifications of measures emphasize four: those based on time (in-
cluding latencies and durations); those concerned with accuracy and error; those
associated with amount accomplished, or production; and those which indicate
the resources consumed. But in some man-machine system experiments measures
have been evolved which at best seem only partially related to these. For ex-
ample, some air traffic control experiments have embodied “hazard” scores and
‘‘user convenience” scores. These were derived through ratings and rankings by
experts.

Ratings and rankings are convenient ways to create composite measures.
Humans combine subjective or even objective measures simply by ranking one
state of an independent variable ahead of another. Composite measures may also
be developed by assigning weights to the component measures and merging them
in a single synthetic measure. But the determination of weights is not easy, nor is
it always clear how two measures that might be combined are related to each
other. With regard to air traffic control, for example, Kidd (1962) wrote:

Safety and delay en route are both meaningful criteria of system performance.
The dual facets appear to be related in reciprocal fashion but the correlation is
far from perfect. The difficulty comes from the fact that any simulated system
which yielded enough mid-air collisions to make statistical data processing sig-
nificant would be a very poor system. The comparison of such a system with
operational systems which have near perfect safety records is meaningless.

It is desirable at times to try to achieve comparability of different measures.
As in other kinds of experiments and measurement, one way to do this is to
change particular measures into ratios or proportions, such as the ratio of inputs
to outputs. These can be expressed as percentages. Another approach is to
determine the location of a measurement in a distribution common to many
measures, such as a normal or Gaussian distribution—the bell-shaped curve—and
to transform the particular measure into the generalized one for such a distribu-
tion.

Analysis

Since the analysis of measurements of data in man-machine system experi-
ments conforms to analysis in experiments in general, it will receive no extended
treatment here. Readers are referred to standard texts on statistical analysis. A
chapter on statistical methods by Chapanis (1959) is recommended for its clarity
and its use of examples from human engineering, which brings it closer than
most treatments to the context of man-machine system experiments.

For readers unfamiliar with statistical analysis, it might be explained that
descriptive analysis consists primarily of aggregating individual measurements, or
demonstrating relationships between them, and showing relationships between
aggregates. Individual outcome measurements associated with a state of an inde-
pendent variable are aggregated into single measures which indicate central ten-
dencies such as means and medians. The extent of dispersion of the individual
measurements so aggregated is expressed as a variance or standard deviation;
their relationships to each other can be graphed or tabulated in a frequency
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distribution. The relationship between individual measurements in two different
sets can be graphed in correlation diagrams, and the closeness of the co-variation
can be expressed as a correlation coefficient. The measurements in the two sets
may derive from two different measures of the same state of a variable, measures
from different states, or measures from different variables.

Differences between means (or medians) are calculated to show the effects
of the differences between the states of an independent variable. In an experi-
ment incorporating more than one independent variable, means can be cal-
culated for each state of one variable in combination with each state of the other
variables and across all their states. Differences between means can be illustrated
in graphs or tables which show the values of the means; the spatial or arithmetic
divergences indicate the differences. When there are more than two independent
variables, presentation of the means related to the states in all of them in a single
graph or table tends to become unwieldy. Thus, all the results even for one of
the measures in a large, multivariate man-machine system experiment are not
usually shown in the same display.

The means associated with different variables in a multivariate experiment
can also be related to each other, two at a time, through a correlational tech-
nique called partial correlation. The effects of the other variables are eliminated.
The correlation coefficient indicates the extent of co-variation. Multiple correla-
tion shows the effects of groups of variables.

This brief summary should suffice to suggest how measured data in a man-
machine system experiment are summarized and contrasted. Because so much in
the way of data is collected and measured, clearly the processes of summariza-
tion and contrast can become formidable. Fortunately computer programs exist
to do the kind of processing required. As indicated earlier, if the subjects’
responses in an experiment result directly in switch actions which can be trans-
mitted to the computer, processing can occur during the experimental session
itself. If the responses can be quickly transduced into computer-accessible form,
processing can at least be accomplished between sessions.

Necessarily most of the data from an experiment must be measured, sum-
marized, and contrasted in the publication of results if the results are to be
understood by readers. Otherwise there would be too much to print and too
much to digest. The communication process depends on quantification and sum-
marization. When results are not quantified, as in descriptions of incidents,
lengthy narratives or series of narratives are required, and these must include
many complex details of system operations if the readers are to understand
them.

In man-machine system experiments the key elements in the summarized
quantifications of results are means and differences between means. The means
describe system performance and component performance under varying circum-
stances. The size of differences between means is an index of the degree to
which differences between states of an independent variable are important.

Variances or standard deviations have less importance but do deserve brief
comment in two respects. A substantial dispersion among the measurements of a
task may betoken some major errors on the part of the performer. Thus, a large
variance may be a cue to this aspect of performance; if it is, the researcher
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should so indicate in his report. Variance which cannot be accounted for
through differences between states is regarded as random, as noted earlier in this
chapter; it is used in ratios between it and the variance attributable to differ-
ences between states for calculations of statistical significance, to be discussed
next.

Confidence Testing. Another part of analysis is the testing of the differences
between means for their statistical significance. The need for such testing has
been debated at length among behavioral scientists, and man-machine system
experiments have not been exempted from the debate. Without question signifi-
cance testing can contribute to confidence in the internal validity of results in
many such experiments, so it has considerable value. It provides a quantified
index of confidence instead of leaving the degree of assurance to individual
judgment. For verification experiments, where the demand for certainty is high,
it has particular appeal; it is less crucial for discovery experiments.

It should be understood, as suggested in the section on Design, that signifi-
cance testing does not by itself demonstrate whether confidence should be
placed in the results. Since it cannot be justifiably undertaken unless certain
counteractions against confounding are embodied in the experimental design, it
does reinforce their use. But it does not prevent or eliminate all confounding,
nor does it assure external validity. Unless these limitations are well understood,
the design may be inadequate and statistical testing may lead to false confidence.

As explained previously, tests for statistical significance seek to determine
whether a difference (variance) between means might occur through chance,
rather than because of the difference between states of an independent variable.
A significance test hypothesizes that a difference did occur by chance and seeks
to disprove this null hypothesis. An index of variation in measurements which
cannot be attributed to the variable’s states is called an index of chance variance
and is contrasted, in a ratio, with the variance between means. The size of the
ratio indicates (in tables) the probability that the variance between means has
occurred by chance rather than because of the states of the independent vari-
able.

The size of the ratio and hence the probability figure is influenced by three
factors: the size of the difference between means, the number of data (observa-
tions) of which they are composed, and the extent of chance variance. The
greater the chance variance the smaller will be the ratio and the larger the
probability figure for the null hypothesis. The larger the difference between
means or the larger the quantity of data, the larger will be the ratio and the
smaller the probability figure. The smaller the probability figure the higher the
confidence should be that the difference between means results from the differ-
ence between the states of the variable. By convention, experimenters have
depended on two cut-off figures as separating confidence from no confidence.
These have been 5% (.05) and 1% (.01), the latter being the more stringent.

Problems. This thumbnail sketch serves to introduce a number of problems
which can characterize all experiments in behavioral science and, perhaps, man-
machine system experiments in particular. Allusions to some of them have been
made earlier.
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In the first place, the chance or random variance should be kept as small as
possible. This means, as we have seen, taking steps to limit fluctuations in
measures. The researcher tries to assure the stability of instrumentation and
observers. It also means taking steps to limit fluctuations within a state of an
independent variable in repeated occurrences. The researcher tries to maintain
constancy and assure equivalence. In man-machine system experiments these
efforts are especially demanding.

Second, the experimenter must get enough data through replications of each
experimental condition. Each state may be repeated with the same subjects
(teams), but repetitions with equivalent or randomized subjects can also count as
replications. But how many replications are required? The magnitude of a man-
machine system experiment calls for keeping the number to a minimum because
of cost and the need to include other, time-demanding counteractions.

Considerable understanding of statistical analysis may be required to form
the best estimate of the required number of replications. The experimenter may
wish to get advice from a statistician. In some designs the number must be
determined in advance. In others, which thereby have more flexibility, a modu-
lar design can enable the experimenter to iterate the experimental conditions.
Then he must have rapid data processing at his disposal to determine, through
‘“sequential analysis,” whether enough data have been gathered for significance
testing. In any case, it is clear that the planning of the experiment should
incorporate the requirements for this type of statistical analysis; they cannot be
an afterthought.

In some experiments with less rigorous designs, changes in states of an ex-
perimental variable are preceded and followed by extended steady-state periods
of performance to enable the researchers to judge reliable differences occasioned
by the change. Steady or stable states also require many replications to yield
considerable amounts of data. The reason is essentially the same as in signifi-
cance testing, although statistical treatment usually is foregone. Instead, experi-
menters tend to rely on visual presentations of results (e.g., graphs) to make
judgments that enough data have been gathered to warrant comparisons. Although
some statistical procedures exist for testing the significance of differences
between means in these time-series designs, here too experimenters often rely on
judgment. This point might be restated by saying that researchers may make
judgments of statistical significance as well as estimates of data sufficiency,
without benefit of statistical testing. If a difference between means is a substan-
tial one, as shown, for instance, in graphical form, and if the researcher knows he
has collected a great deal of data for each state of the independent variable, he
may conclude that the difference between means would yield a very low chance
figure if he did go the the effort of making a statistical test. He judges “by eye,”
so to speak. His confidence is enhanced if he has some basis for knowing as well
that random variance has been small. A graphical presentation of a steady state
level of performance may furnish such a basis.

A third problem in significance testing in man-machine system experi-
ments is related to the foregoing question of amount of data. In such experi-
ments there are likely to be many occasions where data should be discounted or
discarded for one reason or another. Equipment malfunctions are only one
reason. In addition, there will be occasions where data are not recorded. Ad-
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vance planning should cover these contingencies so the remedies applied do not
violate premises on which tests for statistical significance are based.

One of the assumptions of conventional significance tests is the normal or
Gaussian distribution of measurements. Yet in man-machine system experiments
a frequently used measure is reaction time (latency). Zero time marks one limit
of the distribution and the mean is close to it; as a result, distributions of
reaction time are highly “skewed” rather than normal. Statistical texts or ex-
perts should be consulted for methods of dealing with this problem.

The fifth problem concerns the difference between practical significance and
statistical significance. The practical difference between two means in a man-
machine system experiment is the difference that really concerns the designer of
some new equipment, the developer of a new training technique, or the inno-
vators of a new procedure. If the difference amounts to only a few percentage
points, is the innovation worth worrying about? The difference may be signifi-
cant statistically yet be very small from a practical viewpoint. Clearly, practical
significance should be discussed by the researcher in his report; he should not
infer that one alternative should be adopted rather than another simply because
the difference between their performances proved to be greater than chance. Yet
the researcher should also consider whether a difference in means of a few per-
centage points might not be important. What if it meant, in an air traffic control
system, the savings of lives because one or two fewer air collisions would occur?
What if it meant, in an air defense system, the saving of a city because two or
three more hostile bombers were shot down?

Finally, questions must be raised about the probability levels used for
making the confidence-no-confidence judgment about differences between
means. Are the familiar .01 and .05 levels appropriate to all man-machine system
experiments? In the discussion of Design earlier in this chapter, the point was
made that two types of error can result from abiding by one of these levels. On
the one hand, the difference between means might really have resulted from the
differences between the states of the independent variable, even though the
probability level found for the null hypothesis in the significance test was higher
than .05 (if this was the cut-off chosen). This would be a Type II error. On the
other hand, if the probability level that was found was .05 or less, the difference
between means might nonetheless have been really due to chance. This would be
the Type I error.

As Chapanis (1959) and Davis and Behan (1962) have pointed out, re-
searchers may want to set probability values at levels higher than .05 to avoid
the Type II error. One situation could be a discovery-type experiment. Another
would be an experiment in which alternative system designs were being com-
pared prior to system development. If all cost about the same amount, the Type
IT error would be the one about which to be most concerned. If results showed
that designs differed by a fair amount in apparent effectiveness, the researcher
might be willing to be a little less confident about the statistical significance of
that difference. His viewpoint might be further influenced by the kind of impact
resulting from a genuine difference.

In such situations the experimenter would be required to set a new cut-off
for the probability of the null hypothesis, such as .10, .20, or even as high as .40.
Where should he set it? One solution would be to set none at all. Rather, he
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would simply state the probability level found by the significance test, describe
the circumstances in his report, and let readers come to their own judgments of
confidence. Whether this approach might be followed more widely in all expeti-
mentation is beyond the bounds of this discussion.



3

Forebears

The forebears of complex man-machine system experimentation were pro-
grams sponsored by the National Defense Research Committee (NDRC) of the
Office of Scientific Research and Development (OSRD) during World War II.
Particularly deserving recognition were (a) the studies in the control of gunfire
conducted for the Applied Psychology Panel of the National Defense Research
Committee and (b) the Systems Research Laboratory of Harvard University,
which investigated naval combat information centers. Other kinds of pioneering
“human factors” research in World War II were sponsored by the National
Defense Research Committee, the Navy, and the Army Air Force (Fitts 1947).

GUNNERY STUDIES

The history of the Applied Psychology Panel and its predecessor, the Com-
mittee on Service Personnel, has been recorded by C. W. Bray (1948), executive
secretary of the committee and later chief of the panel, succeeding W. S. Hunter.
W. E. Kappauf (1947) has also recorded some of the work, to which many
outstanding experimental psychologists lent their talents. One of the projects
started in 1942 was a study of Army antiaircraft artillery, directed by L. C.
Mead and W. C. Biel, with Tufts College as contractor. These researchers estab-
lished the validity of a synthetic tracking trainer developed at Tufts (Hudson and
Searle 1944) by comparing training on this device with training on the gun
director which it simulated. They also created proficiency tests for antiaircraft
trackers and investigated their value in training. Further, as Bray has noted, they
were involved “in acceptance tests of new equipment and alternative operating
procedures.”

The multifaceted nature of the project illustrates a trend in the evolution of
this early research. Although interests were initially focused on personnel classi-
fication, they broadened during 1942-43 to include proficiency testing, man-
vals, and training. For example, J. L. Kennedy, technical aide to the panel,
undertook a project to improve the training of Navy rangefinder personnel. He
drew on experience acquired in a research effort on selection and training of
Army heightfinder operators headed by C. H. Graham and W. J. Brogden, with
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Brown University as the contractor and Kappauf as the principal experimenter.
The methodology and success of this earlier effort contributed greatly to the
progress made in later projects. The Navy research to which it was extended
resulted in a University of Wisconsin project, directed by Brogden and D. G.
Ellson, at a new Navy school for rangefinder and fire-control radar operators at
Fort Lauderdale, Florida.

Before long the involvement of applied psychologists widened still further to
include studying the design of equipment. (The term “human engineering” was
not current at the time.) In 1944 a joint project of the panel and the Armored
Medical Research Laboratory investigated the sources of errors in Army field
artillery and, among other things, “developed several pilot models of new gun-
sight scales which were designed to eliminate many of the errors made at the
guns” (Bray 1948). Also in 1944 the Applied Psychology Panel established a
large field laboratory at Laredo Army Air Field, in Texas, to conduct research
leading to improvements in the design of gunsights in the flexible gunnery equip-
ment of B-29 aircraft.

By and large, these early investigations did not incorporate the experimental
complexity of the studies with which this book is principally concerned. For
example, although two-man or three-man gunnery crews were sometimes the
focus, there was only one “Panel investigation of methods for training groups of
men to operate as teams,” according to Bray (1948). In that study teams of four,
five, or more men worked together at high speed on the Navy Gun Director,
Mark 37.

However, some of the problems characterizing more complex experiments
were explored in the early research, notably measurement and simulation. It
seemed essential to find a way to determine how large an error a gunner might
make in tracking aircraft. Doing this with gun-camera photographs of the reticle
and field of view not only proved unreliable and arduous but also seriously
delayed giving knowledge of results to the gunner. A second technique, qualita-
tive observation by instructors, lacked accuracy and reliability. Accordingly,
W. C. Biel and his colleagues adapted a third measurement technique, using a
supplementary telescope aligned with the gunner’s sight, to score tracking per-
formance for training. A reticle already incorporated into this checksight en-
abled an observer with a stopclock to register time on target. This checksight
technique was widely copied. It spread from the Army to the Navy and even-
tually was followed by a photo-tube-and-amplifier device which could be sig-
naled by a searchlight on the target aircraft. The Applied Psychology Panel
evaluated and helped improve this device.

Another innovation in measurement achieved less success. L. C. Mead, L. V.
Searle, and K. S. Wagoner developed a system for the remote recording of aiming
errors in field artillery. Although guns had to be more firmly emplaced than was
usual in field artillery practice, this technique seemed suitable for further experi-
mentation on field artillery errors but, according to Bray (1948), the Army
showed no interest. The panel sold the materials for salvage.

In addition to the Tufts tracking trainer, mentioned earlier, and certain other
training simulators, a major simulation project was undertaken for experimenta-
tion on B-29 and other airplane gunner equipment. One of the B-29 gun
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stations was simulated by a mock-up and a target image was projected on a
screen. Since a leading objective was to evolve a method for rapidly measuring
gunner performance, scores were recorded automatically and remotely in several
ways. This equipment helped remove the dependence on airborne testing, a
dependence which then, as later, was both constraining and frustrating due to
problems of co-ordination, weather, and unexpected unavailability of aircraft. An
interesting further innovation placed target simulation in the airborne environ-
ment. D. G. Ellson developed a remotely controlled system to simulate targets
and record performance for test and training within the B-29 while aloft. One
product was a polygraph recorder for registering separate motions. The ground
mock-up also led to a synthetic ground trainer.

COMBAT INFORMATION CENTER STUDIES

There was an extensive Applied Psychology Panel program in the selection
and training of radar operators, as well as in voice and Morse code communica-
tions. But the radar-associated investigations of greatest interest for the present
account were those of the Systems Research Laboratory of Harvard University,
initiated by L. Beranek and S. S. Stevens. Shipboard studies, supported by the
Bureau of Ships, showed the need for a laboratory in which experimentation
could be conducted under more controlled conditions. With NDRC -OSRD
funding, such a laboratory was established for simulation experiments at Beaver-
tail Point, Jamestown, Rhode Island. The last eight months of 1945 saw the
publication of fifteen reports, some of them covering the studies afloat.

The principal figures in the project were Beranek and C. T. Morgan, the
directors, with R. C. Morton in charge of laboratory outfitting and engineering.
The staff included psychologists (e.g., W. R. Garner), physicists, and time-and-
motion engineers, with representatives from radar design and operation, sonar
equipment and training gear, communications engineering, gunnery training, and
operations research. Contract assistance in time-and-motion work came from
Purdue and New York Universities. Harvard, Massachusetts Institute of Tech-
nology, and Beavertail itself developed radar and display simulators.

On January 1, 1946, responsibility for the Beavertail facility was shifted to
The Johns Hopkins University (to which Morgan and Garner had transferred),
with support from the Navy’s Office of Research and Inventions, later the Office
of Naval Research, under the cognizance of the U.S.N. Special Devices Center.
Research was also undertaken in the Electrical Engineering Laboratory of Johns
Hopkins under F. Hamburger, Jr., and then in the Psychological Laboratory at
Johns Hopkins. The Systems Research Field Laboratory at Beavertail moved to
Baltimore in 1948 as the Systems Research Laboratory in the Institute for
Cooperative Research at Johns Hopkins. In 1952 cognizance over the Johns
Hopkins research was assumed by the Systems Coordination Division of the
Naval Research Laboratory. In 1953 sponsorship of the Johns Hopkins research
program was shifted to the Psychological Sciences Division of the Office of
Naval Research, where it remained until the contract terminated in 1959. The
work of the Johns Hopkins investigators is described at the end of this chapter.
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The Beavertail facility appears to have been the first laboratory to receive
the “system” label. It was put into operation with remarkable speed, thanks to
the Navy’s desire to improve combat information center operations on its fight-
ing ships as a consequence of experience in the Pacific, particularly in the Okin-
awa campaign. Combat information centers (CICs) were the man-machine com-
plexes where radar and other information was viewed on various display scopes,
evaluated, and distributed for weapons and battle direction. The display scopes
were mostly “plan and position indicators”—usually named without the ‘“and”
or abbreviated as “PPIs”—which presented radar echoes in distance (range) and
direction (azimuth, true bearing) from the radar in a map-like fashion. CICs were
a product of the rapid development of radar during World War II. Since they had
not existed as such prior to radar, their arrangement, associated communica-
tions, procedures, components, and interfaces with the other older combat ele-
ments of the ship reflected the haste of development. They constituted a ready
and rich domain for applying what would later be called “human factors” study
and improvement.

Harvard Laboratory Studies

In the Beavertail laboratory were placed a number of operational equip-
ments—PPI displays, voice communications, and large displays for recording
(plotting) paths of aircraft—to simulate two shipboard combat information cen-
ters. In the six experiments conducted and reported by the Harvard University
Systems Laboratory, the objectives of inquiry and methods used were as fol-
lows:

(1) Amount of information—range and bearing data—that could be commu-
nicated from a CIC to antiaircraft gun directors with gunnery liaison officers
reading from a horizontal display (air plot) of aircraft paths (tracks) over ship-
board-type phones to antiaircraft directors (Systems Research Laboratory Staff
1945g). Experimental variations: the number of gunnery liaison officers—one or
two; and when there were two, a single phone circuit was shared or there were
separate circuits.

(2) Performance of the plotter at a horizontal display (air plot) in making fixes
(plots) to locate hostile raids upon receiving range and bearing data by ship-
board-type, sound-powered phone (Systems Research Laboratory Staff 1945j).
The speaker read from prepared material (on maneuvering board paper). Experi-
mental variation: the time-density of information transmitted to the plotter;
that is, the raids ranged from one to eight coinciding in time, and readings per
minute were one, two, or three. In this experiment the subjects were well-
practiced Harvard students. In other experiments they were former Navy en-
listed personnel hired as a group for the experimentation.

(3) Performance of the plotter at the air plot in plotting fixes told over a
shipboard-type phone from prepared material consisting of four, five, or six
raids, with one transmission per raid per minute (Systems Research Laboratory
Staff 1945k). Experimental variation: standard Navy plotting method vs. an
improved method using colored range circles and a simple speed and course
indicator. Analysis included micromotion measurement from motion pictures.

(4) Value of plotting boards at command stations (Systems Research Labora-
tory Staff 19450).
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(5) Evaluation of a new item of equipment for manual plotting, the automatic
target positioner, an adjunct of the dead reckoning tracer (Systems Research
Laboratory Staff 1945i).

(6) Evaluation of PPI display equipment showing simulated radar targets, with
the operator reporting each appearance of a radar echo (blip) in range and
bearing to a recorder over a shipboard-type phone (Systems Research Labora-
tory Staff 1945e). The load during eleven tests varied from a single stationary
target to five moving targets presented simultaneously. Experimental variation:
two different types of PPI consoles, each with or without a particular additional
component which might aid in determining range and bearing. Each of the four
methods was tested with four different operators, who had received six weeks of
CIC training but no concentrated practice on this equipment. Measures included
accuracy, number of reports per minute, and time delays in reporting.

Only in this last study were radar echoes simulated. When the laboratory was
established, it was planned to depend on actual aircraft for aircraft radar targets
and to use, initially, a piece of training equipment which could simulate slow-
moving surface targets. In this study, by altering the simulated rotation rate of
the radar, the trainer was made to simulate automatically some targets moving at
80 knots; by manual settings, operators simulated target speeds of 400 knots.
Actual aircraft flew in some of the laboratory experiments.

A new radar simulator for surface targets, finally installed and operable in
1946, was adapted from a radar trainer built by the University of California,
Division of War Research at San Diego, the CIC Problem Generator and Display
System Model 1 UCDWR. The new equipment could project a geographical plot
of the motion of as many as six ships and two torpedoes on a screen, while
simultaneously displaying upon a PPI scope a relative plot of the same problem
centered on any one of three ships (Systems Research Laboratory Staff 1945n,
0). For more than four months five men, on the average, were engaged in
development and construction work on the electronic circuits to ready this
device for Beavertail use, and considerable additional work was required to put
into working order the electromechanical drive units which had been manufac-
tured by a company in Los Angeles. The difficulties in getting the electro-
mechanical components to simulate high-speed aircraft portended the problems
encountered with other radar simulators in the years to come.

The laboratory might well have gone on to more complex CIC experiments if
the war had not ended. This is not to say that no studies in a more complex
context were ever conducted. Indeed they had been—before the laboratory be-
came operational—on shipboard in exercises with actual aircraft simulating
hostile target aircraft. In fact, the project’s energies and reporting were largely
devoted to the shipboard studies, which were concerned, as were those in the
laboratory, primarily with the role of the CIC in antiaircraft target designation.
The laboratory experiments were actually executed to complement the previous
studies done at sea.

Harvard Shipboard Studies

One report, “Summary of Afloat and Ashore Studies of AA Target Designa-
tion Systems,” summarized the shipboard and laboratory work (Systems Re-
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search Laboratory Staff 1945m). Six reports (Systems Research Laboratory
Staff 1945a, b, ¢, d, f, h) described separately the collection of data on five
cruisers, a battleship, and a destroyer, with resulting recommendations. In addi-
tion to data collected from regular training exercises, four special exercises were
organized particularly for this research. Although the aircraft in all instances
were real, the antiaircraft fire was simulated. Operational personnel functioned
at their duty stations as they would in actual combat operations.

The first study reported took place on a heavy cruiser of the Baltimore class,
the USS Boston. There were three exercises, the first for practice, while the
others each included about thirty air attacks directed from the ship to simulate
Japanese kamikaze, i.e., suicide, missions. Two procedures were compared for
“coaching” (i.e., passing radar target information to) Mk 37 directors for 5-inch
guns; two were compared for 40 MM. directors; and three compared for Mk 57
and Mk 63 directors for machine guns. In one exercise antiaircraft defense was
combined with shore bombardment, and in another with surface engagement. A
fourth exercise combining AA defense with fighter direction was canceled be-
cause of a change in the ship’s orders.

According to the study report, “fourteen Scientific and Naval personnel
participated in the experiments,” and “Continuous recordings were made of the
sound power circuits used in voice coaching of the gun directors; photographs
were taken of activities in CIC; and written records were made in the directors of
the designation range, ranges and bearings, acquisition range, and acquisition
time of each raid designated to a director.” (“Designation range’” meant distance
to the hostile aircraft when the gun director was told to acquire it; “acquisition”
meant the director saw it.) The procedures were compared in such terms as
percentages of targets acquired or taken under fire and average acquisition range
or time. Results also compared performances of different types of directors;
they related acquisition time to coaching rate and coaching rate to the number
of directors being coached simultaneously; and they showed how various factors
differentially affected coaching rate and accuracy. In addition, as a by-product,
it was found that land echoes interfered with both surveillance and fire-control
radars.

The special exercises on the USS Boston were conducted, as were all the
shipboard studies, off the West Coast. They appear to have been the only ones to
introduce experimental comparisons systematically. Special exercises were also
held on the USS Tucson and a destroyer, the former engaging separately in AA
target designation, surface engagement, fighter direction, and shore bombard-
ment, the latter in AA target designation and surface engagement with air attack.
Tactical situations and loads were varied and some effectiveness data were ob-
tained, resulting in recommendations of more training in CIC procedures and
more exercises to obtain evaluative data.

Possibly such recommendations represent what one can expect from system
or subsystem performance data gathered in ‘“exercises” into which systematic
comparisons have not been designed. However, other types of measures were
obtained which led to specific improvements. In the USS Tucson as well as the
USS Boston exercises, and in training exercises on three other cruisers (USS
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Miami, USS Nashville, and USS Louisville), time-and-motion data were recorded
from the movements of CIC crew members and, in one ship, from the perform-
ance of radar scope operators and plotters as well as from communications.
Rearrangements of equipment resulted from many of the extensive recom-
mendations based on these data, and subsequent activity measurements validated
these arrangements.

In the summary report on the shipboard and laboratory target designation
studies, a number of comments dealt with experimental methodology. “The
personnel involved in the experiments were all trained Navy or civilian CIC
crews,” the report noted. “Most of the experiments were repeated using differ-
ent equipment operators so that the result would not depend on the unusual
abilities of any one man. The equipment used was standard service gear, and the
testing methods were devised to provide adequate and reliable scores for each
operational (laboratory or shipboard) test.” However, the report noted that
performance did not occur during battle or after the crews had been at general
quarters for an extended duration, so that results “will be optimistic in most
cases if compared to results obtained during the stress and confusion of com-
bat.”

It is possible, the report said, to maintain to some extent in shipboard
research the constancy of operating conditions and crew efficiency when com-
parative evaluations of equipment and methods are conducted, but not as well as
in the laboratory, where more rigorous testing can eliminate some equipment
and methods from consideration for shipboard use. So, “operational tests, when
possible, should follow the laboratory tests. It is unfortunate that because of the
pressure of the war and the lack of a suitable testing laboratory some very
inadequate target designation methods and equipment were pressed into ship-
board use that would have been discarded or improved had they been appraised
first in a laboratory.”

The Harvard CIC investigations were truly a pioneering effort. Partly because
the reports have been classified until relatively recently, their story has not been
publicly presented before. The discerning reader will detect even in this brief
account many innovative features and perennial problems. The studies arose
from an acute operational need. They were oriented toward finding solutions to
particular problems. They introduced experimental methodology into system
testing, even to some extent in the operational environment—on board ship.
They tried to integrate laboratory and on-site inquiry. They combined various
investigative techniques and exploited a variety of measurements (omitting sig-
nificance statistics). They introduced simulation of the external environment in
conjunction with performance by trained personnel on operational equipment.

The reports themselves attempted to present their contents and conclusions
in a manner that would help get their message across to those who might profit
thereby. They were characterized by clear and simple English, lucid summaries,
short sentences, and paragraphs and sections with suitable headings, with many
explanatory photos and drawings, intelligible graphs to show quantitative results,
illuminating tables, effective internal arrangement, and brevity. As noted earlier,
some recommendations were adopted, but the extent to which those who could
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profit from these studies and their reports actually did so cannot be deduced
from the reports themselves. Probably no one knows. Operational application, so
far as is known, never became the subject of additional investigation and report.

Johns Hopkins Studies

When the Beavertail laboratory was taken over by The Johns Hopkins Uni-
versity at the start of 1946, a research program continued there until 1948
before moving to the university itself, where similar research had already begun.
The Johns Hopkins program was indeed prolific, with more than 170 reports
published by the end of 1953. It took a form somewhat different from the
Harvard CIC studies. It was entirely laboratory-centered, with emphasis on vari-
ables which could be investigated through the performance of individual opera-
tors working with some piece of equipment; and eventually the research dealt
increasingly with visual, auditory, motor, and more complex processes where
experimental findings had basic applicability. From the start the “Systems” in
“Systems Research Laboratory” had reference to research on elements within
man-machine systems, rather than research directed at these systems or sub-
systems in their entirety. As an indicator of the trend, the Psychological Labora-
tory eventually became the sole locus of research, most of which was published
in psychology journals.

Much of the research in the earlier period was concerned with characteristics
of radar displays, particularly plan position indicators, and with the performance
of radar operators. Some studies were evaluations of particular equipment;
others were concerned with effects on human discrimination of parameters of
the PPI’s cathode ray tube and the signals which it could produce. Aids for
obtaining information from these displays, e.g., range and bearing information,
also received attention, and work was done on coding, plotting boards, scale
reading and dials, and controls. Experiments were conducted using simulated
radar inputs, and considerable effort was devoted to developing adequate simula-
tion equipment for this purpose. There were important by-products, for
example, “Applied Experimental Psychology” (Chapanis, Garner, and Morgan
1949), as well as major contributions to ‘“Human Factors in Undersea Warfare”
(Panel on Psychology and Physiology 1949). The Johns Hopkins research pro-
gram had far-reaching effects in establishing sound human engineering practice
in equipment design, not only in radar-associated equipment but in many other
types.

Illustrative of the Johns Hopkins work at Beavertail were such reports as “A
study of factors affecting operation of the VG remote PPI”’ (Garner 1946);‘“The
relative efficiency of a bearing counter and bearing dial for use with PPI presen-
tations” (Chapanis 1947); “Brightness of grease pencil marks on a vertical plot-
ting board” (Gebhard and Newton 1947); “Some experiments with the VF aided
tracking equipment” (Gebhard 1948); and “Accuracy of visual interpolation
between scale markers as a function of the number assigned to the scale interval”
(Chapanis and Leyzorek 1950). In the case of the last three, the data were
collected at Beavertail and processed at Johns Hopkins. The output of the Sys-
tems Research Laboratory and Psychological Laboratory at the university in-



FOREBEARS 113

cluded “Visibility on cathode-ray tube screens: Intensity and color of ambient
illumination” (Williams and Hanes 1949); “The relative discriminability of sev-
eral geometric forms” (Sleight 1952); and “Some design factors affecting the
speed of identification of range rings on polar coordinate displays” (Garner,
Saltzman, and Saltzman 1949).

An interesting question is whether the returns from this component-oriented
work and from the years of research which followed were greater than those
which would have accrued from an equivalent investment in more complex
system experiments with their attendant large costs arising from simulation,
subjects, and experimental staff. As with most questions about alternative re-
search strategies, probably no answer would find 100% agreement, even by
advocating a combination of strategies.



4

Project Cadillac

The first big program of complex simulation-based man-machine system ex-
periments was called Project Cadillac. It was conducted by New York University
for the Navy at the latter’s Special Devices Center in Port Washington, New
York, from January 1948 through February 1955. Experimental work began in
earnest only in 1951 and included six large-scale, multioperator studies and
seven individual operator studies, some of them with considerable complexity of
load variables.

The project derived its name from a code term given at the end of World War
II to a potential technique for obtaining radar information about suicide (Kami-
kaze) raids against the fleet at Okinawa. By flying their aircraft at low altitudes,
Japanese pilots were able to escape early detection by the radars in the United
States ships. They were protected by the curvature of the earth because radars
have line-of-sight “vision.” The immediate solution was to station radar-equipped
picket ships some distance from the fleet. After the war had ended another
technique was implemented: placing radars in high-flying aircraft to effect air-
borne early warning (AEW). The term “Cadillac” continued to be applied to
Navy AEW aircraft, including the WV-2 (Lockheed) Super Constellation, which
was outfitted not only with search and heightfinding radars but also with a
number of consoles enabling officers and enlisted personnel to conduct both
surveillance and intercept operations. This aircraft itself was unarmed and it was
designed to function as an airborne combat information center similar to the
shipboard CICs described in Chapters 3 and 5, but with more limited functions.
It had one radar which provided information about the distance and direction of
hostile aircraft and another which indicated their altitude.

While the WV -2 as a flying CIC was still under development, a remarkable
innovation occurred. A mock-up of its CIC portion was built at the Special
Devices Center as a locus of analysis and experimentation, with prototype equip-
ment and special electronic circuits and facilities. Project Cadillac conducted a
number of human engineering analyses and extensively and experimentally inves-
tigated procedure and load variables, first in the surveillance function and subse-
quently in interception control. Six Navy officers with CIC experience and
several enlisted personnel were attached to the project as advisers and experi-
mental subjects; the composition of this contingent varied over the years. R. L.
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Chapman was the project’s technical director in 1950-51; later this position was
held by S. Veniar. A summary report prepared by J. J. Regan, who followed
V.J. Sharkey as technical monitor, has described the project’s ventures and
publications (New York University Cadillac Staff 1956). Most but not all the
publications have been declassified.

The mock-up, constructed in the years 1949-50, incorporated a layout
which had been judged superior to a number of others in a questionnaire survey
and analysis (Adiletta and Chapman 1951). It included five plan position indica-
tor (PPI) consoles for surveillance and/or interception, one heightfinding con-
sole, a status board, and stations for the commander and radio communications.
The facility did not include the distance/direction radar itself, from which, in
real life, the surveillance or interception consoles would receive their signals, nor
the altitude radar for the heightfinding console. Rather, in the laboratory out-
side the mock-up were thirty 15-AM-1 target generators, twenty-four to simu-
late radar returns from aircraft, the remainder to simulate surface targets. Each
could produce a moving radar echo (blip) at all of the PPI scopes.

The 15-AM-1 target generator was the forerunner of a similar device, the
15-J-1c, which was also developed at the Special Devices Center, primarily for
training but widely used also for experimentation (see Chapters 5, 6, and 7).
Dynamic target (blip) information was generated by a mechanical computer
assembly employing ball and disc integration and driving a set of potentiometers
to obtain electrical signals proportional to the range and bearing of each simu-
lated target. The actual position information was generated in rectangular co-
ordinates. Electronic comparator and time-coincidence circuits allowed these
signals to be resolved into video components for display on a PPI.

Human simulator operators, working from scripts, inserted track origins,
courses, and speeds at these devices, and a supervisor at a scope monitored their
output for accuracy (although exact measurement was not attempted). The
inputs into the mock-up consoles were recorded (tracked) on another display
and observed by the experimenter who was managing the session. Voice com-
munications by intercom among the subjects inside the mock-up and over a
radio link to a presumed fleet commander were recorded on a set of tape
recorders. PPI scopes inside the mock-up were photographed during some of the
studies.

PRELIMINARY STUDIES

The first experiments in Project Cadillac were individual operator studies of
surveillance activities. The most elaborate (Sinaiko, Lefford, and Taubman
1951) explored methods to be used in later studies for systematically varying
stimulus inputs. Events of several classes—new targets, target disappearances
(fades), reappearances, course changes—occurred with five “time densities” —one,
two, three, four, or five events per minute. Probability of detection, it was
found, decreased with increasing time density for each class and was lower in
some classes (course changes and fades) than in others; “in a gross sense,” the
experimenters reported, ““a hierarchy of kinds of discrete events has been estab-
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lished in terms of the difficulty for radar operator to detect them.” Each of six
subjects went through five 25-minute runs, in each of which time density in-
creased every 3 minutes. Subjects had to perform all the surveillance tasks in
addition to detection, such as plotting tracks—that is, target paths—and report-
ing track characteristics. Each run contained fifteen tracks with differing origins,
courses, and speeds.

In a prior study (Lefford and Taubman 1950) four subjects, in four runs per
subject, simply detected, tracked, and reported targets and their characteristics
without any fades, reappearances, or course changes, the number of new tracks
progressively increasing to fifteen during 30 minutes. Detection latency de-
pended on the number of targets already on the scope face. Data were also
obtained on operator accuracy and productivity in the nondetection tasks. One
point of interest in these two experiments was the requirement for the subject to
maintain his whole range of task behavior in a situation where the component task
of detection was the principal dependent variable being measured. A brief study
(Lefford 1949), at another location before the laboratory was available, ex-
amined operator accuracy in making unaided visual estimations of target bearing
from the AEW aircraft with off-centered PPI presentations; less than 4% of the
estimations had more than three degrees of error.

The real goal of the project was to conduct large-scale system experiments in
surveillance and intercept operations, not these individual operator studies. The
system and simulation equipment was ready by mid-1950. Practice sessions were
held. But how to approach such system experimentation presented something of
a problem. There were no precedents to serve as models. (The Harvard studies
described in Chapter 3 were either virtually unknown to the researchers or
regarded as inapplicable; they are not mentioned in any of the Project Cadillac
reports.) Eventually, at the end of 1950, something was undertaken which today
might be considered as the obvious first step, a listing of system variables. These
were classified under three general headings (Chapman 1951): behavioral or
procedural variables, personnel or environmental variables, and design variables.
Approximately twenty were spelled out in the first category, with a varying
amount of itemization for each variable, and ten in the second; design variables
did not receive much attention, because in this program it was difficult to make
major hardware changes within short time spans. This specification was essen-
tially a description of what might be manipulated experimentally in a way that
system or subsystem performance might be differentially affected. Conferences
and discussions followed, and the revised listing served as the source not only of
independent variables selected for the first experiments but also of requirements
for experimental control.

Possibly one reason why it had been difficult to take this step earlier was the
relative unfamiliarity—largely unavoidable—of virtually all the research people, at
all levels, with man-machine systems, AEW operations, and multivariable experi-
ments. In addition, it became clear that staffing and leadership of this kind of
complex, large-scale research inevitably present challenges. Inexperience and lack
of well-established guidelines seem unlikely to promote humility or harmony,
especially if the professional linkage is tenuous between research managers and
researchers, when they come from diverse disciplines with differing approaches
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to the task. Interpersonal discord within the project was accompanied by a
considerable turnover of research personnel, who, when they achieved some
degree of sophistication, did not necessarily remain long on the scene.

FIRST MAJOR EXPERIMENT

The first two multioperator experiments were closely related. Both were
concerned with the manner in which surveillance data were reported from the
airborne CIC to the OTC, the officer in tactical command of the fleet which the
AEW aircraft was helping to defend. The procedural variable was the communi-
cation channeling of reports. In an indirect procedure, each of the surveillance
operators could report his detection and tracking data on an internal telephone
network (intercom) to a status board keeper in the aircraft. The latter wrote the
data on the display and a “talker” transmitted the data by simulated radio to the
simulated OTC. Or in a direct procedure, each of the operators could report his
data directly by simulated radio to the OTC. In this case the status board keeper
monitored the simulated radio and wrote the reported data on his display.

In the first experiment, conducted by L.S. Rubin and H. M. Parsons in
January, 1951, and reported later (Rubin 1954), another communications pro-
cedure variable was explored along with each of these procedures. In a “round
robin” procedure all the surveillance operators monitored the communication
channel and reported in turn; in a “selective switching” procedure, they were
cued as to when to make their reports by signals from the status board keeper.
Each of four surveillance operators searched for, tracked, and reported targets in
a 90-degree sector (quadrant) of the radar coverage of 360 degrees. The status
board keeper and talker performed as already indicated. A heightfinder operator
provided target altitude information. A commander supervised operations and
provided general tactical evaluations. An assistant commander at a scope mon-
itored the entire radar coverage and the communications, and he arranged trans-
fers of target responsibility from one surveillance operator to another when
targets crossed sector boundaries. Thus, nine subjects worked together in the
experiment. Measurements of individual operator performance were not isolated
in: wue analysis of results; rather, the output of interest was the crew’s.

Training which preceded the experiment included two hours of practice on
each of the four communications procedures, and the subjects had had about
forty-five hours of other kinds of practice with the equipment. There were
sixteen experimental sessions, two per day, each lasting about 80 minutes; the
duration varied somewhat so the subjects could not predict the termination.
Without the subjects’ knowledge, data were taken only from a 20-minute sample
period which varied in its temporal position within the session; this restriction on
data collection facilitated data processing. The variation, which had four values,
constituted another independent variable to create a 4 X 4 experimental design,
arranged in two Graeco-Latin squares to determine order of presentation of
each value of each of the independent variables.

The organization of inputs was relatively intricate. Twelve simulated attack-
ing bombers (targets) were introduced during the 20-minute sample period, to-
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gether with six course changes and eight sector crossings; eight tracks were
carried over from the earlier part of the session but faded as new targets entered
so that the load remained at about twelve tracks. Thus, although variation in
courses and other characteristics assured differences in the over-all pattern, diffi-
culty of search and reporting remained approximately the same. This was true
also of the 10-minute periods which preceded the sample period. The post-
sample periods had much greater heterogeneity, hopefully to provide camouflage
and because they could not affect performance during the sample period. The
construction of the scripts to obtain a combination of variety and equivalence
seemed a challenging task at the time, since the only precedents for guidance
came from the two earlier individual operator experiments.

Among the measurements taken were the totals of all operator reports, totals
of reports of various types, latencies of reports (intervals between events and the
OTC’s reception of the pertinent data), and accuracy of target position reports.
In this and subsequent experiments, most of the data for analysis came from the
voice tapes of intercom and radio reports. These tapes had to be transcribed and
the contents tabulated, a lengthy but necessary process. It was not found fea-
sible to process such data during an experimental run. In addition, latency data
required comparisons between the times of recorded reports and actual times of
events; and for accuracy data, comparisons had to be made between recorded
reports and actual target positions, courses, and speeds.

Operators were able to produce more reports of target speed in the
indirect, selective-switching condition than in the others; estimating speeds was
believed to be more difficult than estimating courses or plotting target positions.
For most of the measures, however, analyses of variance showed no statistically
significant effects from the independent variables.

SECOND MAJOR EXPERIMENT

The second experiment in surveillance data reporting, undertaken by H. M.
Parsons in April 1951 and reported by Cusack and Parsons (1953), was more
ambitious and also produced more statistically significant results, accompanied
by a number of recommendations of importance to operational effectiveness. It
will be described at some length, not only because of its complexity but also
because the experiments which followed incorporated many of its techniques.
Also, the best way to set forth the scope and complications of this kind of
experimentation is to describe an experiment’s features, even if these do not
entirely engross the more casual reader.

There were seven independent variables with two, three, four, or six values
per variable: communication procedure, number of surveillance operators, com-
position of the team, amount of input load, successive sessions, time during the
experimental session, and input script. Teams of séven to nine subjects each,
performing the same functions as in the preceding study, conducted surveillance
operations during six sessions of 215-225 minutes each, one session per day.

As already indicated, the reporting or communication procedure varied be-
tween the direct and indirect methods investigated in the first experiment; each
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incorporated the “selective switching” procedure. Two, three, or four surveil-
lance scopes were manned. The six available officers were randomly assigned to
the commander, assistant commander, and surveillance operator positions to
form three different teams, the composition of each differing from the others.
The same three enlisted personnel always filled the other positions. Four input
loads were designed, each for a 10-minute segment of time, varying in equal
increments of presumed difficulty (see below). Each of the six sessions was
divided into three blocks of 70 minutes each. The script variable was included,
not to investigate differential effects of scripts but rather to present differing
though equivalent inputs to the crews, in order to minimize any special learning
effects. There were three input scripts, each containing the variations in load.
After the experiment, statistical analysis showed that, as planned, they had no
differential consequences.

Although there were only six sessions, each included twelve time segments
from which data were obtained, since each of the three time blocks per session
had four successive 10-minute segments (in which load varied from segment to
segment, always in a three, one, four, two order). The four segments occupied
the last 40 minutes of each time block. The time-block, team-composition,
number-of-surveillance-operators, and script variables were related to each other
through two Graeco-Latin squares, one for each communication procedure. One
of these procedures was followed in sessions one, two, and five, the other in
sessions three, four, and six; the team-composition and sessions variables were
not completely orthogonal with each other. With such a design, the only inter-
actions which could be tested statistically were those between load and number
of operators, between load and procedures, and between number of operators
and procedures. However, it was possible to packa2 X 3 X 3 X 4 X 3 X 6
complex into only six experimental sessions.

The method of constituting equivalent input loads differed somewhat from
earlier techniques. The basic units of load for the surveillance operators were
“target-minutes” and “events.” A “target-minute’” was defined as the movement
of a target across the face of the radar scope for one minute, regardless of the
target’s speed or course. Two targets, appearing at the same time but fading after
4 and 9 minutes, respectively, would contribute 13 target-minutes to load; since
appearance and fade were events, together the two targets contributed four
events to load. The four load levels in the experiment, for target minutes and
events, were 40 and six; 80 and twelve; 120 and eighteen; and 160 and twenty-
four. Proportionality had to be maintained also among types of events. The first
30 minutes of each block, a “pre-sample” period, were divided into 10-minute
segments which contained differing loads, but the loads were equivalent among
the pre-sample periods in different blocks. The session always lasted S to 15
minutes after the last data-taking block. The subjects did not know that data
were being taken only during certain portions of the session, nor was the nature
of the input revealed to them beforehand.

As usual in this kind of experimentation, the advance preparation of the
input scripts consumed much time and effort. The input was designed to convey
“operational realism,” in that within any session most of the targets appeared
from the direction of expected attack rather than from many different direc-
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tions. The latter pattern, which would have loaded the surveillance operators
more evenly, had characterized the prior experiment and the individual operator
studies. But the more realistic situation was selected so results could be applied
to the operational situation actually faced by airborne CICs; the Navy officers
indicated afterward that the aim was achieved. Although the same stimulus
situation appeared repeatedly, this duplication was concealed from the subjects
(it was hoped) by (1) rotating the attack pattern so it appeared from a different
direction from one session to the next; (2) varying the order of the scripts from
session to session; and (3) varying the inputs in the pre-sample and post-sample
periods.

Each surveillance operator searched, tracked, and reported on targets either
in a quadrant, a third, or a half of the total surveillance area, depending on
whether the number of manned consoles was four, three, or two, respectively. In
addition to the requirements on these operators, the assistant commander had to
perform co-ordinating and supplementary tasks and the commander had to send
tactical evaluations to the fleet, some of them in response to scripted requests.

Experimental Findings

Surveillance report data were measured for production totals, latency, and
accuracy as in the preceding experiment, and also for rate of reporting. The first
three kinds of measurement were applied also to the commander’s report. A
substantial number of analyses of variance resulted in various statistically sig-
nificant conclusions and accompanying recommendations.

The two communication procedures, it was shown, did not differ over-all
according to production, latency, or accuracy measures, but the indirect pro-
cedure was more productive with heavy loads. With this procedure the same
amount of information was reported faster between the aircraft and the OTC,
leaving more clear-channel time. Accordingly, the indirect procedure was recom-
mended for adoption. Nevertheless, the status board keeping involved in it con-
stituted a bottleneck, so the experimenters urged that the display and the
methods for using it be improved.

It made no difference in production, latency, or accuracy whether there
were four, three, or two surveillance operators; and the amount of input load
had no interaction effects. Accordingly, it was concluded the surveillance would
not suffer if one or two of the consoles were used for interception control or
became inoperable due to malfunction.

Surveillance capacity was saturated between the third and fourth levels of
input load; report production increased as the load level changed from one to
two and from two to three, but not when it changed from three to four.
Further, as load density increased, surveillance operators produced proportion-
ately the same number of reports of target courses and speeds and proportion-
ately less information of other types. Another interesting finding was that al-
though the percentage of detections decreased as load increased, detection
latencies remained the same among the three higher load levels. As in the prior
experiment, operators produced somewhat fewer speed reports than course re-
ports, and the speed reports had longer latencies.
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There was no decrement in the performance of the surveillance operators
over the three and one-half hours of continuous operations, whether perform-
ance was judged according to production, latency, or accuracy, and regardless of
the number of operators, the load level, or the communication procedure. Ac-
cordingly, it was concluded that the duty period of AEW crews could be at least
three and one-half hours.

Marked differences between performances of crews indicated individual dif-
ferences among surveillance operators but not among commanders. A program
of personnel selection was advocated for airborne combat information center
officers directed toward surveillance rather than command capabilities.

FURTHER SURVEILLANCE EXPERIMENTS

Just prior to this second multioperator experiment, another study of individ-
ual operators (Veniar 1953) examined the surveillance performance of four of
the Navy officers as subjects during variable-length sessions, averaging about four
and one-half hours for five successive days. The subjects performed at the same
time at the scopes in the mock-up, each receiving the same input; there was no
operator interaction or action as a crew. An operator had to report on signal at
3-minute intervals during 20-minute sample periods consisting of the last two-
thirds of each of nine 30-minute units during the session; the operator was
signaled also at irregular intervals but the data then provided were not analyzed.
Nine new targets were introduced; six were already on the scope and these faded
during the period, so targets at any one time varied between six and eleven;
events varied between three and six during any 3-minute segment. Production of
reports during a session dropped about 1% in each successive half-hour. This
decrement was traceable to course and speed reports, particularly the latter;
there was no significant decrement in detection or tracking performance. There
was no systematic change from day to day.

A third multioperator experiment (Rubin and Connolly 1954) was con-
ducted considerably later to investigate the effects of different approaches to the
heightfinding function on system performance. In the AEW CIC an enlisted man
at a console manipulated the aircraft’s heightfinding radar to determine the
altitude of other aircraft, since the surveillance radar provided only azimuth and
range data to the surveillance consoles. The operators of the latter had to get
altitude data from the heightfinding operator to include in their reports of target
information. They could do so in any one of four ways. Two were manual, in
that surveillance operators got altitude data over the intercom. Either they could
initiate requests, or the heightfinding operator could simply keep telling them
what he had. Two others were electronic, involving the placement of a marker
(tag) over the target blip at each console scope to designate its position. The
electronic methods differed according to the manner in which priorities were
assigned by the assistant commander to operator requests.

In addition to examining these four methods, this experiment varied the
number of surveillance operators among four, three, two, and one; it varied
input load among three levels—six, twelve, and eighteen targets; and it varied the
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individuals who acted as heightfinding operators among four enlisted men. There
were forty-eight sessions of 8 1/3 minutes each. Data were collected concerning
the number of altitude reports, course reports, speed reports, and position re-
ports. This experiment extended the investigation of the number-of-operators
variable in the second experiment by including a condition in which there was a
single operator. It also took a different approach to session arrangement and
simplified the data gathering and analysis tasks. In brief, the results favored the
electronic technique for obtaining altitude information, with a preset, automatic
method of determining priorities. A single surveillance operator was relatively
ineffective for all four categories of reports, and two such operators produced
fewer course and speed reports than the three-man and four-man teams. The
analyses of variance also showed significant differences among the individual
performances of heightfinding operators.

A final multioperator experiment concerned with surveillance was conducted
still later in the Project Cadillac program (Schapiro and Guastella 1955). Since
the report has remained classified, none of the results will be described here.
There were five independent variables. The number of surveillance operators was
varied among four, three, two, and one. Two radio channels were compared with
one. Status displays were either an improved common display or an individual
display for each surveillance operator. Input load varied among four levels, and
there were three different “executive teams.” These variables were organized
through a factorial design to yield 192 combinations and permit the analysis of
the effects of all interactions between variables. Four 80-minute sessions were
held on each of twelve days, with each session divided into four 20-minute
segments. Data were collected from the 7th through the 16th minute of each
segment. Loads consisted of various combinations of target-minutes and events,
as in the second multioperator study. The types of measurement were also much
the same, except for some additional measures of the performance of the “ex-
ecutive team.” The total crew was somewhat larger than the crews in the pre-
vious multioperator studies, with new manning requirements. In order to form
three distinct executive teams of three officers each, two Air Force officers
participated along with six Navy officers and a chief petty officer. Two Air
Force enlisted men joined seven from the Navy in manning the positions of
status board keeper, talker, heightfinding operator, and plotter. Each executive
team served for four consecutive experimental days.

INTERCEPTION-CONTROL EXPERIMENTS

In the interception-control phase of the Project Cadillac program, three in-
dividual operator experiments were conducted to determine the effects of load
parameters on the performance of an interception controller and to generate a
general measure of task difficulty based on these parameters. Attention will be
given to this work because it made possible the design of the inputs for a
multioperator experiment which followed. A fourth individual operator experi-
ment examined the usefulness of two manual devices for aiding the derivation of
intercept vectors, that is, courses to fly to make an interception. The last experi-
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ment—a multioperator type—combined the surveillance with the interception
function. Otherwise, in all the interception control studies it was assumed that
the surveillance operations had already been accomplished, and there was no
prior surveillance activity similar to what had been investigated earlier in the
program; the interception function was examined as an isolated subsystem.

In every individual operator study one Navy officer served at a time as
controller, and referees judged whether or not his attempted interception was
successful according to certain criteria. Data were obtained also on the time
between the hostile aircraft’s detection and its interception (penetration time)
and on communications. The first experiment (Fox and Connolly 1953), with
six subjects each of whom underwent thirty trials, had four independent vari-
ables: the subjects, the number of targets (attacking aircraft), their speeds, and a
temporal load condition. Target totals were one, two, three, four, five, or six.
When there was more than one, their approaches to a ‘“‘protected line” were
simultaneous. There were two possible speeds. The temporal factor consisted of
the time during which a target could be usefully intercepted, that is, between the
earliest possible point of interception and the time its track would cross the
protected line. This available time was two, four, six, eight or ten minutes. The
controller had to direct his interceptor aircraft from a simulated airborne posi-
tion to make a cut-off intercept, one interceptor per target. That meant that he
had to track both the targets and the interceptors on his PPI display, make visual
estimates of the proper intercept vectors, and transmit these by simulated voice
radio to a simulator operator, who would insert them as headings to fly into the
equipment by which radar returns from the interceptors were simulated. The
penetration distances of attackers significantly increased and the percentage of
successful interceptions significantly decreased as a function of the increasing
number of multiple interceptions required and the decreasing amount of time
available.

These two load parameters were combined in a ratio—time available divided
by number of interceptions—to form an index of interception difficulty. In the
next experiment (Connolly and Page 1953), which had three parts or subexperi-
ments, this index was explored further. In the first part, two other load para-
meters were investigated to determine whether they had any differential influ-
ence over the effects of time available. The first parameter was tested in nine
problems of four interceptions each, four subjects encountering each problem
twice; the nine problems resulted from combining three of the parameter values
with three times-available. The second parameter was examined at the same time
by random assignment within problems. The second part of the experiment
investigated whether different values within the same ratio would produce differ-
ent degrees of control success; they did not. Seven sets of values included seven
multiple-interception loads, from two to eight, each presented three times to
three subjects. In the third part both ratios and values within ratios were varied
in seventeen combinations, and the subjects of the second part faced each of
these twice; other aspects remained the same. The results of the second part
were confirmed, in that differing values within the same ratio had the same
effects. Further, differing ratios, as might be expected, did have differential
effects, generating monotonic, curvilinear functions for the criteria of both pene-
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tration time and attackers destroyed (kills). This result made available, the ex-
perimenters noted, ““a carefully determined and practical scale of difficulty by
which intercept ‘stimuli’ can be drawn up for future experimentation upon the
airborne CIC system, in its parts, or as a whole.”

There remained one further experimental check. What would happen in
multiple interceptions if the target inputs were not simultaneous but simply
overlapped in time, that is, were temporally displaced? In a third individual
operator experiment (Fox and Page 1954), performance of three controllers was
studied at four levels of overlap, in thirty-six trials per controller. Multiple inter-
ceptions totaled three, five, and seven, and time available was 2, 4, and 6 min-
utes. In this, as in the second experiment, the interceptions were not the simple
cutoff type; at a distance no more than four miles behind it, with certain limits
on relative heading and bearing of the target, the controller had to turn the
simulated interceptor to approach the target from behind (rear hemisphere at-
tack). It was found that percentage of overlap did not significantly affect the
success of interception control.

Multioperator Experiment

The multioperator experiment on interception control followed (Page and
Connolly 1954). Its primary purpose resembled that of some of the multioper-
ator surveillance experiments, namely, to determine how many operators (and
consoles) were needed under various levels of load; in this case the concern was
about the number of interception controllers rather than surveillance operators.
Accordingly, one of the independent variables was the number of controllers
working together: three, two, or one. Load was varied using the index of inter-
ception difficulty established in the individual operator studies, with three levels
derived from differences in target load, time available, and time overlap. In
addition, there were three distinct teams of noncontroller personnel. The con-
trollers had to defend both the AEW aircraft and the fleet, so there were two
protected lines. The maximum interception load at any time was six. Eight
alternate forms of the inputs for each load level were created by rotating the
expected direction of attack and varying two temporal patterns. Other load
parameters resembled those in the last two individual operator studies, as did
performance measures and requirements. The order of the nine conditions result-
ing from the three load levels and three controller totals was randomized among
the noncontroller teams. Five enlisted men were systematically rotated through
two referee positions. There were twenty-seven sessions, one for each system
condition. The experimental design was factorial. Analyses of variance revealed
that interception-control performance was degraded by high difficulty levels,
although co-ordinating operations by the noncontroller team were not. Thus,
this experiment showed that the performance of controllers working together in
a team resembled their performance in operating singly.

The final individual operator study (Connolly and Capuano 1954), which
evaluated two interceptor vectoring aids, produced an unexpected but revealing
result. One of the aids was a chart, the other a disc, a “circular computer,” and
both could be manipulated by controllers to make some of the necessary geo-
metrical calculations to establish what the interceptor’s course should be. A rear
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hemisphere tactic was required rather than a cutoff. The interesting experi-
mental outcome was that in this situation, at least, determination of course
“in-the-head” or “‘by-eye” proved superior to either aid.

The concluding experiment of the Project Cadillac program combined the
surveillance subsystem with the interception subsystem (Connolly, Page, and
Veniar 1955). It had a 3 X 3 X 2 factorial design with two replications. As the
principal independent variable, the number of surveillance operators and number
of interception controllers were combined in three different ways: two and one,
two and two, and three and one. Further, there were three load levels and two
crew compositions; each crew had the same subjects but in different positions.
Results cannot be described here since the report has not been declassified. In
simulation and measurement technology this experiment resembled those which
preceded it.

OVERVIEWS

Although the picture which has been presented of Project Cadillac suggests a
systematic and coherent program, it should not be assumed that it followed
some master plan adopted at the outset. In a pioneering effort of this nature, the
researchers necessarily felt their way along, especially early in the game. Before
the first multioperator experiment formally started, forty-four practice sessions
helped the researchers understand the system they would investigate; some of
these sessions also served as rehearsals for that first experiment. The practice
sessions were essential for familiarizing the experimenters with their simulation
and data-collection procedures, as well as experiment management. To those
involved, the research seemed like the exploration of unknown land, without
map or guide. Some idea of the conceptual organization which had to be accom-
plished can be gained from R. L. Chapman’s Experimental Methods of Eval-
uating a System: The Airborne C.I.C. (1951)—the first published attempt to map
out the domain of complex man-machine system experimentation. Among the
topics it analyzed were ‘‘problems in research methodology,” “the stimulus
complex,” “the system variables,” “the problem of measurement,” and “the
meaning of human engineering.”

From the preceding descriptions it should be clear that much innovative toil
went into the design of the simulation inputs, the experimental designs, and the
determination of suitable measurements. There was emphasis throughout on
rigorous experimental control, on statistical analysis for assessing the significance
of results, and on reporting the experiments in such a way that they could be
replicated. These emphases reflected the influence of more traditional psychol-
ogy experiments. It might be fair to infer that the researchers were so greatly
concerned with experimental method that operational problems, though by no
means disregarded, aroused relatively less interest. If there was such a bias, it was
probably inevitable in a program that was pioneering in methodology, especially
in its early stages.

It is not known to what extent experimental findings were translated into
operational procedures or equipments. As noted earlier, after the program had
been concluded a summary report was issued and could have supported such a
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transfer of learning, although the report’s distribution was limited by security
classification. Many of the experimental results dealt with surveillance and inter-
ception-control capacities of operators under various loads. These results could
have been exploited to determine how many consoles to place in the airborne
CIC and how they should be distributed between its two major functions. Such
extrapolation might have removed any risk of over-equipping the aircraft, but
they would have necessitated additional inquiry into the degree to which the
capabilities of Navy officers performing surveillance and interception-control
functions in the operational milieu matched those of the subjects in these experi-
ments. If the experimental data had reached the generally accessible, open liter-
ature, they might also have contributed general knowledge about human capabil-
ities in complex tasks.

One of the human engineering by-products of Project Cadillac was an in-
creasing concern about the displays available to the airborne CIC’s operators,
and about displays in general in complex systems. This was not a unique by-
product of such experimentation. Unfortunately, as has been the case in other,
similar programs, with one exception (Parsons, Sinaiko, and McDonald 1952) it
did not yield any separate reporting, so the treatment of display problems re-
mained relatively unknown. Further, it is not known whether a number of
display recommendations and innovations originating within the program were
ever adopted for AEW operations by the Navy.

It is no trivial question whether this seven-year program yielded useful and
exploited products. It was not an inexpensive undertaking. At times as many as
nineteen persons staffed it, including engineering and junior personnel; and al-
though, as mentioned earlier, there was a certain amount of internal turmoil as
well as gaps in technical understanding between researchers and their manage-
ment, much hard work was done.

Certainly one of the most striking aspects of the program was its attempt to
experiment on a system while the system was still being developed, in order to
influence its design. Although this may not be the only objective of man-
machine system system experiments, it is an important one. Whether or not the
attempt actually influenced the system design, to have made it at all was a
break-through.

Possibly some of the findings might have been exploited by the Air Force
which itself later operated similar AEW aircraft for air defense surveillance off
the Atlantic and Pacific coasts; however, there is no evidence that Air Force
AEW personnel were familiar with Project Cadillac. In fact, it would appear from
the AZRAN Study (Chapter 11) that in the operation of Air Force AEW air-
craft, insufficient human factors attention was given to communication proced-
ures, displays, and arrangement of consoles and other operator facilities—some
of the things which Project Cadillac investigated for the Navy.*

The Air Force did benefit from the program in a serendipitous fashion. A
number of the Project Cadillac researchers undertook similar man-machine sys-

*However, for the pre-SAGE operations of Air Force aircraft the Project Cadillac re-
ports were reviewed by the Aero-Medical Laboratory at Wright Air Development Center in
1954-55, according to G. J. Rath (personal communication).
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tem experiments in Air Force-sponsored programs after they left the project.
These included Chapman (Chapter 8); Parsons (Chapter 7); Sharkey (Chapter 6);
and Connolly (Chapters 6 and 16). Others did the same for the Navy, Army,
and other organizations; they included Sinaiko (Chapters 5, 12, and 21), Cusack
(Chapters 9 and 27), and Veniar (Chapter 9). In many cases it is doubtful that
these other programs could have been undertaken if some of their key personnel
had not acquired, in Project Cadillac, the know-how to conduct this kind of
complex, simulation-based experimentation. If this is indeed a fact, then perhaps
the most significant accomplishment of Project Cadillac was to serve as a training
ground in a new domain of applied science.



5

Navy Laboratories, Facilities, and Contractors

Chapters 3 and 4 have shown the Navy’s role in sponsoring man-machine
system experiments concerned with shipboard combat information centers dur-
ing World War II and with airborne CICs subsequently. The Navy supported
more of this kind of research in the following years, and there was an extensive
and pioneering early program at the Naval Research Laboratory (NRL). This
work will be reviewed here, together with later experimentation and related
research and simulation. ’

NAVAL RESEARCH LABORATORY

Eight man-machine system experiments of varying scale were performed in a
simulation laboratory at the Naval Research Laboratory in 1952-56. This lab-
oratory was envisioned as a means for investigating CIC problems as early as
1950 by Captain (later Rear Admiral) C. Laning. Following a University of
Michigan survey of World War II experiences of many individuals, an initial
version of the laboratory was established at NRL and, beginning in 1951, was
operated under contract by Tufts University. Most of the Tufts personnel moved
to the university in Medford, Massachusetts, in 1953. A year later the remainder
became the Systems Branch in an NRL Applications Research Division formed
in place of Tufts to direct experimentation. Also in 1954 a CIC Facility Branch
of NRL took shape at its Chesapeake Bay Annex, in Randle Cliffs, Maryland,
where a number of tests were conducted, some in a simulation context.

In a shipboard CIC, information about aircraft (and other ships) was ob-
tained from radar signals on plan position indicator (PPI) displays by trackers
(and from radio reports from other ships) and telephoned by the trackers to
plotters at a large vertical display. The plotters inscribed, with grease pencils,
aircraft and ship paths on the display, thus aggregating the tracker information
so that the officers in charge of the CIC could get a complete picture of a hostile
attack and friendly elements. Much effort was devoted to improving such dis-
plays, so radar information about aircraft would be presented faster and more
accurately. Various proposed solutions to the display problem figured in seven
of the NRL experiments.

128
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The first experiment has been described briefly by Sinaiko (1954). It ex-
amined a proposed expansion of the manually plotted display then in use by the
Navy. Six-man teams, composed of Navy enlisted personnel as subjects, received
target information over shipboard-type (sound-powered) telephones from other
personnel reading data from scripts. The rates of information transmission by
the latter could be systematically varied. The vertical display was photographed
periodically, and analyses of the photographs indicated the accuracy of plotting;
the study also measured the upper limits of a plotter’s capacity.

The second experiment (Weiner and Sinaiko 1953) tackled a different aspect
of the same general problem. A combat information center in a real-life Navy
aircraft carrier would receive radar information about approaching hostile air-
planes by radio from other ships in a task force, such as surrounding radar-
equipped destroyers, as well as from its own radar. Some of the destroyers’
position reports might pertain to a target which the carrier’s own radar had not
picked up, some might pertain to the same target but with differing data, and
some might pertain to the same target with the same positional data. It was
important to prevent false targets from being displayed on the vertical plot as a
consequence of differing positional data. A horizontal filter plot was proposed
to help eliminate such false targets. It would receive both radioed data and the
carrier’s own radar data about a target. It would correlate the data, passing along
to the vertical plot the radioed data which represented only the hostile aircraft
that the carrier’s own radar had not detected; the other data would be filtered
out.

Following six practice runs during a week of training, twelve experimental
runs of 32 to 51 minutes each were conducted over a two-week period with a
filter plot officer (FPO) and twenty-two Navy enlisted men acting as trackers,
filter plotters, tellers (to the vertical plot), and plotters at the vertical display.
Subjects rotated through task positions. The FPO position was filled on the basis
of psychometric assessment to predict leadership and team compatibility char-
acteristics. The experiment included two independent variables: input load,
which was either light or heavy, and filtering procedures, which took several
forms. The light load built up from zero to sixteen targets in 15 minutes, the
heavy load from zero to twenty-four in 10 minutes. The filter plot officer was or
was not required to make all filtering decisions; and the decisions were or were
not relayed back to the trackers so that the latter could alter their reports. The
trackers read data from scripts. Full loads were carried for only 15 minutes, but
sessions lasted longer to preclude the effects on subjects that occur in expecta-
tion that a session is about to end and to disguise the part of the input from
which experimental data were gathered.

The amount of filtering was measured by determining the number of
“scrub” (eliminate) orders given by the filter plot officer or relayed by the
tellers to the vertical plotters, and also by the number of tracks filtered at the
vertical plot. Teller performance was also measured. The activities of the FPO
were recorded systematically and his performance seemed to be the best single
criterion of over-all system effectiveness. The tellers constituted a critical link-
age. No statistically significant differences resulted from the various filtering
procedures. The heavy load appeared to saturate the filter plot display and
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thereby reduced the proportion of targets filtered, delayed the relay of informa-
tion to the vertical plot, caused failures to detect new targets, and degraded the
maintenance of up-to-date tracks.

In later years, Sinaiko (1962) referred to the way in which data were
gathered in this experiment as “a classic of inefficiency.” He added:

We took pictures. And we discovered two horrible things. First, nearly all of the
vertical pictures we took, i.e., looking down over our subjects’ heads and
shoulders at the plotting table, were obscured by the subjects at work. Also most
of the photos of a large, upright plotting board were of such a poor quality as to
be almost beyond recognition. Second, our cameras were faithful but stupid;
they uncritically recorded everything they saw. Needless to say, those of us who
had to reduce the data had many hours of headache and eyestrain.

Experiments on Mechanizing the Input to the Display

Three studies evaluated the usefulness of introducing several proposed forms
of automation to mechanize the transmission of data between plan position
indicators and the vertical display. In the first of these (Scott et al. 1953), the
mechanical linkage between PPIs and the vertical display was a camera and
projection device, the Land Polaroid apparatus. A photograph of a PPI was taken
and developed every 15 seconds and photographs were projected successively
through twelve projectors to create tracks on a vertical surface, where plotters
pasted sticky markers beside each newly photographed and projected radar
signal (blip) to identify the track which it led. Thus, the trackers were eliminated
and the vertical display plotters assumed some of their functions. This apparatus
and the conventional manual system were operated by a dozen enlisted men as
subjects at the same time and with the same simulation inputs in two areas
separated by a visitors’ observation area. This arrangement helped compare the
two systems. There were eighteen runs, twelve capacity-test runs and eight oper-
ational test runs; the last included friend-or-foe identification and interceptor-
request functions as well as surveillance. With heavy input loads the mechanical
linkage produced faster plotting and more data, but also bigger course and speed
errors and considerable clutter on the vertical display; its superiority was judged
marginal.

The second study (Sinaiko et al. 1954) compared three systems. These were
the conventional manual system, another camera projection device, the Kenyon
Repromatic TPPI Camera-Projector (XW-35), and the Miller Optical Projection
System, better known as “Mink,” which had been developed at the Control
Systems Laboratory of the University of Illinois (see Chapter 12). The area
coverage and number of PPI scopes and plotters took two forms for the manual
system, so this could actually be regarded as two systems in the experiment. The
Kenyon apparatus projected its photographs to a large horizontal plotting board
where plotters, located around it, marked each blip with a special, luminous
grease pencil, as they would mark blips on a PPI, and added other information;
then an image of this plotting board with its grease pencil tracks was projected
to a vertical surface. The Mink was an electro-optical device presenting a hori-
zontal, partially mirrored image from a single, large, upside down PPI. Plotters
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placed color-coded chips on radar blips instead of marking them with grease
pencils. Mirror reflections of the chips were projected to a vertical surface.

Each set of equipment was emplaced in a separate partitioned part of the
NRL laboratory, and two arrangements were run at the same time with the same
simulation inputs. Thirty enlisted personnel subjects were assigned among the
four arrangements for the course of the experiment; three CIC officers were
rotated among them. Two input problems had a high target density—up to fifty
targets at one time, and high target speeds; two others were easier, with approx-
imately twenty target tracks and slower speeds. Each equipment arrangement
encountered each level of problem load. In addition to number of raids desig-
nated and tracks held for 5 minutes, measures included time delays, inter-
communication frequencies, and several ratings not only by the CIC officer
subjects but also by visitors. Superiority of the Kenyon over the manual system
was marginal at best, whereas the Mink outperformed all the others, especially in
its capacity to delete indicators of tracks that had faded (disappeared); it was
easy to remove the chips. One interesting finding was that the ranking of the
three systems according to objective performance data was just the reverse of
their ranking according to subjects’ ratings.

However, the Navy had some misgivings as to what would happen to the
chips on the Mink’s horizontal surface when a ship rolled. So the Control Sys-
tems Laboratory came up with the “Sea Mink,” in which a coating of silicone oil
held the chips on the surface when it was tipped. Sinaiko et al. (1956) evaluated
the Sea Mink experimentally, not for its reaction to a rolling ship but to deter-
mine whether, with a smaller surface and other design differences, it was as
effective as another Mink version developed for the Air Force. In addition to
comparing the two pieces of equipment, they varied the number of trackers
between one and three with the Sea Mink and one and four with the Air Force
Mink. Two naval officers, two petty officers, and six enlisted personnel were
assigned among the four experimental conditions, each of which had twelve runs
of 35 minutes each, with seventy-five targets in a run and a maximum of fifty at
one time. There had been twenty-four training sessions. The blip/scan ratio was
unity, that is, the radar “‘saw” every target with every antenna rotation, and no
radar noise was introduced, so the simulated radar presentations lacked the
degradation that the systems would encounter in the real world. Measurements
were obtained for time delays, accuracy, and amount of information displayed.
The results of this experiment have not been declassified. In a second phase of
this experiment, the Sea Mink and a regular PPI were compared as instruments
for conducting interceptions. Six subjects manned each set of equipment in a
total of twelve runs involving 264 raids.

In all three studies, radar signals were simulated at PPIs by a device devel-
oped at Lincoln Laboratory (see Chapter 6), where a similar investigation of
such mechanization had been undertaken for air defense surveillance in Air
Force operations. This device was a flying spot scanner which converted light
spots on 35-mm. film to electrical signals which were transmitted to the PPIs to
represent radar signals; each frame of the film as it was fed through the scanner
contained light spots positioned to represent the ranges and azimuths of aircraft
detected during one rotation of a radar’s antenna. Thus, the film automated the
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simulation, replacing the reading of a script and manipulation of switches and
knobs; however, the film’s contents reflected the same kind of design of simula-
tion input.

Investigators at the Chesapeake Bay Annex (Plowman et al. 1956) also ex-
amined the Sea Mink and the shore-going version, which in this study had been
renamed “Sky Screen.” Three versions of the manual method and four of a
summary display technique in the experimental Electronic Data System (EDS)
were investigated at the same time, also with simulation input based on twelve
scripts of four to twenty-five targets. Subjects were six officers and thirty en-
listed personnel.

Investigation of Transplot

An alternative way to improve the PPI vertical display linkage had been
evolved at the Lincoln Laboratory. It required no new equipment such as
cameras and projectors. Instead, it was based on an ingenious conjecture. If the
principal problem in the conventional manual system lay in the need for the
tracker at a PPI to encode blip positions into co-ordinates and to telephone these
to a plotter who then had to decode them back into positions on his display,
why not simply eliminate the encoding-telephoning-decoding requirements? This
could be accomplished by placing the PPI and tracker next to the plotter behind
the vertical display. The plotter then could look at a tracker’s markings on a
horizontal PPI and pencil these at the same relative positions on his own larger
vertical display. This approach, called ‘“‘transplot,” merely required placing
equivalent rectangular grids for positional guidance over each surface and the
reversal of east and west on the PPI to match the orientation of the back-plotted
vertical display.

Sinaiko et al. (1955) experimentally compared three versions of transplot and
two versions of the conventional manual method. The latter consisted of (1) a
single tracker-plotter team handling all 360 degrees of radar coverage and
(2) two teams, each with a PPI and each covering 180 degrees. Two of the
transplot versions were similar, and in a third each of two operators acted as
both tracker and plotter for 180 degrees, with each having his own PPI.

Every arrangement had a CIC officer responsible for over-all functioning, a
radar control officer supervising the crews, and a status board keeper who com-
puted and posted target courses and speeds on a display adjacent to the vertical
plot. Subjects were four commissioned officers, three petty officers, and eight-
een seamen. The commissioned officers rotated among arrangements, while the
others were permanently assigned to a particular one. There were two indepen-
dent variables in the simulation inputs, transduced by the flying spot scanner
device. A heavy input, lasting 50 minutes, carried fifty tracks with a maximum
of twenty-seven at one time; they were preponderantly high-speed tracks with
some “‘split’ tracks. A light input, lasting 40 minutes, carried forty tracks with a
maximum of twenty-one at one time with fewer high-speed tracks and no splits.
The blip-scan ratio was either unity or a lower, varying ratio—that is, a target’s
echo did not appear each time the rotating radar antenna scanned it. A third
variable was the presence or absence of synthetic “‘sea return,” the noise gen-
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erated in radars by reflections from the ocean, simulated by means of another
device. Factorial combinations of the three input variables each with two values
and the five PPI-vertical plot arrangements were introduced in ninety-six runs,
with two or three runs per condition.

Among the measures taken were the proportion of input targets actually
plotted on the vertical display; latencies in plotting them there; latencies in
making track designations there; latencies in detections of fades and course
changes; plotting rates; accuracy of plotted positions and of course and speed
estimations; and production of tracks and positional plots. Also, the CIC officers
during every run rated the PPI-vertical plot arrangement for “system stability,
tactical utility, and display appearance’ on five-point scales. Most results favored
the four-man transplot arrangement, generally with statistical significance; the
two-man transplot arrangements did about as well as the four-man conventional
method and out-performed the two-man conventional method.

In conjunction with the transplot experiment, a small study was conducted
to compare the telephone transmission of data from trackers to vertical plotters
with telephone transmission of data from the vertical plot to a summary display
at a remote plotting station (Becker et al. 1956). The information being plotted
on the vertical display in the transplot experiment was “told” by a teller to a
plotter at a similar display in another room, much as such information would be
relayed from a ship’s CIC to another station. In twenty-four 40-minute sessions
eighteeen subjects (Navy enlisted men) rotated through the positions in the
simulated CIC and remote locations. In this experiment it was found that more
information had been lost in the tracker-plotter link in the transplot CIC than in
the teller-plotter link.

Investigation of CIC Operations

The most ambitious of the NRL experiments came in 1956, shortly before
the program began to phase out (Chauvette, Sinaiko, and Buckley 1957). It
investigated the entire air defense operation of a small-scale combat information
center similar to that on a destroyer or destroyer escort, including the control of
interceptor aircraft as well as detection and tracking of hostile aircraft at a PPI
scope and plotting on the vertical display. It was small-scale in that there was
only one tracker-plotter team, and only one air control officer to conduct inter-
ceptions. The simulated system was the conventional manual one in shipboard
use, but one of the purposes of the study was to obtain baseline data about this
system to help evaluate future semi-automatic systems. Although direct compari-
son of system performance was not the prime intention, such a comparison was
made in a later study of an automatic system (see Chapter 12). The main
objective was to find out how well measures of subsystem performance in a CIC
were related to end-measures or total system performance. (No significant rela-
tionships were found.) Another purpose was to get information about the re-
quired activities of a CIC commander (such as his decision-making) and the
differential effects of the parameters of an attack on these.

Two naval officers, with the ranks of commander and lieutenant and widely
differing experience, served alternately as subjects in the role of CIC com-
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mander. Two ensigns alternated as air control officer (ACO), who was the inter-
cept director. Two petty officers and six radarmen were the other subjects,
changing positions to constitute eight combinations or crews. There were sixty-
four runs of 37-58 minutes each, based upon an eight-by-eight Latin square
design in which the rows were the eight crews, the columns were eight blocks of
eight consecutive runs each, and the Latin letters were eight factorial combina-
tions of the two commanders, two ACOs, and two input scripts which differed
according to the direction from which one-half of the hostile tracks originated.
Tests of statistical significance were applied to the results.

Each run had a 30-minute portion from which data were obtained and in
which load was equivalent. Warm-up periods and terminal periods varied in
length to conceal the basic input pattern from the subjects. In addition to the
difference in directional origin of one-half of the tracks, the entire input was
rotated through five orientations as a further method of disguising the equiva-
lence of inputs between runs. The hostile aircraft were simulated by means of
the flying spot scanner device, and the controllable interceptor aircraft were
simulated with 15-J-1c target generators which were manned by Navy enlisted
personnel trained to function as though they were pilots, operating their devices
in response to commands from the ACO over a simulated radio. The 15-J-1c
closely resembled the simulation equipment which had been used in the Cadillac
Project (Chapter 4).

All interceptions were monitored by experimenters in a control room observ-
ing the synthetic radar signals of both hostile aircraft and interceptors on a PPI
scope which displayed the same data as the PPIs in the experimental area used
by the tracker and ACO. The experimenters refereed the outcome of intercep-
tion attempts, applying a criterion of success based on the one used opera-
tionally in fleet exercises, but modified slightly to increase the number of critical
tracks and the total of “tally-ho’s” (radio code that the target was shot down).
There was no objective method against which the referee judgments could be
compared.

This experiment continued for approximately four weeks with an average of
five laboratory runs each day. A week’s training, including practice in the simu-
lated CIC, preceded the experimental sessions. Although the results are still
classified, it can be noted that a great many kinds of measures were applied.
These included, as surveillance subsystem measures, time delays in detecting and
displaying new targets, plotting accuracy, plotting rate, and accuracy of course
and speed estimations. A number of over-all or “single-payoff” criterion mea-
surements were obtained to compare with the subsystem results: interception
attempts, interception attempts on critical targets, interceptions of all targets,
interceptions of critical targets, penetration distance of all targets tally-ho’d,
penetration distance of critical targets, and estimates of closest point of ap-
proach.

Various aspects of the experiment diverged from realism, some making the
tasks less difficult, some making them more so. The former included a unity
blip/scan ratio and absence of noise, the absence of non-air defense CIC func-
tions such as antisubmarine warfare and navigation, assumptions of a stationary
ship operating alone, omission of altitude and weather considerations, unlimited
fuel and ammunition in the interceptors, and omission of the launch phase of
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interceptors. These missing aspects suggest the degree of complexity required for
a complete simulation of an air defense situation. The features which made the
subjects’ tasks more difficult included the limited number of operating positions
and a very heavy input load even for a fully equipped CIC.

According to Sinaiko (1962), in this experiment five years of experience
resulted in more efficient data collection, especially compared with what had
been done in the filter plot experiment described earlier. In this “single-payoff”
study of a single measure of performance, Sinaiko wrote:

We were interested in the relationship between the quality of a visual display and
the goodness of decisions made by a CIC officer charged with allocating inter-
ceptors to hostile air targets. So, we observed only the display in question, i.e.,
we used humans trained to copy preselected tracks, and we recorded on forms
only the behaviors of the decision-maker which were related to our purposes. In
spite of this carefully preplanned effort to collect only selected, relevant facts, it
took well over a year to reduce and analyze the data preparatory to publication.

The NRL researchers felt that despite its various limitations, due to the
modest laboratory facility and equipment, this experiment showed the way to
perform this type of experimentation on future systems, such as the Electronic
Data System or the Naval Tactical Data System. But their projections were
somewhat optimistic. Theirs was the first and last Navy laboratory study of
combined shipboard CIC functions which could be strictly defined as an experi-
ment. :

Chesapeake Bay Annex

The Electronic Data System was a set of radar target tracking and display
equipment under development by the Naval Research Laboratory. Automaticity
was introduced into the tracking function and PPI vertical display link by means
of a conducting glass overlay on the PPI scope and a pencil probe which could
position electronic markers, whereby x and y voltages could be generated to
indicate a co-ordinate position and transmitted to a semiautomatic vertical plot
or to gun-director stations.

Several studies of component functions of the EDS were conducted at the
substantial Chesapeake Bay Annex facility (Nichols and Karroll 1955; Irish et al.
1955; Nichols and Plowman 1956). In their reports, descriptions of experimental
designs and controls are conspicuous by their absence, and percentages and
qualitative opinions tend to outnumber objective data in the results. It seems fair
to characterize the Chesapeake Bay Annex facility as devoted primarily to dem-
onstration.

The first study investigated the detection and tracking of actual, individual
aircraft, seventy-seven propeller and sixty-one jet types, flying over Chesapeake
Bay; both the “breadboard” EDS and the manual system were evaluated. How-
ever, this facility also had simulation equipment, both the flying spot scanner
and the 15-J-lc devices. In fact, as a facility it was more elaborately equipped
than the main NRL laboratory and was supplied with naval officers to direct the
studies and officer and enlisted personnel for subjects (but only one individual
to provide technical advice concerning experimentation). The second study was
based on both types of simulation as well as actual aircraft. It investigated EDS
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surveillance operations with two manning configurations, two input loads, and
two blip/scan ratios—unity and reduced—in twenty runs of 50- 70 minutes each.
The third looked at EDS tracker performance and the use of the electronic
markers compared with grease pencil tracking and with long-persistence phos-
phors in PPI scopes. Another study tested broad band blue lighting in the CIC
mock-up.

NAVY ELECTRONICS LABORATORY AND NTDS

The Naval Tactical Data System (NTDS) is a computer-centered system de-
veloped by the Navy Electronics Laboratory (NEL) and currently installed on a
number of Navy carriers and other ships for augmenting the capability of CIC
personnel in the surveillance and intercept-direction functions of air defense
(‘““anti-air warfare” in Navy parlance). Its experimental version underwent testing
in 1959-60 at NEL’s Applied System Development and Evaluation Center
(ASDEC), and subsequently the system was service-tested. ASDEC was equipped
with prototype NTDS consoles and other equipment to simulate an NTDS CIC
and radar-sensed aircraft. As in the case of Cornfield (see Chapter 12) and SAGE
(see Chapter 11), computer programs for the NTDS computer could generate
simulation inputs within the computer itself, and the computer could record its
own system performance and reduce the data.

ASDEC has been a relatively elaborate simulation facility. Although much of
the NTDS evaluation there was undertaken with naval personnel operating
NTDS equipment, this evaluation would more appropriately be called testing, in
terms of goals, methods, and measures, rather than experimentation. ASDEC
was also used for shore-based training of Navy personnel for NTDS operations
on board ship. More recently, a new facility has been created for this purpose
less than one-half mile from ASDEC in San Diego, at the Fleet Anti-Air Warfare
Training Center. This is the Tactical Combat Direction and Advanced Electronic
Warfare Trainer Complex (TACDEW), a large, multioperator, computer-based
simulation facility for training Navy personnel primarily in NTDS operations. A
similar facility has been established at the Fleet Anti-Air Warfare Training Center
in Norfolk, Virginia. When the material for this chapter was being gathered,
there was no indication that either will be the site of experimentation.

The ASDEC facility has also been used for simulation-based evaluation of a
proposed Small Ship Command Data System for antisubmarine warfare and
more recently for certification testing of the NTDS for antisubmarine warfare,
but experimentation-oriented Navy scientists at NEL with particular interest in
man-machine interfaces have not participated in this or the other ASDEC-
centered evaluations. Although considerable component experimentation has
been done in the human engineering group at NEL, the only man-machine
system experiment resembling the studies described in this review was one con-
cerning the manual CIC. This study dealt with a proposed innovation in the
transplot arrangement that the NRL researchers had investigated earlier.

The NEL experiment (Coburn 1960) resembled that at NRL, except that a
polar co-ordinate grid was placed over each display, instead of a rectangular grid,
and a mirror arrangement helped the plotter see the track marks he had to copy.
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The tracker simply marked pre-dotted tracks on a problem sheet; a color filter
prevented the plotter from seeing these tracks. Twelve two-man teams, com-
posed by pairing each of four subjects with every other, operated both the
transplot and the manual (“telplot’) method, in which a tracker at a PPI tele-
phoned to the plotter. The plotting rate was much higher for transplot, and so
was accuracy, as rated by four judges who compared photographs taken of the
vertical plot with the marked problem sheets.

Although the Navy did not conduct man-machine system experiments on
NTDS CIC functioning at NEL, it did participate further in man-machine system
experimentation by helping to fund a contractor’s experiment with a computer-
based CIC (Chapter 12) and by providing experimental subjects to another con-
tractor’s self-funded, CIC-oriented experimental research (Chapter 18).

TRAINING DEVICE CENTER AND OFFICE OF NAVAL RESEARCH

Various organizations have carried out a number of experimental studies in
an anti-air warfare training research program which was sponsored by the Office
of Naval Research (ONR) and the Training Device Center (TDC) and which was
thought to be germane to shipboard CIC operations. For example, a set of
ONR-sponsored studies at Princeton University in decision-making is described
briefly in Chapter 21. In addition, external to this training research program,
ONR has funded simulation-based experimental studies of individual operator
performance with equipment for the control of submarines, in Project SUBIC at
the Electric Boat Division of General Dynamics Corporation (e.g., Blair and
Kaufman 1959), and at Honeywell, Inc. (e.g., McLane and Wolf 1965).

One of the TDC-sponsored studies in the anti-air warfare training research
program has been conducted at the Electric Boat Division and has dealt with
decision-making (see Chapter 21). Another study in that program, at Ohio State
University, is described below. There have also been TDC-funded simulation-
based experimental investigations of individual operator performance in other
programs. One was an extensive study of simulation requirements for sonar
operator training, at Human Factors Research, Inc. (Mackie and Harabedian
1964).

The Ohio State University research used some of the simulation equipment
developed for earlier Air Force-sponsored experiments on air traffic control—a
PPI-type display and a radar target generator with maneuverable aircraft (Chap-
ter 10). Here one sees how expensive apparatus produced for one program in
man-machine system experiments can be exploited in another, in which the
simulated task differs. In the Navy-sponsored experiments the subjects took
simplified roles of intercept directors rather than air traffic controllers. The task
was to run simplified intercepts against hostile aircraft rather than guide aircraft
safely to a feeder location for landing. Since the simulated radar signals were
maneuverable, it was just as practical to control them to make near-collisions as
to avoid them!

In the first three experiments (Briggs and Naylor 1964; Briggs and Naylor
1965; Naylor and Briggs 1965), interceptions were controlled with the PPI dis-
play as a “transfer” task, after training on a checkerboard display with checkers
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representing aircraft. Two intercept directors either independently or inter-
actively conducted four interceptions each. With the relatively modest inter-
action requirements in these experiments, interaction conditions during training
appeared to be less effective than independence conditions when interaction was
required in the transfer task. In another experiment (Johnston 1966), it was
found that an intercept director acquired co-ordination skills (for this task) just
as well by training in co-ordinating his own two interceptions as in co-ordinating
interceptions with another director. In a further experiment (Briggs and
Johnston 1966a), similarity between the training and transfer tasks was varied in
the type of display and the method of communication. Two more experiments
examined the effects of changing the performance criterion conditions from
simple to complex on the transfer task (Briggs and Johnston 1966b) and the
effects of verbal communications on teamwork (Williges, Johnston, and Briggs
1966). This research program represents an attempt to obtain general findings
from dyadic and triadic tasks considerably abstracted from a real-world opera-
tional setting. Thus it might be associated more appropriately with small group
research (see Chapter 23) than with system experiments. Its interest lies in part
in the very fact that it has drawn tasks from an operational situation and at-
tempted to achieve findings which may be thought to be highly generalizable.

SIMULATION FACILITIES

Although they have not been used for man-machine system experiments, the
Navy possesses such large resources in shore-based simulation facilities (and so
few afloat) that they should be mentioned just in case some might be exploited
for experimental research in the future. The NEL ASDEC has already been
noted, as have the two multimillion dollar TACDEWs. In addition, a Lockheed
Electronics Company six-million-dollar (original cost only), Antisubmarine War-
fare Coordinated Tactics Trainer has been installed at Norfolk and another at
San Diego. Elaborate antisubmarine warfare trainers simulating airborne and
ASROC operations have been developed by Curtiss-Wright and Honeywell. The
Electric Boat Company has a large submarine trainer. An ASW simulation facil-
ity at the Naval Air Development Center has been testing the A-New system for
antisubmarine patrol aircraft with the Real World Problem Generator (RWPG),
built by Sylvania Electronic Systems. It can simulate eight preprogrammed tar-
gets, surface ships, or submarines. A ninth unit can represent a submarine em-
ploying reactive tactics, that is, responding dynamically to the actions of the
hunter aircraft.

But perhaps the most elaborate of the Navy’s simulation facilities, and one
of the oldest, is the Navy Electronic Warfare Simulator (NEWS) at the Naval War
College in Newport, Rhode Island. It was undertaken in 1947 and completed in
1957 at a cost of $7,250,000. Its name, adopted after earlier christenings as the
Electronic Generator and Display System and the Electronic Maneuver Board
System, is not intended to mean that the system simulates electronic warfare—
possibly a defect is its limited capability in this regard—but that the equipment
operates electronically. However, because it was designed more than twenty
years ago it is an analog rather than a digital computer system.
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NEWS occupies three floors of a wing of one of the War College buildings.
The first floor houses control elements, umpire area, communications room,
control room, and equipment room. Air conditioning equipment, stock room,
and maintenance shops are on the second floor. The third floor is where the
“players” operate in a NEWS exercise. The command center area is largely
occupied by ten Green command centers and ten White command centers. Each
of these rooms simulates, to some extent, a combat information center, in that it
has a PPI-type display which can present simulated radar signals of aircraft and
ships in the area surrounding the pretended ship or aircraft or submarine con-
taining that center. A signal (and the center itself) can represent an aggregate of
friendly or enemy units, e.g., a force, which can be identified by querying the
signal or target with a probe device that produces a readout of target informa-
tion on a panel elsewhere in the room.

By means of a control panel in each center, an operator can introduce and
change the simulated course, speed, and altitude or depth of the unit represented
by that center. A display of grid co-ordinates shows where the unit is geo-
graphically located at any instant. Operations in a NEWS exercise can take place
in areas 40 by 40 nautical miles, 400 by 400, 1,000 by 1,000, and 4,000 by
4,000. When an enemy force is detected on the PPI-type display, the players can
direct various simulated weapons against it, and indicators show whether there
has been a hit and the extent of damage. Each group, Green or White, can
distribute twenty-four units or forces among its centers.

The umpire area has a large vertical geographical plot which shows how the
opposing forces of Green and White are distributed. Images of the units being
maneuvered are projected on this display by forty-eight projectors, and plotters
mark the tracks in fluorescent chalk or ink. On each side of the vertical plot, in a
double-entry arrangement, is a status display showing Green forces on the left
and White forces on the right, and embedded in each of these are lights repre-
senting opposing forces. When a particular force is detected, one of these lights
goes on; the light flashes when that force is fired upon, and an indicator like that
in the command centers shows the extent of damage, computed by a special
analog computer. Various PPI-type displays, communications, and querying de-
vices are situated on the floor of the umpire area for umpires to obtain addi-
tional information about the progress of a contest between Green and White.
Umpires can play the role of a hostile force if a one-sided rather than a two-sided
contest is conducted in the command centers. Exercises can be conducted in real
time, or time can be speeded up by factors of two or four.

Several types of games are played with NEWS, according to McHugh (1961),
whose account is the principal source for this admittedly sketchy description of
this simulation facility. That account does not specify actual frequency of exer-
cises or facility availability. One type of game consists of relatively simple situa-
tions prepared by a War College group to demonstrate NEWS to small groups of
officers and thereby let them gain decision-making experience. In the second,
more usual type, the students at the War College themselves prepare elaborate,
opposing plans and become the players after extensive co-ordination. A third
type consists of games played by fleet personnel to test or rehearse their plans.
Regardless of type, the exercises conducted with NEWS fall into the category of
war games described in Chapter 23.
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Research in Air Defense for the Air Force

In the early 1950’s numerous schemes were proposed for improving the
capability of the United States to defend itself against air attack by hostile
bombers. Most of the proposals which were investigated aimed to introduce
various degrees of automation into the current air defense system. This system
consisted of a large number of radars, control sites associated with the radars,
and interceptor bases throughout the nation, especially near its periphery. It was
termed a “manual” system because human operators translated displayed radar
signals into surveillance information, manually marking their tracks on display
surfaces, and controlled the pilots of interceptor aircraft with voice commands
over a radio link, making the required calculations for these commands in their
heads. An Air Force center for conducting air defense and a Navy combat
information center (CIC) for anti-air warfare (Chapters 3, 4, and 5) had many
functional similarities.

Surveillance operators at plan position indicator (PPI) consoles detected
radar signals on their cathode ray tube (CRT) scopes and tracked the progress of
the aircraft from which the signals came by making marks on the scope face with
a china-marking (grease) pencil. They communicated the positions, directions,
and speeds of these tracks to plotters at a large vertical display of the geo-
graphical area surrounding the radar site. These plotters produced “‘the big pic-
ture,” derived from a number of surveillance operators. Other plotters main-
tained status displays showing what interceptor aircraft were available and
where. By examining the geographical display and the status boards, the officer
in .charge of the air defense team could make assignments of interceptors against
those tracks which could not be identified as friendly. He would scramble an
interceptor from its base and tell one of his intercept controllers, sitting at PPIs
near him, to guide the interceptor pilot to a position where he could destroy the
intruder.

A few projects were directed toward improving these manual procedures
without introducing automatic aids or substitutions. For example, Bell Tele-
phone Laboratories conducted analytical and observational studies for the Air
Force, and the Air Force Personnel and Training Research Center made one
venture toward experimentation (McKelvey and Cohen 1954). But relatively
little was done in a systematic manner to increase the capacity of this manual
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system to conduct air defense, through training (or selection) of personnel, until
the System Training Program emanated from the RAND Systems Research Lab-
oratory (Chapters 8 and 11). Instead, proposals were based on the supposition
that new equipment would do the job faster and with less error. Since data had
not been assembled to indicate how well human operators accomplished or
could accomplish various air defense tasks manually, this rationale had consider-
able appeal even to those whose livelihoods did not depend on developing new
products. It was assumed at the time that very large numbers of Soviet bombers
might attack the United States and that very large numbers of defending aircraft
would become available for defense. The information load would increase and
become more complex. The speeds of both the bombers and interceptors were
expected to grow as a result of jet propulsion, so there would be less time
available for tracking and interception. Perhaps even more important, the inter-
ceptor aircraft would traverse the coverage of more than one radar during a
mission, so there might be a problem of “netting’ the control sites, that is,
interchanging information between them.

For the surveillance function it was variously proposed to track targets auto-
matically or give the operator some machine assistance, and even to make auto-
matic detectjons. For the intercept control function there were proposals to
calculate vectors (paths to fly) for the interceptor automatically, send them
directly from the machine to the aircraft as electronic signals, and even control
the aircraft or missile with these signals—without pilot intervention. And there
were also proposals to replace the manual plotting on the geographical and status
displays with various kinds of ‘“‘hardware.”

As occurred also in the Navy (Chapter 5), some of these proposed innova-
tions became the objects of man-machine system experiments for purposes of
evaluation or design. One of these programs is described at some length in
Chapter 7. Some experimentation of this nature was eventually applied to the
innovation which came to dominate continental air defense, the SAGE system,
described in Chapter 11 (see also Green 1963 and Sackman 1967). It was also
brought to bear on new air defense equipment which was proposed for the air
defense of tactical air locations in overseas environments. Some of the research
not covered in other chapters is reviewed here rather briefly.

LINCOLN LABORATORY

The Lincoln Laboratory of the Massachusetts Institute of Technology had a
major role in research and development in air defense. Although its principal
contribution was the SAGE system, in its early days (1951-53) a group of
experimental psychologists investigated methods of improving the manual sys-
tem. For example, they examined some new methods of generating the geo-
graphical display. These consisted of photographing a PPI display on which all
tracks were grease-penciled, rapidly developing the photograph, and projecting it
on a vertical surface displacing the old manually plotted map. It was conjectured
that this technique would be more accurate and faster because it would elimi-
nate the steps of telephone relay and replotting. This approach was the same as
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that investigated at the Naval Research Laboratory—reviewed in Chapter 5. The
Lincoln Laboratory experimenters evaluated the Land Polaroid and Kenyon
devices which figured in the NRL studies. Apparently no reports of these experi-
mental evaluations were issued for distribution outside the Lincoln Laboratory.

One way of obtaining a photograph of all manually established tracks for
such projection devices was to locate all the surveillance operators at a single
large display—an expanded PPI—which then was the source for the photography.
But how should the tasks be distributed among the operators? Should some have
the responsibility of detection, others that of tracking? Or should each operator
be required both to detect and to track some of the targets? The first arrange-
ment is called “‘series,” the second ‘‘parallel’’; these became variables in a multi-
operator system experiment. In addition there were alternative methods of
dividing up the territory and the targets. According to Green (1963), one of the
experimenters, the results “suggested that a parallel system was better when the
operators were sufficiently intelligent to take advantage of its flexibility. The
study also suggested that face-to-face communication was important for the
successful operation of a parallel system.”

A motion picture was made of operator performance in this ‘“Pi-Sigma”
experiment, as it was called, but analysis of the data was never completed and no
report was published. According to some of the participants, the performance of
the surveillance operators in this new manual configuration was surprisingly
effective, surprising at least to influential system designers at Lincoln Laboratory
who were proposing a virtually automatic system (the earliest version of SAGE)
which would remedy the supposed defects of the manual one. Apparently little
or no pressure was applied to the Pi-Sigma experimenters to document their
findings.

Early SAGE Studies

Lincoln Laboratory established a preliminary version of parts of SAGE
(semiautomatic ground environment) in what was called the “Cape Cod Sys-
tem,” which was evaluated in 1953-55 (Jacobs 1965). Some of the radars were
situated at South Truro on Cape Cod, linked to a remarkable early digital com-
puter, called “Whirlwind,” at the Digital Computer Laboratory of the Massachu-
setts Institute of Technology in Cambridge, Massachusetts. It was the possibility
that Whirlwind might be exploited for air defense that led its creators to propose
SAGE (Martin 1959). Although some human operators were involved in the
Cape Cod System, its principal objectives were to prove out automatic digital
processing of radar video signals, digital communication techniques, automatic
tracking using digital data, vectoring equations for manned interceptors, and
display techniques (Jacobs 1965).

No attempt was made, then or later, to make an experimental comparison
between the manned operation of SAGE and that of the manual system which it
was destined to supplant (Jacobs 1965). It is also interesting that SAGE was
designed and installed not with a parallel arrangement for surveillance operators,
but rather a series arrangement where detection and tracking were handled by
different sets of people. It was not until SAGE had been in operation for many
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years that the design was changed to the parallel scheme that the Pi-Sigma
investigators had found could be superior for the manual system.

According to Jacobs (1965), two important test techniques were innovated
in the Cape Cod System. One was to use the digital computer itself to simulate
the air situation as a supplement to inputs from actual aircraft. The other was to
use the computer to record system performance during tests and later to reduce
the performance data off-line. The limitations and advantages of the first tech-
nique are discussed in Chapter 11.

Subsequently, an “Experimental SAGE Sector” was evaluated in 1957-60.
It had a ““partial prototype” direction center at the Lincoln Laboratory in Lex-
ington, Massachusetts, connected to radars at South Truro; Bath, Maine; and
Montauk Point, New York (Jacobs 1965). The goal was to optimize various
subsystem functions, including tracking in the face of electronic counter-
measures. A number of manned-system tests were conducted in this Experimen-
tal SAGE Sector. In addition, a System Development Corporation staff, headed
by B. R. Wolin, conducted a number of human engineering studies (System
Development Corporation 1959).

WILLOW RUN RESEARCH CENTER

SAGE was not the only proposed innovation for automating air defense on a
grand scale. It had a rival, Air Defense Integrated System (ADIS), under develop-
ment at the same time by the University of Michigan at its Willow Run Research
Center, with funding from the Air Force’s Rome Air Development Center. ADIS
differed from SAGE principally in the degree of centralization of functions and
in the use of analog techniques for tracking. It proposed to use the AN/GPA-23
analog tracking equipment developed at the Electronics Research Laboratories
(Chapter 7) for surveillance at the radar sites, whereas in SAGE the analog radar
signals would be converted to digital at each radar and then sent to a central
digital computer to be processed for detection and tracking. In other words, in
SAGE a number of different radar sites would feed data to a common computer
at a direction center where interceptor control would also be conducted (by
joint man-computer operations), and a number of direction centers would be
netted to a combat center. In ADIS, on the other hand, there was to be a
direction center at each radar for both surveillance and weapons control. The
direction centers were to be netted to a combat center, where the collective
track information from the direction centers would be received and viewed, and
where the interceptors would be selected, assigned to targets, and allocated to a
direction center for control during their missions; ADIS would also employ
digital computers. In 1954 a decision was made to adopt SAGE and scrap ADIS.
(It is perhaps ironic that a new system, BUIC, which is likely to take the air
defense function over from SAGE during hostilities, follows the ADIS pattern;
surveillance and weapons control are accomplished with computers right at the
radar sites.)

The projected ADIS combat center included a weapon assignment section,
which directed and co-ordinated the activities of weapon assignment sections at
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the subsidiary direction centers. The combat center weapon assignment section
was to consist of ‘“‘a ‘senior controller station’ which makes major decisions
regarding the over-all air situation and delegates responsibility, several ‘assistant
controller stations’ which assume the responsibility for particular raids, a ‘wea-
pon distribution station’ which supervises the maintenance of a weapon balance
and reserve for the entire sector, and an ‘air surveillance station’ which supervises
the summarization and display of the over-all situation, and several ‘liaison sta-
tions’ ’ (Davage, DeVoe, and Pittsley 1954).

A laboratory model of the combat center weapon assignment section was
built and operated for almost a year at the Willow Run Research Center (at
Willow Run Airport, Ypsilanti, Michigan). Two experimental programs were
conducted there. One consisted of a series of tests to evaluate techniques and
determine operational capabilities of the equipment used. The other compared
ADIS operations with those at a neighboring manual combat center. In neither
case, however, was the equipment for ADIS operations considered as a proto-
type of the final ADIS equipment. The Weapon Assignment Laboratory included
two weapon assignment consoles, a digital central storage and associated access
equipment, detailed status displays and a summary display, a tape reader, a kill
target keyset (for feedback of interception information), manual status input
equipment, automatic teletype inputs, and a simplified order storage and combat
reporting system; these occupied three separate areas.

First ADIS Program

The first program looked particularly at the assistant controller. This opera-
tor received instructions from the senior controller, determined the most effec-
tive way to deploy the available weapons, formulated weapon assignment orders
against the targets for which he was responsible, transmitted these orders to the
proper direction center to initiate interceptions, monitored his assignments for
success or failure, and issued new or revised orders as necessary. Five civilian
technicians from the center served as subjects in a study of this station. After
eight weeks of training (including practice) of two hours per day, there was a
single experimental 30-minute run for each subject, divided into 18-minute and
12-minute sections. Inputs were simulated and consisted of sixty-two targets,
forty-five of them labeled “hostile.” The controller had to order weapons against
ten of these in the first part and three in the second part of the run. By the
beginning of the second part ‘“‘the weapon supply was nearly depleted and
enemy bombers were nearing the target cities. Hence, decisions for selecting
weapons and planning interceptions were more difficult during the second sec-
tion” (Davage, DeVoe, and Pittsley 1954).

Target data on paper tapes read by a tape reader were transferred to central
digital storage and thence to the displays viewed by the controller. The tapes
were generated with the MIDAC (University of Michigan Digital Automatic
Computer). Three MIDAC input tapes were used for generation: one for con-
trol; a second containing the co-ordinates for the beginning and end points of
each track leg in the basic air situation; and the third for each target, with its
time of entry, velocity, initial rough height, raid size, identification, reporting
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direction center, and track number, as well as the legs along which it could travel
and the changes in some of the parameters and the times these should occur.
Most of the “hostile” attackers were approaching the Detroit and Pittsburgh
industrial areas from the north, with numerous “doglegs’ (course changes).

The experimenters measured the time needed to receive instructions, obtain
information on an enemy target, formulate and transmit a weapon order, moni-
tor, and make reassignments. From these measurements they concluded that a
single controller could process approximately forty-six hostiles per hour for
weapon assignment, or thirty-three when monitoring was added. On this basis it
was estimated how many of these controllers and their supporting equipment
would be needed in the system for larger totals of raids. These were regarded as
minimum figures which could be increased if certain equipment improvements
were undertaken. Thus, the experiment provided a basis for calculating hardware
and operator requirements during this early stage of system design. (Since the
system was canceled, it was never possible to test these results for validity; in
the case of the competing system which was built, there were no comparable
experiments with whose results operational experience could be compared.)

Error information was also reported. Errors were attributed to confusion in
operating the console keyset to obtain data for display; failure to register the
console number for the correct target (as when target tracks merged on the
display); failure to check for changes in raid size and height; and failure to use
the correct order number. There were also a few cases of selecting weapons
which lacked immediate combat potential and of vectoring weapons inaccu-
rately.

A number of design recommendations came from these results, both from
observations during the runs and from ensuing analyses. It was proposed that 87
(60%) of the 154 buttons in the laboratory model of the controller’s console
keyboard be eliminated and the controller’s order keyset be integrated with the
console keyset, so it would no longer be necessary to copy target data from the
console keyset to the order keyset. The experimenters commented: “Of the
eleven information categories provided on the keyset, only six are required on
the integrated console keyboard. Three of the five categories being eliminated,
viz., target track number, order number, and console number, duplicate quanti-
ties already provided. Target altitude and identity are available at the direction
center; hence, they need not be transmitted” (Davage, DeVoe, and Pittsley
1954).

“The controller’s failure to select weapons having an immediate combat
potential,” they added, “can be attributed primarily to poor legibility and the
vast quantity of information on the detailed status display even after preliminary
modifications had been made. Much of the information on this display is never
used by the controllers, and therefore serves only to confuse them. Performance
would be improved by removing all information not necessary in formulating
orders from the detailed status display and providing this information only to
those stations requiring it, by using larger indicators, and by allowing more
spacing between number indicators.” In addition, some changes were proposed
for indicators and switches, and a buzzer was recommended to accompany the
telephone call light.
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Additional Studies

In the same laboratory a number of component tests followed the controller
experiment, or preceded it to establish equipment parameters for that experi-
ment. Their role in the research program was to complement or supplement the
experiment, so these studies will be mentioned briefly. In one a light pencil was
compared with a cursor-knob device (“co-ordinate generator‘‘) for interrogating
targets on the console CRT. Spatial separation among targets and the number of
targets surrounding the one to be interrogated constituted independent variables.
The cursor-knob device took less time, except in very fine positioning move-
ments where the ratio of cursor movement to knob movement made such posi-
tioning difficult. Another study compared computer-generated vector lines with
target trails on long-persistence phosphors to indicate target velocities. A third
evaluated two types of number indicators on the console. In a fourth the sub-
jects had to count fading target tabs on a CRT to establish the interaction effects
of ambient illumination and persistence. A fifth examined discriminability
among the available symbols or tabs which could code targets on the display; the
eight best were selected through a confusion matrix. (Some of these, inciden-
tally, do not appear in the published literature on coding.)

Still another study was an investigation of several versions of the status
display. This display contained 550 Teleregister indicators, which were electro-
mechanically activated. This was one of the devices which was being proposed to
introduce more automation into air defense, and it was supposed to displace the
grease pencil inscription of data on a lucite board. Apparently operators could
extract information (either single entry or double entry) faster and more accu-
rately from a status display with less information on it than they could from one
with the entire range of information; and performance was somewhat improved
when the latter display was divided into two parts by means of painted stripes.

The purpose of the last study to be described here was stated by the re-
searchers as follows:

It is desirable that controllers know the approximate interception point for any
target while they are formulating the weapon orders for that interception. Ac-
curate estimations of interception points aid the controller in carrying out SOP’s
such as using straight line, minimum distance interception paths and avoiding
sending manned interceptors through restricted areas. At one time it was sug-
gested that an interception-point computer be added to the system to aid the
controllers. However, such a computer would be superfluous if the controllers
could estimate interception points with sufficient accuracy.

It should be understood that the controllers at the combat center did not have
to guide (vector) an interceptor to a contact with the target; this was done at the
direction centers. So their estimates could be very approximate. Five subjects
made estimates of vectors from four weapon bases to intercept twenty-seven
simulated bombers with given speeds and courses. The average error was 17.1
miles, which did not seem to warrant automation.

One of the characteristics of all of this research was to try to get as much
information as possible without excessive cost and effort. The studies were
relatively simple and did not incorporate significance statistics; nevertheless,
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quantitative data were obtained by means of simulation inputs to replace sheer
opinion as the basis of judgment. Some data on system performance at opera-
tional air defense sites were also acquired by the human factors personnel during
exercises with actual aircraft, as in a heightfinding study by Bailey (1951).

Second ADIS Program

The degree to which manual performance might be exploited without new
automation has always intrigued a number of system researchers, including R. P.
DeVoe and others at Willow Run. This interest characterized the program men-
tioned earlier as the second major effort of this Weapon Assignment Laboratory,
undertaken by DeVoe and military personnel at the 30th Air Defense Division.
The manual combat center was situated only a quarter mile or so from the
laboratory. It was possible to enter the same simulation inputs into the ADIS
experimental center and the manual center at the same time. Military personnel
operated the manual center, well-practiced civilians its automated counterpart.
From 200 to 300 tracks were displayed during a run in each system, and com-
parable measures of performance were obtained. In view of the somewhat infor-
mal manner in which this study was conducted and the differences between
subjects, it may have been difficult to justify any rigorous conclusions. Neverthe-
less, the very small margin of superiority shown by the ADIS operations sup-
ported some of the recommendations of the experimenters, such as relying on a
manual operation for standby instead of a second computer. In this connection,
the question of back-up capabilities has been a persistent one in air defense; it
might have warranted more frequent assessment of relative capabilities, where a
decision to automate the primary system had already been made.

OPERATIONAL APPLICATIONS LABORATORY, AFCRC

The first version of a semiautomatic system, designed not only for air de-
fense but also for interdiction and return-to-base control in a tactical environ-
ment, was delivered to Air Force Cambridge Research Center in 1955-56.
Thereafter, it underwent an extensive series of experimentally oriented tests
conducted by AFCRC’s Operational Applications Laboratory. Eventually this
version, the TSQ-13(XD-1), was replaced by a second-generation system built
by a different contractor; it was turned into a research tool for system experi-
ments in 1960-61 by the same Operational Applications Laboratory (by then
part of the Electronic Systems Division). This research is discussed in Chapter
16. What follows will simply outline events and omit any results, since the
reports of the earlier research with this system have not yet been declassified
(Connolly 1958, 1959; W. R. Fox 1960; Sharkey et al. 1958; Sulzer 1959;
Sulzer and Cameron 1959). Unclassified descriptions of portions of the TSQ-13
are contained in Chapter 16.

The system was installed at Shaw Air Force Base and Myrtle Beach, South
Carolina, in 1956, and two test program phases were completed, the first dealing
with the tracking and reporting capabilities of the system, the second with GCI
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or ground control of interceptors and RTB or return-to-base (control of the
interceptor aircraft back to their airfields after a mission). Then, early in 1957,
the system was brought back to Hanscom Field, in Bedford, Massachusetts, and
installed at the Katahdin Hill site for two more phases, one re-examining return-
to-base and the interdiction-control function (control of tactical aircraft in mis-
sions against ground targets), the other the cross-telling (transfer) of track in-
formation from one system site to another. In the first three phases the inputs to
the system came from real aircraft which flew many hundreds of sorties in
accord with scripted plans. In the last phase the aircraft were both real and
simulated (by means of 15-J-Ic target generators).

A Comparison Field Experiment

Possibly the most interesting (for this book) and experimentally oriented
aspect of the entire program was a concurrent examination, in the first phase, of
the operation of the TSQ-13 and the manual tactical air control system which it
was designed to supplant. The subjects in each case were military personnel of
the Tactical Air Command, those in the manual system simply operating their
regular equipment according to normal procedures, those in the TSQ-13 oper-
ating the experimental system after being trained by laboratory personnel. The
same radar inputs from the same actual jet aircraft were provided to the two
systems, along with the same auxiliary information, always at the same time.
Photographs were taken at a PPI of the common radar inputs, to determine the
paths the aircraft had actually taken; in tests with aircraft it is most unlikely that
they will fly precisely as planned. The output of each system, that is, the
processed tracks, then could be compared with these definitely established in-
puts. There were nineteen missions—loads increasing roughly with missions.
Quantitative comparisons between the two systems and between load levels were
tested for statistical significance. Data processing was examined for both speed
and accuracy. In subsequent phases of the program, load levels were again varied
but there was no comparison between systems, since only the TSQ-13 was
operated, and there was no attempt to derive statistical significance.

Subsequently, two more relatively small experiments at Katahdin Hill ex-
amined the interdiction capabilities of the TSQ-13 with simulation inputs; and a
third experiment, again with simulation, provided comparative data as to how
well interdiction could be accomplished manually. As the program at Katahdin
Hill was ending, the experimenters turned to component studies of system
equipment—for example, an investigation of whether it would be advantageous
to indicate that a displayed target was a new one by causing its signal on a CRT
to blink. At this point the program was already beginning to phase into the
system-independent research described in Chapter 16.

The same research group, headed by V. J. Sharkey, carried out investigations
of other proposed semiautomatic systems at Hanscom Field, including a military
air traffic control system called VOLSCAN and a tactical system called BADGE
(base area defense ground environment). However, no reports of this work seem
to have been distributed outside the experimenters’ organization.
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Electronics Research Laboratories

The earliest computer-type venture in automation for air defense was a set of
equipment called the AN/GPA-23, developed for the Air Force by the Elec-
tronics Research Laboratories of Columbia University. In a experimental investi-
gation of this equipment in ERL’s Engineering Psychology Laboratory in
1952-54, Air Force controllers conducted more than two thousand intercep-
tions and in addition tracked more than seven hundred targets in three programs
which laid the basis for the manufacture and installation of AN/GPA-23s
throughout the United States.

The first program examined a developmental model in the laboratory with
simulation, the second subjected this model to a field test with actual aircraft,
the third centered around a production prototype back in the laboratory. The
first program not only compared the new system with the manual one which it
eventually supplanted but also yielded design guidance for the subsequent
model; the second checked the results of the first in a more realistic environ-
ment; and the third verified the new design and originated methods for training
Air Force personnel in operating the system.

The AN/GPA-23, which was installed and operated in air defense centers for
a few years before SAGE replaced the “improved manual system” it helped
consitute, in itself was not a comprehensive system like SAGE. It was aimed
entirely at improving the function of interception. As noted in Chapter 6, in the
manual system an air defense controller, following the detection and tracking of
an unknown or hostile aircraft, would guide an interceptor aircraft to identify or
repel the intruder. For this purpose he observed both the intruder’s and intercep-
tor’s radar signals on his plan position indicator display, marking with a grease
pencil their successive appearances on the scope face, and calculated in his head
the guidance (vectoring) instructions which he gave by radio to the interceptor
pilot. The AN/GPA-23, an analog computing system, was supposed to help him
in these tasks by replacing the grease pencil marks with visible electronic tags
and computing the vectoring instructions electronically on the basis of tag track
data for both intruder and interceptor.

Guiding an interceptor to repel a bomber could be a very complex process. In
addition to tracking each aircraft and calculating the compass headings the inter-
ceptor should fly, a controller had to make sure those headings would place the
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interceptor in such a position relative to its target that the pilot could use the
interceptor’s own radar for the last stage of the interception; the pilot could
then himself see the target’s radar signals and use them to operate his aircraft
and its fire-control system so the interceptor would fly along the proper path
until it fired a rocket. In other words, the ground controller did not try to
complete the intercept himself. The controller’s task would end when the inter-
ceptor still had about 10 miles to go on a closing heading which would bring it
virtually to a collision with the intruder at an angle of about 90 degrees; this was
the handover point for a beam intercept. Of even greater moment, a controller
might have to guide a number of interceptors against a number of intruders at
the same time.

Since it was expected that large numbers of defending interceptors would
have to be ground controlled against large numbers of attacking bombers in any
air attack on the United States, the Air Force felt it was essential to provide
sufficient interception control capacity. The AN/GPA-23 was intended to en-
large that capacity per controller, that is, to increase the number of interceptions
a controller could handle during the same time period. To be sure, there was no
firm information about individual controller capacity in current manual opera-
tions, but it was assumed to be inadequate. The designers of the AN/GPA-23
believed that vectoring calculations were difficult for human beings to make and
that tracking was the kind of task where the machine should aid the man. On the
other hand, the task of guiding the interceptor to turn and acquire its closing
heading and handover position was too complicated for a relatively simple com-
puter, so it was left largely to the human operator, helped by a manipulable tag
offset from the tag indicating the target. These basic design decisions had been
made before the engineering psychologists arrived on the scene.

FIRST PROGRAM: DEVELOPMENTAL MODEL IN THE LABORATORY

The first program consisted of two major experiments and six exploratory
ones. The AN/GPA-23 equipment and a standard manual system console occu-
pied neighboring but separate areas. The systems were generally operated at the
same time. A bank of 15-J-Ic electromechanical target generators (see Chapters
4 and 5) could produce synthetic radar signals of moving aircraft on the operator
scopes at both locations. Availability of spare units and constant engineering
attention kept this equipment functional. The capability of introducing the same
targets concurrently into the two systems made it easier to compare them. A
specially built intercommunication system enabled each controller to talk with
the simulator operator (“pseudo-pilot”) maneuvering his simulated interceptors.
Other laboratory facilities included altimeter simulators, data link simulators, a
timing system with incremental light clocks, and various voice, photographic,
and operations recorders.

Three Air Force captains and two first lieutenants served as subjects. All had
had operational experience as controllers. Since the criteria for their assignment
to the laboratory by the Air Defense Command were undetermined, their former
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commanding officers were asked to rank them within the current population for
technical proficiency in controlling interceptions. Four were ranked in the 70th
and 80th percentiles and one in the 10th.

Tracking Experiment

The first experiment investigated the capabilities of the two systems for
tracking. The systems received common inputs. Six simulated targets were
tracked in a trial, a second set of three appearing after the first three had
disappeared (faded). The performance criterion was how accurately each system
predicted where the target would reappear after five minutes of fade. Such
projections not only indicated how good a track was created before the target
faded but also could be regarded as dead-reckoning made necessary by noise,
including electronic countermeasures (methods by which attacking aircraft
sought to conceal their radar echoes). In the manual system the controller sim-
ply advanced his grease pencil track for five minutes, while the AN/GPA-23
advanced its tracking tag (a small circle) automatically. This tag was initially
placed over the target signal manually by the controller; a number of such
manual positionings, if done precisely, gave the tag the same course and speed as
the target’s.

The experiment incorporated five independent variables for each of two
tasks (establishing a track’s course and establishing its speed): the two systems,
five subjects, two run-throughs for each subject, the two sets of three targets
each, and five durations for generating a track before the signal faded
(1, 2, 3, 4, and 5 minutes). As shown in Figure 2, tracks could have three origins,
twelve angular directions (courses), and six speeds. This diversity was intended
to give subjects comparable inputs without effects from memorizing them. The
experimental design was factorial, with 400 cells and three data in each cell.
Trials were sequenced in an ABBA pattern for the two-valued variables. The
subjects performed in each system, some starting with one for a particular dura-
tion of track generation, some with the other. Although subjects alternated
between systems, their concurrent operation made equivalence of input more
probable and shortened the total running time.

Briefly, the results (tested by analyses of variance) showed the AN/GPA-23
outperforming the manual system, the latter having twice as much error and
three times as much variance. The latter measure is an interesting point of
comparison; it indicates the relative incidence of large errors. What had more
general implications was the finding that the best subject in the manual system
performed no better on the semiautomatic system. Observation and subject
protocols showed that this superior performer in the manual system adopted a
procedure for judging speed and estimating future track position along the track
course that the other subjects did not employ. Presumably he was the only one
who used optimal methods for the current system. This finding raises an impor-
tant question. If current operations are to be experimentally compared with a
possible replacement system to determine whether the latter should take the
field, should not the former first be optimized? It was also found that the
difference between the best and poorest performers on the manual system was
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Fig. 2. The Stimulus Input for the Tracking Study (Parsons 1954a). (The shorter arrows
show the courses and speeds of pips in Pattern I; the longer arrows show those in Pattern II.
The solid arrows show the tracks in the first block of three within a trial, while the dashed
arrows show the tracks in the second block.)

greater than the difference between systems, whether the system measures were
the subject means or any one individual’s scores. The experimenter noted in his
report (Parsons 1954a) that the relationship between operator selection and
system design is frequently disregarded in system studies. He observed further
that the range among individual performances in the manual system showed
there should be as representative a sample of subjects as possible in a study of
this kind; it was obvious that the results from a single subject could have been
completely misleading.

Interception Experiment

The second major experiment, also conducted by Parsons (19544), concen-
trated on interceptions. The developmental model of the AN/GPA-23 had a
maximum capacity of three interceptions overlapping in time. All trials were
conducted at this capacity for both systems. Further, to increase load the opera-
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tors in each had an additional task: to turn off intercom call lights which
appeared every 20 seconds. The two systems were operated concurrently with
common target inputs, as in the prior experiment, but now each system also had
its own set of 15-J-lc simulation units as simulated interceptors. The Air Force
officers functioned both as subjects and simulator operators, that is, as con-
trollers and pseudopilots, alternating between roles.

There were seven independent variables: the two systems; two run-throughs
of 240 interceptions each; five subjects; two distances (100 and 200 miles)
between attacker and interceptor at the start of an intercept mission; two air-
craft speeds; two time intervals between the starts of successive interceptions;
and two patterns (crossing and reciprocal) relating the target’s course to the
bearing of the target initially from the interceptor base. After the second run-
through, 112 more interceptions were conducted in two supplemental studies to
examine performance with a single interception and with a particular method for
guiding the interceptor in its turn to closing. As in the tracking study, the
experimental design was factorial; however, there was some confounding of time
intervals with runs and distances, and the two speeds could be compared in
conjunction with only one of the distances. In the input there were four possible
bomber origins for each of two interceptor bases. Input patterns for one of these
bases are shown in Figure 3. To control for practice, ABBA sequencing charac-
terized systems and distances. Subjects shifted between systems after every set
of eight trials. A subject was almost always paired with the same interceptor
simulator unit and the same simulator operator, with the result that the idio-
syncrasies of any unit or operator were distributed equally among all variables
except subjects.

There are two reasons for outlining the experimental design in this detail.
First, it should be evident that a rather complex set of variables can be intro-
duced as a matter of course into such an experiment without surrendering much
orthogonality. Thereby a single investigation can generate a great deal of infor-
mation. Second, four of the variables can be regarded as contributing to a
general concept of input load, namely, time density, a term introduced in Chap-
ter 4. The rate of new events with which a subject would have to cope was
influenced by the distances between bomber and interceptor at the start, by
their speeds, by the intervals between successive starts (scrambles), and by the
patterns of a bomber’s course relative to its direction from the interceptor base.
In addition, the supplemental study of a single interception instead of three at a
time afforded another time density comparison.

These variations in the time density of inputs requiring controller perform-
ance represented, by and large, the variations in actual operations. It was felt
that the AN/GPA-23 and its effectiveness in relation to the manual system
should be examined over such a range, rather than over a very limited set of
conditions. Such a point of view is not always adopted in evaluations of new
equipment. Instead, engineers are apt to ask, “Will it work?”’—whatever that may
mean. They may also ask, “Will it work better than the other system?’” But these
can be meaningless questions if the whole purpose of the new system is to cope
more effectively with increasing loads on the military organization using it. One
must then vary the load.
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Fig. 3. Target Input Patterns with the Interceptor Base in the Southwest (Parsons
1954aq).

By no means were all the pertinent input conditions covered in this experi-
ment and its two supplements. Accordingly, a number of exploratory studies
followed. One investigated what happened when the bomber changed its course,
another the effects of requiring the interceptor to climb a considerable amount
in a short distance, a third the probability of interception after loss of communi-
cation with the ground, and a fourth the effectiveness of communication by data
link rather than voice radio. Data link was a new electronic communication
technique for sending coded messages to aircraft.

The principal measures of effectiveness were the miss distance between the
interceptor and its target as their paths crossed, and the divergence from 90
degrees in the angle between their paths (closing angle). These gave an index of
approximate positioning accuracy at the point of presumed handover to the
pilot and airborne fire-control system 10 miles away from the intersection of
paths. The controllers were instructed to cease giving vectors at this point; they
cheated, especially in the manual system, but not excessively. Other measures
included penetration time, duration of closing phase, time after last vector,
number of command headings, number of range and bearing messages, number



ELECTRONICS RESEARCH LABORATORIES 155

of target course messages, errors and omissions in reponding to the intercom
lights (the added task), and frequencies and duration of use of some of the
AN/GPA-23 controls. About 5% of the data had to be discarded because of
equipment malfunctions. Analyses of variance were conducted on the remainder.

The AN/GPA-23 performed well. It “worked,” and under a wide range of
conditions. So did the manual system. With two exceptions, differences in per-
formance between the two systems were very small and lacked statistical signif-
icance. With the AN/GPA-23 fewer guidance vectors were transmitted to the
interceptor “pilots.” Of more importance, the error in the closing angle was
considerably smaller in the manual system. Some of the other variables produced
major, significant differences. Subjects varied greatly within each system. In-
creases in time density through increases in aircraft speed and reciprocal instead
of crossing patterns degraded performance in each system, more so in the man-
ual but not by much. The supplementary run with single interceptions showed
better performance than that associated with triple interceptions.

Consequences of the First Program

On the basis of preliminary observations that the AN/GPA-23 was an effec-
tive instrument for conducting interceptions, a decision was made to proceed
with its development before the data collected in this experiment were fully
analyzed and reported. The good showing made by the manual system seemed to
exert little influence on the decision-makers, either during the experiment or
later. There were several reasons. One was an assumption that the AN/GPA-23
would principally help controllers whose levels of experience and skill in the
manual system were much lower than those of the subjects in the experiment.
Another was the belief that the production version of the AN/GPA-23 would
include human engineering improvements, making its operation much more effi-
cient; without doubt the arrangement of controls and displays in the develop-
mental model had tended to stack the deck against it.

One of the purposes of these experiments was to generate human engineering
improvements and, more particularly, to establish the most important design
parameter for the final AN/GPA-23 console—the upper limit on its interception
capacity. It was recommended that the production prototype console be built
with a six-interception capability. The experiments had shown that with the
AN/GPA-23 a controller could track six targets at the same time and could
make three interceptions overlapping in time, even while handling successfully
an additional task. An experiment was performed with the manual system by
itself to ascertain whether the controllers could handle six interceptions over-
lapping in time in that system. Some could, but this load required almost contin-
uous voice communication between controller and pilot. It was concluded that
more than six might exceed voice communication limits also for the
AN/GPA-23. The recommendation of a six-interception capacity was adopted
on the presumption that this total would sometimes be needed, although gen-
erally a controller’s capacity would be less.

In the production prototype console a single control stick and a few push-
buttons replaced a large number of tracking controls. Displays were redesigned
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and rearranged for better visual access and discrimination. If the six-interception
capacity had been implemented with the panel arrangements in the development
model, in which each interception had its own set of controls and displays, there
would have been an even greater array of knobs, dials, and switches. The recom-
mended, final design incorporated a single set for all interceptions, successively
allocated among those being conducted.

Another recommendation from the large interception experiment was that
the process of turning the interceptor to its closing heading for handover should
be automated in some fashion. As noted earlier, this had been left largely up to
human judgment, aided by an ‘““off-set tag,” because it would have required more
complex computation than the relatively simple and inexpensive AN/GPA-23
could provide. Ironically, the superiority of the manual system with respect to
the interceptor’s closing angle resulted from its ability to produce better turns to
the closing heading. It appeared that when the controllers had been making
human vectoring judgments throughout the mission, they could make the com-
plex judgment about the turn with greater accuracy than when vectoring up to
that point had been accomplished by the machine. This was not a trivial matter,
since the success of an interception depended on the extent of error in the
closing angle. Although it was never possible to automate fully this aspect of
interception in the AN/GPA-23, some additional aid was provided, as well as
special training and rule-of-thumb procedures.

The results of the tracking experiment supported the original design assump-
tion behind the AN/GPA-23, that the machine could help operators track tar-
gets. But the AN/GPA-23 designers had made a second assumption—that a
human operator could not estimate vectors very accurately to guide interceptors,
especially under heavy loads; hence automation was needed. What had not been
ascertained was whether, with training, unaided operators could achieve accu-
racy in vectoring that was sufficient. It must be remembered that a controller
had to guide the interceptor pilot to a turning point and then to a closing
heading; shortly thereafter the airborne system supplied the precision guidance
in the last phase of the interception. It appeared from the interception experi-
ment that for the degree of precision required from the controller, the unaided
but practiced human did well enough. Results of a brief further study suggested
he could do as well as the machine, even if the number of vectors during the
interception were limited to three in each system.

SECOND PROGRAM: FIELD TEST

This laboratory program, as noted at the beginning of the chapter, was
followed by a field test. This was not the sequence which had been originally
planned. Immediately after the development version of the AN/GPA-23 was
built in 1952, it was moved to a test site at Verona, New York, and for about
two months strenuous attempts were made to conduct interceptions with actual
aircraft. These attempts failed ‘““because of insufficiency of aircraft, incapacities
of ground radars, inefficiency of arrangements and inclemency of weather” (Par-
sons 1954a). Since a field test was still regarded as desirable, the equipment was
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installed in the summer of 1953 at an Air Defense Direction Center of the Air
Defense Command near Saratoga Springs, New York, in the belief that an opera-
tional site would be more likely to yield data, and better data.

During a five-week period 100 attempts were made to carry out beam inter-
ceptions and 67 interception missions were actually conducted and measured;a
substantial majority of these were evaluated as successful (Parsons 1954b). Some
were arranged as single interceptions, some in doubles, and some in triples, that
is, three overlapping in time. As might be expected, the usual vicissitudes of field
testing occurred. Initially it was found almost impossible to detect the assigned
aircraft on any radar scopes, and it was unclear whether the trouble lay in
operational equipment at the site or in equipment in the aircraft. Co-ordination
was difficult because the documentation authorizing the test did not arrive until
after it was completed. But the ADDC personnel as well as three fighter-
interceptor squadrons which supplied aircraft co-operated enthusiastically, and
the weather co-operated about 60% of the time.

The AN/GPA-23 equipment was housed in a van outside the operations
room of the ADDC and cabled to the site’s surveillance radar. Two of the Air
Force officers who had been subjects in the earlier laboratory experiments
served as controllers, alternating in functions.

One manned a standard manual system scope in the ADDC’s operations
room and marshaled the airborne aircraft at designated locations before an inter-
ception trial began, giving voice-radio directions to the pilots. All of the aircraft
were jet interceptors (of several types—F-86A, F-86D, and F-86F), but in any
trial some acted as bombers and some as interceptors. The controller at the
standard scope would start the bombers on scripted courses and at scripted
speeds and altitudes. The other controller manned the AN/GPA-23 equipment
in the van. He would start the interceptors and guide them to repel the bombers
with the AN/GPA-23 equipment. The laboratory ground rules were in effect,
and the van controller would cease vectoring when the interceptors still had ten
miles to go in the closing phase of the interception. When the trial was com-
pleted, the controller in the operations room guided all the aircraft back to their
base or, if enough fuel remained, to orbit locations for another trial.

Data were obtained from all possible sources: estimates of miss distance by
the pilots of both interceptors and bombers; visual estimates on the
AN/GPA-23 and standard scopes by the research personnel and the controllers
themselves; and photographs of a PPI scope in the ADDC taken by ADDC
personnel. The camera on this scope was able to record an entire interception on
a single frame. Voice recordings were made of all ground-air communications.
The research personnel who managed the test made certain that the
AN/GPA-23 controller did not listen in on the directions which the operations
room controller gave to the bomber pilots and did not have advance knowledge
of what courses they would fly. It was not possible to follow an experimental
design similar to that in the laboratory, but a number of different load variables
were introduced so that a considerable range of conditions was sampled. Al-
though it was not feasible to brief most of the aircraft pilots except by radio,
they conformed most of the time to the scripted requirements, which included a
variety of starting points for both bombers and interceptors and a variety of
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courses so that the AN/GPA-23 controller would not repeatedly encounter the
same pattern. The techniques for conducting this program had to be developed
almost in their entirety, because there had been no prior program of such a
nature to use as a model.

Results were remarkably close to those achieved in the laboratory. The
median miss distance was 2.0 miles and the median closing angle error was 19
degrees, compared with 1.5 miles and 15 degrees in the laboratory, so “it was
concluded that field conditions had failed to produce any substantial decrement
of system performance” (Parsons 1954b). New factors which had been absent in
the laboratory included high-speed winds, variability in pilots’ rates of turn, and
low frequency of radar returns. The data were analyzed to describe quantita-
tively the load parameters of time density, appearance of radar signals on the
scope, and pilot response, as well as such component-task results as tracking
accuracy, frequency of computer-output transmissions, and turn-to-closing per-
formance; and attempts were made to pinpoint the principal causes of intercep-
tion failure.

THIRD PROGRAM: PRODUCTION PROTOTYPE
IN THE LABORATORY

Back in the laboratory, the third program in this research was undertaken
with the production prototype of the AN/GPA-23 early in 1954 (Parsons and
Sciorra 1954). Three Air Force captains from the Air Defense Command were
assigned as new subjects. This program, based on simulation inputs, placed as
much emphasis on training as it did on evaluation. It began with a series of
training steps to explore a method of progressively increasing the operating
requirements on the controllers; however, there was no control series to deter-
mine whether this was the optimal method. First, each controller learned com-
ponent tasks: tracking, positioning the offset tag, and timing the turn to the
closing heading. Then the subjects learned to conduct entire interceptions. They
went through fourteen stages. In the first six stages they progressed from one to
six interceptions at a time, in relatively simple situations. Next, they encoun-
tered more complex situations: multiple interceptors directed against one at-
tacker, climb problems, wind effects, target course changes, and target fades.
Each time a new.condition was initiated, the total number of interceptions being
conducted at the same time was at first reduced. All told, each controller con-
ducted more than one hundred interceptions. The last phase of the program was
an investigation of the possible use of the AN/GPA-23 for guiding missiles
rather than manned interceptors against attacking aircraft. Since the report of
the third program is still classified, results of this phase as well as the rest of the
experiment cannot be discussed here. However, it can be stated that these results
were evaluated as justifying the multi-interception capacity which had been
designed into the production prototype as a consequence of the first laboratory
program. In addition, the human engineering features of the console appeared to
have been successful innovations. The subjects were able to shift rapidly from
one interception to another and back again, since all of the displays pertinent to
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any interception were immediately restored as soon as the controller shifted to
that interception with his interception selection switches.

There was only one feature which gave trouble. A stick actuated a multiposi-
tion switch to operate motors which moved tracking tags over the face of the
scope. By moving the stick the controller had to place a tag precisely over a
radar signal (blip) while the blip was stationary between antenna rotations. As
noted earlier, after the controller did this several times, the tag and the blip
would move along together, with the same course and speed. The tag’s course
and speed was transmitted to the vector computer. Not only was it critical to
place the tag precisely over the blip, but the controller could track a number of
blips and thereby conduct multiple interceptions only if he could position the
tag in a very few seconds. Unfortunately, the production prototype was built
with stick-associated motors which moved the tags so fast that tag positioning
was imprecise and very time-consuming. This feature tended to subvert the
principal purpose of the system—to increase a controller’s capacity.

What was needed at this point was a component human engineering experi-
ment to show the extent to which the system was degraded by this single
deficiency in implementation. Instead, it was incorrectly presumed that human
engineering analysis and recommendations of a slower tag movement would
remove this problem in the manufacturer’s production equipment. As it hap-
pened, however, the deficiency was accentuated. Thus, because a critical element
was neglected in the system’s human engineering, the AN/GPA-23 failed to live
up to the promise it showed in the laboratory and field evaluations. In retrospect
it seems it might well have been better to have eliminated this one defect than to
have conducted the considerable experimental research which has been de-
scribed. “For want of a nail, a shoe waslost . ...”

Although this particular problem was not satisfactorily resolved, the Air
Force did make a systematic effort to build some bridges between development,
on the one hand, and production and use, on the other. Through a contract with
the Operational Applications Laboratory of Air Force Cambridge Research Cen-
ter, the Electronics Research Laboratories continued to provide services after the
production protoype was delivered to Rome Air Development Center, which had
funded the development of the AN/GPA-23, including the three research pro-
grams. Among the tasks completed under this new contract were extensive brief-
ings at Air Defense Command headquarters concerning the system; filming of a
motion picture; articles in an ADC periodical; development of rule-of-thumb
procedures for making the turn-to-closing; assistance to Air Proving Ground
Command in preparing a test program; recommendations to the Air Controller
School at Tyndall Air Force Base for a training program; participation in training
courses conducted by the RAND Corporation; analyses of interfaces between
the AN/GPA-23 and data link equipment; analyses of data link communication
requirements and limitations; human engineering recommendations; an opera-
tor’s manual; and consultations with the manufacturer’s engineers.

This later work covered a period of about two years (Parsons 1957). Al-
though as a part-time activity it was not costly, it gave the operational user and
to some extent the manufacturer some understanding of the design objectives
and decisions of the original developer. It also emphasized the need for sys-
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tematic training on new equipment despite the introduction of mechanization.
This emphasis can be and was a partial counterpoise, at least, to the miraculous
capability manufacturers may attribute to automation. It was truly an opera-
tional application supplement. Although such supplements to research and devel-
opment may be infrequent, experience in this project indicated they might well
be undertaken more widely.



8

RAND’s Systems Research Laboratory

Outstanding in the history of man-machine system research was a series of
four experiments at the RAND Corporation’s Systems Research Laboratory
(SRL) in 1952-54. The locale was a former pool hall in Santa Monica, Cali-
fornia, outfitted to simulate Air Force air defense sites. The program was char-
acterized by scientific adventure, incessant effort, and rampant serendipity, not
the least instance of which was the principal outcome: a multimillion dollar
corporation and a vast training program spread around the world.

The four experiments, named “Casey,” “Cowboy,” “Cobra,” and “Cog-
wheel,” consumed 595 hours of session time, occupied 140 subjects, and cost
one million dollars (according to an unofficial estimate). The purpose of the first
experiment was simply to explore organizational behavior in an environment
which simulated one that was pertinent to RAND’s interest. It was not intended
to achieve any particular applicational significance. But a potential application
emerged as a by-product and began to dominate the research. The results of the
first experiment prompted the second, in which military personnel replaced
civilians as subjects. The second experiment induced the Air Force to undertake
an on-site training program in air defense operations. The aims of the third
experiment were to verify the results of the second and to educate new RAND
personnel who would help create the training program. The fourth experiment
sought mainly to orient the military personnel who would participate in the test
of that training program. The series of experiments was not planned as such; one
led to another.

Although these studies constitute one of the best known sets of man-
machine system experiments, and justifiably so, their story has not been told
comprehensively in a single, detailed account. The best source is an overview by
the principal figures, R. L. Chapman, J. L. Kennedy, A. Newell, and W. C. Biel,
published in 1959 in Management Science. This paper was a revision of part of a
1955 symposium described in RAND Papers 657, 658, 659, and 661. A shorter
review appeared as a RAND report and likewise as another symposium presenta-
tion by Chapman and Kennedy (1956). Experimental results together with de-
scriptive material were reported by the Staff Systems Research Laboratory
(1953), Chapman (1956, 1960c¢), and Sweetland and Haythorn (1961). There
have also been several limited descriptions of the experimental setting and opera-
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tions (e.g., Chapman, Biel, Kennedy, and Newell 1952; Chapman and Weiner
1957; Kennedy 1962a; and Porter 1964).

ORIGINS

How did it all start? In 1950 a number of psychologists attended a summer
conference which RAND had called because its engineers and scientists were
uncertain how to assess the contribution of human operators to the effective-
ness—and degradation—of the future systems which they were studying for the
Air Force. One of the attendees, Kennedy, had been heading a program at Tufts
University for collecting human engineering data and had participated in the
Applied Psychology Panel’s development of applied research in World War II (see
Chapter 3). After accepting an invitation to join RAND in 1951, he brought two
other psychologists, Chapman and Biel, to the RAND Corporation. Chapman
had been directing the technical program at Project Cadillac (see Chapter 4) and
thereby had acquired know-how for creating a simulation laboratory and con-
ducting complex experiments. Biel, whose experience during World War II (see
Chapter 3) was likewise pertinent, came from human engineering research in the
Aero-Medical Laboratory at Wright Field. The team was increased to four by the
addition of Newell, a RAND physicist and mathematician who had been working
on Air Force logistics problems.

The somewhat diverse composition of this team was important to its success,
as each member contributed special talents, yet they were united in the spirit of
scientific discovery. Kennedy communicated with RAND management as the
spokesman, but the four members interacted with each other as peers, and plans
and courses of action were usually based on consensus, often following con-
siderable discussion.

Initially it was uncertain precisely what form their research would take. Even
before the team was fully assembled one direction was explored through a
five-man war game (see Chapter 23) called DORIS. But it seemed unlikely that
one could acquire very wide knowledge from such an approach, beyond what
had already been discovered in a rather abstract manner about information
netting in small group research (see Chapter 23). The researchers had a common
interest, the behavior of relatively complex organizations and their components.
They also had an inclination to do experiments. This was not a traditional
interest at RAND, where analysis was the preferred technique. On the other
hand, RAND was interested in man-machine systems, particularly those in air
defense. An air defense system could be regarded as the locus of organizational
behavior which might account for system effectiveness—and degradation. Chap-
man had been doing air defense experiments: Project Cadillac could be con-
strued as such. Chapman wrote a memorandum, Biel visited several operating air
defense direction centers, and the consensus emerged to conduct experiments
using a simulated air defense direction center (ADDC) as the organizational
environment. It seemed amenable to experimentation because it offered objec-
tive measures of performance and controlled situations, and it involved complex
human behavior. The role and functions of an ADDC in air defense will be
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described shortly; they have already been covered to some extent in Chapters 6
and 7.

The team could function in relative autonomy. They were members of the
RAND Social Science Department, which had its headquarters on the East
Coast. Before their project came under any extensive review, or even attracted
much attention, it was well under way. A fast start resulted from hard work and
several bits of good fortune. Kennedy found some available internal funding,
inexpensive laboratory space (the former pool hall) was obtained, and a RAND
engineer, M. O. Kappler, helped design and procure one of the more essential
categories of experimental hardware, the communications equipment. According
to their primary responsibilities Chapman was to put the laboratory together,
Biel to gather support personnel and subjects, and Newell to organize the design
and production of simulation materials, although “in actual practice these roles
were played at various times by various combinations of people” (Porter 1964).
A great deal of effort was expended. Within six months after the completion of
the team the laboratory was in operation with practice sessions for the subjects
of the first experiment.

The initial purpose of the laboratory was to determine what an organization,
in this instance an air defense direction center crew, would do when it had to
process a great deal of information—in this case extensive amounts of air traffic
and hostile aircraft. In all the experiments the basic independent variable con-
sisted of variations in load, with a number of subvariables in this category. The
design of the first experiment organized this variable uncorrelated with time
rather than in a stepwise fashion, as was done in the subsequent experiments.
However, a step-wise manipulation occurred when the preplanned portion of this
first experiment had been completed. Other independent variables were not
systematically incorporated because the experimenters wished to derive concepts
or hypotheses from what happened in the laboratory, rather than test precon-
ceived hypotheses. Their only assumption was that a crew would learn how to
function. They wanted to see how the organization under scrutiny, as a self-
organizing one, would organize itself procedurally—not structurally. As an in-
dication of the generality which the researchers wished to ascribe to their model,
they initially referred to it as the information processing center (IPC).

GENERAL ASPECTS

Aspects of the research common to the experiments will be described before
summaries are given of the individual studies.

The Air Defense Organization

The organization under scrutiny initially consisted of several sections and a
commander, illustrated in Figure 4. Each section fulfilled an air defense func-
tion. One was surveillance: to detect, track, and report airborne objects, plotting
tracks on a large map display which everyone could see. A second was identifica-
tion: to identify such reported objects as friendly, unknown, or hostile. The
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Fig. 4. Simplified Model of an Air Defense Direction Center (Chapman et al. 1959).

third was interception: to scramble and guide interceptor aircraft to intercept,
visually identify, and, if necessary, destroy the unknowns and hostiles. Although
such an organization resembled the combat information center in a Navy ship or
AEW aircraft, described in Chapters 3, 4, and 5, there was more emphasis on the
identification function because Air Force air defense direction centers, distrib-
uted around the continental United States, had to keep track of extensive civil
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and military air traffic. These centers, the operating sites of the air defense
system before SAGE was built and installed, were supplemented by early warn-
ing (EW) stations which, like the ADDC, exercised the surveillance function with
surveillance and heightfinding radar but which did not engage in identification or
interception control. During the first experiment three EW sites initially repre-
sented by the experimental staff were added to the air defense organization
under examination, so it came to consist of four sites and their operating person-
nel. This extension of system or organization boundaries resulted from the inten-
sity and complexity of ADDC-EW interaction demonstrated earlier in the ex-
periment.

Each of the ADDC sections had one or more simulated radar scopes (plan
position indicators) on which they could see simulated radar echoes of airborne
objects—friendly traffic, unknowns, hostiles. The EW stations also had simula-
tion input devices. Simulations of internal and external communications in-
cluded the intercom within the ADDC; telephone lines between it and the EW
stations; telephone lines between the ADDC and an adjacent ADDC, a head-
quarters center (both added in the second study), the civil air traffic agency, and
the interceptor bases; and radio links to the interceptor aircraft. The communi-
cation terminals outside the simulated ADDC and three EW stations were
manned by members of the research support staff, who acted like the people
who manned them in the real world. In this fashion the organization under
scrutiny was ‘““‘embedded” in a large environment, so it would have commerce
not only within itself but also with the outside. The ADDC and EW sites, their
radar coverage, and their relationships to each other and the rest of the world
were actually modeled from operating air defense locations near Seattle, Wash-
ington.

The communication terminals and switchboards in the external world were,
of course, outside the subject area. Also outside were the experimenters acting as
managers and observers and the twenty-odd recorders that taped all the internal
and external voice communications. The experimenters observed and recorded
the actions of the subjects from a dais at the rear of the subject area. They were
separated by a glass partition so the subjects would hear nothing in the ex-
perimenters’ area. The laboratory also had a room where the subjects would
gather after an experimental session for a debriefing. The ADDC surveillance
map was a vertical display which the experimenters as well as the subjects could
see and which could be photographed periodically as a way of recording data.
Visitors, of whom there were many, could observe the subject area from the dais
and listen to communications without disturbing the experiment. This turned
out to be an important feature when high-ranking Air Force personnel wished to
see and hear for themselves what was happening.

The Simulation

The simulated air environment usually presented to the simulated air defense
sites represented a peace-to-war situation. Commercial aircraft which had to be
identified were detected and tracked, and there was considerable background
traffic. “War” took the form of sneak raids or mass raids by enemy bombers.
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Since the prime purpose of the air defense system was to repel any enemy
attack, the commercial and background tracks could be regarded as readily
filterable noise in the system, in which the hostiles were the targets. Unlike some
air defense simulations (e.g., see Chapters 4 and 7), the air was not filled exclu-
sively with hostile bombers and friendly interceptors. From the point of view of
the experimenters their mixed picture was more realistic and could generate
more complex organizational activity, although it omitted the procedure for
grounding civil aircraft at the onset of hostilities.

During each experiment a large number of flight paths and associated radar
echoes of aircraft had to be depicted, traveling at various courses and speeds over
a very large area—approximately 100,000 square miles. To simulate radar echoes
by means of manually controlled electromechanical target generators like the
15-J-Ic (see Chapters 4, 5, 6, and 7) would have required a large array of these
devices and a corps of operators, rendering it more difficult to manipulate load
variables. Furthermore, the devices were noticeably imprecise and prone to mal-
function, thus degrading experimental control over input variables. One of their
major assets was their ability, in representing interceptions, to react to com-
manded courses and speeds contingent on the attack. Since in the RAND pro-
gram interceptor aircraft were not simulated on the radar scopes, the synthetic
inputs could be prepared in advance. The program concentrated on surveillance
and identification.

Radar signals were ingeniously presented as digits on multifold paper which
moved through a specially built device (illustrated in Figure 5) in which back-
lighting exposed the digits against a grid of the area. A new portion of the paper

Fig. 5. The Simulated-Input Presentation Device (Chapman et al. 1959).

was displayed every 30 seconds under a plastic surface representing the external
surface of a radar scope (PPI). The digit 1 represented signals (blips). These
differed considerably from real blips in visual characteristics and frequencies of
appearance, and there were no false signals due to weather or electronic counter-
measures. On the other hand, the blips were reliable by being precisely posi-
tioned where they were supposed to appear.
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The input devices at the EW stations were plotting boards, with the digit 8 as
well as 1 representing radar signals. As just noted, radar tracks of interceptors
did not show up on the scopes as did other tracks. Instead, a controller directed
an interceptor from one checkpoint to another marked on his scope; the simu-
lated pilot, using a similar checkboard, reported the estimated time of arrival at
the next checkpoint to plotters at an interceptor movement board. Interceptor
positions on this board were told to plotters at the common geographical dis-
play. Additional simulation inputs consisted of telephone and teletype messages.
The simulation staff at the various points in the “embedding” environment
worked from scripts.

The method of presenting surveillance tracks by showing a new digit every
30 seconds, while ingenious, occasioned much debate concerning its realism both
before and after it was designed, because the signals, while numerous, precise,
and realistically reflecting the coverage of the radars, did not look like radar
blips, and their presentation rate deviated from the 12-second rate of the actual
radar. Further, since the tracks were prepared in advance, one did not disappear
if the hostile aircraft which it represented was shot down, nor could the hostile
take evasive action if an interceptor approached. On the other hand, the experi-
menters felt that the important thing was to get the track information into the
system so they could examine what then happened to it; the component discrim-
inative behavior of surveillance operators in detecting and tracking was not an
object of study. Content seemed more important than format. Furthermore, in
the trade-off between simulation of heavy loads and simulation of target charac-
teristics, it seemed more advantageous to concentrate on the effects of the
former, especially since considerable research had already been done elsewhere
on perceptual responses to the target characteristics.

These were persuasive arguments, especially in view of the actual goals with
which the experiments were initiated. These did not include the evaluation of air
defense effectiveness. For such an evaluation, it might have been useful to find
out how much of the system’s filtering of track data in fact occurred in plotting
at the surveillance scopes as load increased, as well as later in the processing.
Furthermore, the relative success of such filtering would surely have affected the
subsequent processing of the data. To examine such filtering, greater realism
might well have been required in the simulation.

During an experiment the printed digits representing radar signals of aircraft
appeared at a rate of about three hundred per minute for as many as 180 hours.
The sheets on which they were printed could total more than twenty thousand.
Needless to say, their production benefited greatly from Newell’s partjcipation.
It was a triumph of invention and a major operation which tied up RAND’s
computing facilities for days, even weeks, on end, all seven days per week, with
three shifts per day. (This did bring the experiments to the attention of the rest
of RAND.)

First the inputs had to be designed. (The input contents of each experiment
are described further on.) The technology consisted of creating a “library’ of
about eight hundred flights, and also designing specific massed raids. The start
and end point of each flight or track was hand-punched on IBM cards; then an
IBM 604 computing card punch machine created decks of cards containing the
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blip positions within the tracks according to the radar coverage models estab-
lished in the machine. For example, signals were omitted if the aircraft would be
hidden from the radar by a mountain. The tracks were ordered according to
time, and an IBM 407 printer transferred the card data to the multifold paper as
digits, each in its proper geographical position and ready to appear in the proper
half-minute interval. In the last three experiments the machine also prepared the
“building blocks” by which the simulation inputs were organized. One reason
why production took so long is that a stored-program electronic computer was
unavailable for computation for these experiments. Such a computer was first
employed later in 1954 for producing simulation inputs for the system training
program that emanated from the research; production time dropped enor-
mously.

The Data Collected

As impressive as the large quantities of data created for the simulation inputs
were the vast amounts of data about crew performance collected during the
experiments. Sixty file drawers held twelve thousand hours of recordings and
other material when the experiments were concluded. The principal source of
the data which were eventually reduced and described in reports of experimental
results were the voice communications over the telephone lines connecting the
subjects to each other and to the embedding environment. At first the voice
recordings were transcribed by clerks, then coded and tabulated. However, with
the second study the immense task of transcription was bypassed and the tele-
phone messages were coded and tabulated directly from the recordings; coding
quality was checked by a sampling technique. Another development was to
obtain communication data while the communication was occurring. Starting
with the second experiment, an IBM card was punched every 15 seconds show-
ing which among certain lines were in use at the time. In the third and fourth
experiments the communications behavior of the crew was coded on cards as it
occurred, by means of special keyboards. According to the experimenters (Chap-
man et al. 1959), coding of such data for analysis was four times as fast in the
fourth experiment as in the first, with only three steps instead of twelve. Voice
records were obtained for that experiment but remained unexamined.
“We collected as much data about the crews and their behavior as we could
because we were searching for a framework rather than testing a hypothesis,”
the experimenters commented. “Only part of the data has been successfully
coded or explored at any length although literally hundreds of very pretty
hypotheses have been lost in it. Although much of this data has been used only
- to explain specific incidents, it should prove of more general value once we
know the appropriate questions to ask of it.”

Some of the other kinds of data collected during the first experiment in-
cluded:

An activity analysis of key crew members: a coding of certain gross be-
haviors as observed from the dais every 30 seconds.

Photographs of the common geographical display every 2 minutes, during
some of the sessions.



RAND’S SYSTEMS RESEARCH LABORATORY 169

Written records prepared by the crew during a session: the crew chief’s
record of which positions were filled by which individuals and at which
times as they rotated through positions; and logs maintained by identifica-
tion, controller, and recorder personnel.

Microphone recordings of certain aspects of face-to-face conversations
among crew members.

Pilot and umpire logs, and correlator logs.

Records of the crew’s discussions before and after a session, together with
diagrams showing how they grouped themeselves around the conference
table.

The written reports including over-all performance summaries and critical
track histories, by which the experimenters provided knowledge of results to
the crew.

Administrative logs showing which experimental staff personnel performed
which function.

Records of the experimenters’ own regular one-hour postsession discussions.

Interviews with a number of crew members several months after the experi-
ment.

In the second experiment some of these sources were expanded and new
ones added: logs of embedding organizations; semistructured observations of
crew activities, including some by experimental personnel with backgrounds in
group dynamics and sociological experimentation, replacing the observations
taken every 30 seconds; postexperimental interviews with all crew members; and
examination of the five officers by one of Bales’ standard situations for inter-
action analysis. The observation staff was larger, and in the third experiment
larger still. In the latter the staff watched members of the crew for indications of
involvement, reactions to the experimental conditions, and instances of problem
solving. Data obtained by these incident recorders were later included among
reported results. The camera now took pictures of the displays every minute.
Expressions of attitudes by members of the crew were noted by coding “atti-
tude” cards. Although the experimenters had considered a method of distin-
guishing between positive and negative attitudes and of indicating by whom, to
whom, and about what the attitudes were expressed, only the fact that an
attitude had been expressed was coded during the experiment. After the experi-
ment the crew received a sociometric questionnaire, an attitude questionnaire,
and one concerned with procedures; and several psychodrama sessions were
conducted with some of the subjects.

In addition, the recorded information included the planning, preparation,
and input materials for the experiment: the track presentations on multifold
paper, flight plan scripts, summaries and descriptions of task environment, crew
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handbook, operating instructions, war plan, and lectures and special instructions.
As already noted, most of the data exploited for analysis came from the verbal
reports over the telephone lines, such as reports from scope operators to tellers
at the geographical display, and reports between the EW stations and the ADDC.
The photographs of the geographical display constituted back-up information
which was little used because relatively few questions arose to require its use.

The observations from the dais (or ““top deck,” as it was usually called) were
helpful to the experimenters for debriefing themselves and for arriving at hy-
potheses as to what was changing crew performance during an experiment, and
they were the source of a list of various changes in crew procedures. These were
important, but their reporting as experimental results presented certain problems
in interpretation. Because they concerned detailed air defense operations, con-
siderable familiarity with these operations was needed to understand the pro-
cedural changes; and to generalize from the procedural changes was a challenge.
Further, the changes in procedures had to be regarded as dependent variables
with respect to what preceded them and as independent variables which might
have affected what followed. In neither case could cause-effect relations be
specified with certainty.

Subjects’ debriefing data also proved difficult to handle; they could serve
only for searches as to whether what was discussed in the debriefing contained
solutions which were subsequently implemented. The data from other sources,
such as face-to-face conversations among the crews, were not used. A con-
siderable portion of the principal data was analyzed, and a substantial amount of
further analysis might have been undertaken. However, eventually the RAND
Corporation apparently concluded there would be no analyses beyond what had
been accomplished and reported, and the collection of data was destroyed. The
discrepancy between the amount of data collected and amount analyzed for
results, in this as in some other man-machine system experiments, has led to
critical comment (e.g., Sinaiko 1962). In retrospect, it might be asked whether
analysis should not differ according to the research strategy adopted. It may be
more difficult to specify in advance what data should be gathered and reduced
when the strategy is one of exploration, as in the case of the SRL experiments,
than when particular hypotheses are being verified. On the other hand, it may be
argued that is is still advisable to guard against too great expenditures of time
and effort in data collection, regardless of the strategy, and against too large a
ratio of data gathered to data analyzed.

Another set of data concerned the subjects. A battery of psychological tests
was given to ninety candidates before the first experiment, covering aspects of
intellect and temperament; sixteen test scores were obtained. Before the second
experiment the subjects, this time military personnel, were similarly tested, and
biographical information was acquired concerning military experience, both in
air defense and otherwise, and qualification records.

The Subjects and Their Management

The subjects of the first experiment were twenty-eight college students aver-
aging twenty-three years old. The military subjects in the other three were
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thirty-nine, forty, and thirty-three Air Force officers and airmen supplied by the
Air Defense Command. The students, most of whom had not previously known
each other, heard twelve hours of lectures; later during practice sessions they
were rotated through all positions and competed for the officer and noncom-
missioned officer positions. The experimenters based permanent assignments for
the experimental sessions on test scores and performance. The subjects of the
second experiment were supposed to have had air defense experience. Training
was relatively short, and again the experimenters assigned positions according to
the same criteria except that they took into account military rank. The crews for
the last two experiments included five officers (as before); positions were as-
signed by the senior Air Force officer in the group.

The researchers gave considerable attention to strategies of managing the
subjects so that their motivations and interest would tend to make them perform
in a manner comparable to air defense personnel at an actual operational site
during hostilities or prehostilities, and also to insure that their behavior would
not be influenced by the fact that they were subjects in an experiment. It was
observed in the Staff, Systems Research Laborasory report (1954): “The crew
can easily adopt the attitude of the Hawthorne effect, that this is a ‘special’ job
and that they are a ‘special’ crew. However, in both experiments, evidence was
obtained that the crews did not perceive themselves in this way.”

The researchers were particularly anxious about the ‘“‘Hawthorne effect”
because in the experiments there were no control (contrast) groups for whom
conditions differed from those for the experimental groups. Since the major
finding consisted of unexpectedly good crew performance under heavy loads,
and since this performance was attributed to certain conditions, the possibility
of a Hawthorne effect is still sometimes raised. One view is that a Hawthorne
effect was inevitable.

Chapter 2 has discussed the Hawthorne effect and what its origins may be:
changes as such appear to generate changed performance. To some the phrase
most commonly means improved performance among experimental subjects
attributable not to particular conditions but to the fact that they are experi-
mental subjects receiving special attention from the researchers. The phrase
“special attention,” however, also needs more analysis. Does it mean that sub-
jects know they are being intensively observed and analyzed? Does it mean that
extrinsic reinforcement is provided to the subjects?

The SRL researchers were particularly concerned by the latter question but
also worried about the former. In addition to noting that much the same change
occurred from experiment to experiment—i.e., results were repeatable—the re-
searchers discounted the likelihood of the Hawthorne effect by pointing out the
various management strategies adopted to preclude or minimize it.

One strategy was to reduce interpersonal contact between experimenters and
crew to an absolute minimum and otherwise cause the crew to disregard the
experimenters. This was attempted by (1) making all arrangements through a
crew leader; (2) preventing any unusual experimenter actions that would draw
attention; and (3) obscuring any evidence of connections between experimenter
observations of the crew and other experimenter behaviors. Another strategy
was to get the crews exclusively concerned with the air defense goals they were
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supposed to achieve as system operators and to reinforce only their air defense
behavior, so there would be less chance that they would be motivated to try to
please the experimenters or regard themselves as something special. The strategy
was implemented by emphasizing in various ways (sometimes dramatically) the
importance of the air defense mission; by regularly sending a report to the crew
after each session, describing what had been accomplished; and by abstaining
from telling the crew at the start precisely what procedures to use—instead, it
could adopt its own. The crew always had a debriefing session conducted by the
senior officer after the experimental run; here the crew members could discuss
what happened during the run. The experimenters carefully refrained from tak-
ing part, and they transmitted a feedback report about the run through the crew
leader. This report was rigorously factual. As another aspect of this strategy, a
crew’s living conditions outside the laboratory were arranged to be similar to
those prevailing before they became subjects—in the case of military subjects, for
example, standard discipline, pay, and leave policy.

An additional strategy was to forestall the development of unwanted be-
havior arising from disbelief about the simulated task environment, whether this
was the simulated ADDC and EW equipment, the simulated air picture, or the
simulated personnel and organizations in the embedding environment. One way
of doing this was to explain why, for example, there were constraints on com-
plete realism and some inevitable artificiality. Another was to “maintain the
creditability of the environments” sometimes by prevaricating, as in crediting to
““a high-speed missile” an extremely fast-moving track which really resulted from
a computational error. “By encouraging crews to learn and invent new proced-
ures we further complicated the problem of maintaining realism,” the re-
searchers commented (Chapman et al. 1959). “The simulated environments had
to ‘snap back’ realistically in response to any of their actions. To be able to do
this in a way that maintained experimental control required a modicum of staff
mechanism, judgment and coordination.” Needless to say, because of this re-
quirement and the need to forestall any motivational deviations, the crew mem-
bers had to be kept under close observation every instant they were in the
laboratory.

One of the interesting aspects of these strategies is that they were conceived
and introduced largely in the endeavor to prevent competing motivations from
contaminating the experiment. But it would appear that the experimenters also
wanted to facilitate crew learning. By minimizing extrinsic reinforcement com-
ing from the experimenters and by providing over-all and objectively derived
knowledge of results, they felt that crew motivation would be centered around
intrinsic reinforcement for everyone. Their arrangements also permitted a degree
of subject participation in debriefings which presumably differed from such
debriefings in actual military operations. Subsequently, it was conjectured that
some of these strategies constituted significant methods of improving perform-
ance, and years later such conjectures became articles of faith, with numerous
elaborations. For example, disassociation of the experimenters from the crew
debriefings was elaborated into the concept that the proper way for a crew to
evolve prodecures was to let members hold unconstrained discussions. This gen-
eral topic will be resumed later.



RAND’S SYSTEMS RESEARCH LABORATORY 173

THE EXPERIMENTS

Management techniques as well as strategies were crucial to these large-scale
experiments. Their preparation and conduct required tremendous drive, careful
attention to detail, and long hours on the part of the experimenters. An actual
experimental session was a major managerial undertaking, as Chapman (1955)
has commented:

Getting one of these experiments started, for instance, looks as involved as the
takeoff of a superbomber. Formalization, cross checking, efficiency, and integra-
tion are all illustrated in this process. The extensive pre-run check lists, ringing of
bells and flashing of lights, and down-to-the-second timing are all a part of
getting 9 input mechanisms, 7 timing devices, 16 clocks, 22 recorders, and 65
people off and running at the same time. No mean trick.

At this point the various schedules, contents, and experimental designs of
the four experiments will be reviewed, experiment by experiment, except that
the second and third will be described together because of their similarities.
Results will be treated at the same time. General conclusions and outcomes
emanating from the research will be discussed subsequently.

Casey

The first experiment, initially identified by the general project title “Project
Simulator” and later named ‘‘Casey,” began with practice sessions on February
4, 1952, and concluded June 8. The bulk of the sessions lasted from three to
four hours each during Tuesday and Thursday afternoons and Saturday morn-
ings. They followed the lectures which have already been mentioned. The first
thirty-five sessions gave air defense training and orientation to the college stu-
dent subjects. The crew members rotated through the crew positions and
acquired the necessary component skills, familiarity with the simulated ADDC,
simulated geography, and aircraft characteristics; they then learned to function
as a team. Input load was progressively incremented as the experimenters also
went through a learning process concerning operator capabilities in such a situa-
tion as well as the input production methods. It was the experience during these
practice sessions that led to the incorporation of three EW stations netted with
the ADDC as part of the subject organization. Initially these were manned by
experimental support staff, but “It became painfully clear . .. that the experi-
menters’ role as early-warning stations was untenable. Crew members on the
other end of the telephone line queried the relevance of some of the informa-
tion, wanted it given different priority, and wished to negotiate better proced-
ures. ... To rule out cooperation between the early-warning stations and the
center was arbitrary and artificial. But, by helping to determine what informa-
tion should be forwarded to the center, the experimenters would become, in
effect, part of the organization being studied” (Chapman et al. 1959). The
change made it necessary to build new presentation devices, revise the com-
munication net, and revamp the design and preparation of input information.
This development illustrated the value of preliminary sessions in such experi-
ments, for bounding the system and for defining variables, and the consequences
of such rehearsal.
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Next came sixteen experimental sessions. Load level varied in a balanced
manner; there was no progressive increase. Levels approximated those which the
experimenters had been told represented a difficult task for an average opera-
tional ADDC. There were no massed raids; the threat consisted of sneak attacks
and unknown aircraft. Tracks fell into two categories, penetrating and back-
ground. Between 14 and 28 of the former were in the air at any one time, while
between 4 and 10 aircraft “penetrated” from “dangerous” directions during any
60-minute period. Altogether during the sessions 200 aircraft penetrated the
defended area, of which 70 were unknown in that no flight plans had been filed
for them, and of these 21 were “‘hostile.”

During the sessions all of the 21 sneak attacks were successfully intercepted,
as were all but 3 of the other unknowns. According to the experimenters (Staff,
Systems Research Laboratory 1954), “the crew experienced less and less diffi-
culty as it became more and more familiar with the task. The crew members
grew more sensitive to load conditions; that is, they were able to relax quite
completely under low loads.” In consequence, it was decided to add two sessions
of seven hours each to the experiment; these were run on successive evenings. In
the first, 99 tracks penetrated from dangerous directions, 12 of them unknown
and 3 of these sneak raids. The latter were all intercepted, as were 6 of the
others and 5 more which had been called unknown because of misidentification.
With background traffic considered, there were 20 to 80 aircraft within the
defended area at any one time. In the second additional session, 159 aircraft
penetrated from dangerous directions, 18 being unknown, 4 of these hostile;
total aircraft in the area at one time varied between 20 and 90. Everything went
well for the first five and one-half hours. Both of the hostiles that appeared were
“shot down” and 6 out of 8 other unknowns were intercepted, as well as 6
misidentified as unknown. But in the last 90 minutes there occurred “progressive
deterioration of the organization” to the point of breakdown; for example, 1
hostile bombed Seattle, and the other was identified as “friendly,” while 3
nonhostile unknowns were misidentified and 3 more were never tracked.

The data from the two extra Casey sessions had far-reaching repercussions.
That a crew of civilians could achieve as much success with such heavy input
loads greatly interested a number of Air Force officers who heard of the results.
The experimenters were invited to Air Defense Command headquarters to de-
scribe the study. The net consequence was a decision that RAND would fund
and conduct another experiment, this time with Air Force personnel loaned as
subjects.

Cowboy and Cobra

In this next experiment, code-named “Cowboy,” task load was designed to
increase in a number of steps. “We realized,” the researchers observed (Chapman
et al. 1959), “that task difficulty was not the number of aircraft in the area but
was instead the difference between the number of aircraft and the crew’s load
carrying capacity of the moment: the traffic load that was difficult to handle
today might prove quite easy a week from now.” The problem for the experi-
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menters, of course, was ‘“‘to estimate how fast the crew would learn in order to
increase task difficulty fast enough to continue to challenge it but not so fast
that the task would be too difficult.” The description of the design and inputs
for Casey also applies to the third experiment, “Cobra.”

There were sixteen sessions of about eight hours each. Sessions, which made
up four sets, were held on consecutive nights in Cowboy, but during the day in
Cobra, except that the subjects had a night (or day) off between sets. Preceding
these were six practice sessions of the same duration plus several shorter ones.
Within each session were two three-and-a-half-hour problems, and within each
problem were two periods of 75 minutes each. The periods were the basic
experimental units. Within any problem the period was preceded by a warm-up
phase, in which the air situation was built up to the experimental conditions
desired. The period was followed by a “meshing” phase which accomplished a
transition from one experimental condition to another.

As stated earlier, the independent variable was task load, but this varied in a
number of ways and should be regarded as a group of variables. It was also
possible to consider as independent variables the periods within problems and
successive groups of periods with equivalent loads. The experimental design
aspects of the input content have to be described to convey the complexity they
can assume in this kind of experimentation.

A task load variable designated “‘intensity” consisted of various groups of
tracks of traffic increasing in number as the experiment progressed. Any group
of thirty-six was composed of three types: fourteen background friendly flights;
twelve penetrating tracks, mostly from a dangerous direction and including some
sneak attacks and other unknowns; and ten outgoing tracks toward the same
dangerous direction. A second variable, “distribution,” was the relative propor-
tion of penetrating tracks among the three EW stations; this had two values,
“even,” in which the three stations had to handle only moderately differing
proportions of these tracks, and ‘‘uneven,” in which one station had twice as
much to handle as either of the other two. A third load variable, also with two
levels, was the absence or presence of discrepancies between actual positions of
penetrating flights and the filed flight plan positions; discrepancies could gen-
erate ““‘uncertainty.”

Number and types of definitely hostile aircraft constituted another intensity
variable. The intensity in this fourth variable also increased during the experi-
ment. The types were massed raids of five to twenty bombers each; massed
attacks with diversionary aircraft, ten to twenty-five in number; low altitude
raids averaging two and one-half aircraft each; and submarine-launched missiles.
The two types of massed raids totalled thirty in the first set of sessions, forty-
eight in the second, seventy in the third, and ninety in the last. A fifth variable
was the simultaneous appearance, or nonappearance, of a friendly flight without
a flight plan in the vicinity of an attack; this was called “distraction.” A sixth,
‘“variety,” covered the variation in enemy attack: sneaks, split sneaks, massed
attacks, massed attacks with diversions, low altitude attacks, submarine-launched
attacks, and “‘friendlies” without flight plan. Finally, a seventh, “redundancy of
information,” related to the number of radars with which certain attacks could
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be detected. These last four variables were called “rare event stresses®; the first
three were “continuous pattern stresses.”

The inputs were created by combining elements of several “decks” of tracks,
a deck being a set of IBM cards which contained the information about various
tracks. There were four equivalent 115-minute decks for background traffic;
fourteen equivalent 115-minute decks of friendly tracks, including penetrating
tracks as well as some from the background decks; and twenty-eight different
200-minute decks containing eight attacks each, for the definitely hostile air-
craft. “A background deck, from one to five friendly decks, and a hostile deck
were superimposed to make up the task environment. The background decks
were equivalent with each other, as were the friendly decks; the hostile decks
were each unique and constructed to reflect an intensity of stress as desig-
nated by the set in which they occurred” (Staff, Systems Research Laboratory
1954).

During each successive set of four experimental sessions there was a heavy
track load and a light track load for each type of track intensity—friendlies
(including penetrating aircraft) and definitely hostile. These alternated randomly
among periods, with as many heavy loads as light within the set. Roughly the
heavy level of one set became the light level of the next for the friendly tracks,
while the heavy level on one set approximated the average level of the next set
for all tracks and for the subclass of penetrating tracks within the friendlies. In
any case, it should be understood that from set to set a kind of overlap occurred
in the rising load levels. For all tracks the heavy load in the fourth (last) set was
somewhat more than three times the light load of the first set. The distribution
and uncertainty variables were distributed among the light and heavy loads of
each set fairly evenly, and the distraction, variety, and redundancy variables
were similarly distributed within sets or between the first pair of sets and the
second.

Some lack of unanimity persists concerning the statistical analysis permitted
by the experimental design. This was organized in a rather complex fashion,
sufficiently complex, in fact, that a complete description is hard to come by in
published accounts. Seven eight-by-eight orthogonal Latin squares were the vehi-
cles for varying the stresses independently of one another—as labor-saving de-
vices for obtaining a specified balance in the presentation of the values of the
variables. Each of the cells in the squares could represent a characteristic of one
of the experimental periods, and sixty-four different combinations of task ele-
ments were derived, one for each of the sixty-four periods. From one point of
view the value of the design was only to “insure a counterbalanced presentation
of variables” (Chapman et al. 1959). From another (Sweetland and Haythorn
1961), it made possible an analysis of variance to test the statistical significance
of some of the results, as a consequence of the orthogonality among the follow-
ing variables: three levels of load, three classes of track, two types of distribu-
tion, two periods (first and second part of each problem), and two amounts of
“experience” (two successive groups of periods with the same load). It is appar-
ent that such an analysis did not attempt to cover all the variation introduced
into the experiments, such as the “rare event stress.”
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Results

Results of the defense against definitely hostile aircraft and other instances
of “rare event stress’” have not been declassified for Cobra, but for Cowboy it
has been reported that of a total of 238 simulated bombers in massed attacks,
including those with diversions, 206 were ‘“shot down” (Staff, Systems
Research Laboratory 1954). Effectiveness was 67% for sneak attacks, 75% for
sneak attacks with splits, 59% for friendlies without flight plans, and 65% for the
same type in the distraction category. Effectiveness against massed raids was
recorded as 93% in the first set of sessions, 86% in the second, 97% in the third,
and 94% in the fourth. As noted earlier, the totals which the subjects faced rose
from 30 in the first set to 90 in the last. Effectiveness against combined totals of
sneak attacks and friendlies without flight plans was proportionately higher for
the lighter loads, but a result of considerable interest is that when the heavy load
in one set became the light load in the next, effectiveness rose. ‘““Group learning
is most clearly indicated by the marked improvement with which the crew deals
with the same penetrating load in successive sets: 19 percentage points improve-
ment for load 3 between the second and third sets, and 36 points difference for
load 4 between the third and fourth sets’ (Staff, Systems Research Laboratory
1954).

Quantitative findings are not the predominant type reportable from this
research, partly because of security restrictions, partly because even the data
which were processed were not all summarized. Other published reports are
reviewed here briefly. In Chapman et al. (1959) the number of tracks carried in
Cowboy were plotted in comparison with tracks in the input for ““all tracks,” for
“important tracks,” and for “‘unimportant tracks,” over the sixty-four periods of
the experiment (but without actual values on the ordinate). Figure 6 shows these
plots. The number of important tracks carried was shown as increasing, con-
tributing some rise also to “all tracks,” as the number of all tracks presented
rose. Differential treatment of important and unimportant tracks, the princi-
pal point which the authors made, was readily apparent, but some caution might
be advised in interpreting the rise in slope of the important track curve. In what
sense do the data reflect crew learning? It should be recalled that load levels
overlapped among sets. Sweetland and Haythorn (1961) plotted, as indicated in
Figure 7, the number of penetrating tracks carried from period to period in-
dependent of sets, for five load levels. (They equated the heavy load of one set
with the light load of the next to establish these five levels.) Although progres-
sively more tracks were carried as the load increased, very little rise in slope is
discernible within any load level. Further, they compared the first eight periods
of crew performance handling each load with the last eight for the same load (in
the following set), and wrote: “These comparisons showed tiny (but statistically
significant) reductions of the number of tracks carried . . .. In general we were
more impressed by the absence of evidence of learning, than the presence.” (The
fact that the number actually dropped may have been due to the fact that the
input load for the second group of eight periods was, in fact, somewhat below
that for the first. Another observation is that there was a tendency in the first
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few periods for the number of tracks carried to increase, as if there were some
initial learning.) The conclusion of Sweetland and Haythorn concerning the
absence of “learning” in these experiments came to public notice only some
time after the belief had spread widely that such “learning’ had occurred.
Alexander (1955), one of the investigators added to the RAND staff for the
Cobra experiment, made the following cogent comment about the question of
“‘learning” and how this term should be characterized:
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In situations of this kind learning is represented in a somewhat different way
than in classical learning experiments. In the usual learning experiment task
difficulty is maintained at a constant level, and the experimenter makes infer-
ences about the learning process by examining the changes in performance which
take place. Because of our Casey experience, which impressed us rather strik-
ingly with the fact that the capability of organizations increases markedly with
experience, we used a design in the later experiments in which task difficulty
was increased step by step throughout the experiment. When this is done, per-
formance scores may remain nearly constant, and inferences about the learning
process must take the increasing task difficulty into account.

The Sweetland and Haythorn analyses, the only ones in this research con-
cerned with analyses of statistical significance, confirmed earlier findings that
the crews did manage to carry heavier track loads as the loads which they had to
carry grew heavier, and that “In general, crews maintained ‘important’ tracks
and eliminated unimportant tracks. This process was called ‘filtering’.”” They
added: “Load increases finally caused a pruning of almost all behavior not
critical to defending the area ... the crews also (as load went up) tended to
carry tracks for shorter and shorter times, and also with fewer and fewer re-
ports.” Their dependent variables was exclusively track-handling behavior, for
which they used four measures: number of stimulus tracks carried, percentage of
stimulus tracks carried, items of task-oriented behavior (each item of track han-
dling information), and average number of responses (item of task information)
per track. In their analyses of variance, Sweetland and Haythorn found that
there was more activity during the first period of a problem than during the
second, but this diminution could not be attributed to fatigue effects. They also
found that the Cobra crew handled more nonessential tracks than the Cowboy
crew, but the two crews performed similarly in carrying critical tracks.

Chapman’s 1960c¢ report, relatively unknown even to those familiar with the
RAND SRL program, includes fifty-three pages of tabulated data and fifty-six
pages of graphs, described as ‘‘an attempt to make available a portion of one of
the most extensive collections of experimental evidence ever assembled about
organizational behavior.” The data came from all of the last three experiments,
Cowboy, Cobra, and Cogwheel, and were coded in terminology which was de-
rived from a conceptual model or organizational behavior rather than in air
defense terms. Most of the tabulated data pertain to: (1) the number of task
events presented to the subjects; (2) the number dealt with by at least one
response; (3) the ratio of these two numbers; (4) the amount of information
processing (position, speed, altitude, fade, etc. reports) for all events of a class of
events or sum of classes; (5) the ratio between this last measure and the number
of task events dealt with by at least one response; and (6) the product of the two
ratios just described. These measures are shown for each class of tracks (local,
penetrating, outgoing, and hostile), for each of a number of defended areas such
as subdivisions of the ADDC area and the EW stations and their adjacent areas,
for each of the sixty-four periods in all three experiments. There are also sum-
mary tables for all tracks. Additional measures are listed for a single category of
tracks for one of the EW stations. The graphs depict: (1) actual processing rate,
namely, all items of task-oriented behavior (also shown in the summary tables)
for each period, for the ADDC and each EW station; (2) the first ratio described
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above for summed and selected classes; (3) the second ratio described above for
summed and selected classes; and (4) some of the measures tabulated for a single
category of tracks. The data are not aggregated in tables or graphs beyond the
summaries per period, to indicate results in more general terms.

CONSEQUENCES

The consequences of the experiments did not wait for the processing of the
data. A senior general who observed an entire Cowboy session until 2 A. M. was
impressed by what he saw. Cowboy was conducted in January of 1953, After its
conclusion a study team met for two months at RAND to determine whether
the techniques of the experiment’s management and simulation might be con-
verted into a training program. The feasibility finding was positive and even
included estimates (later found to be over-modest) concerning command-wide
installation: cost, about 1.5 million dollars; time required, about 18 months;
personnel required, twelve professionals and eighteen technicians. It was decided
that RAND would hire eight more professionals to design such a training pro-
gram; these included L. T. Alexander (see Chapters 11 and 17), H. H. Harman
(Chapter 17), and H. Sackman (Chapter 11). Cobra, which ran in February of
1954, was the experiment conducted to indoctrinate them.

Cogwheel

The last experiment, “Cogwheel,” was conducted the following June. It was
clearly a consequence of the earlier ones. Like Cobra, it was funded by the Air
Force, with its principal aim to indoctrinate the Air Force officers and enlisted
personnel who would be manning four real, operating ADDCs and a control
center where the training program would be tested and initiated. As with Cobra,
the experimenters were happy to have another chance to run an experiment for
checking the results obtained in Cowboy. From Cogwheel also came an educa-
tional motion picture which dramatized the simulation of air defense and the
operations which led to improved crew performance (Chapman and Weiner
1957).

This fourth experiment closely resembled Cowboy and Cobra but was
speeded-up: it was much shorter, requiring only fourteen four-hour sessions for
both practice and experimental runs. The latter consisted of only sixteen peri-
ods, in contrast to the sixty-four of Cowboy and Cobra. The load variables and
inputs for Cogwheel came from these other two. Eight periods were drawn from
the first Cowboy-Cobra set, four from the second, and two each from the third
and fourth. The results were never analyzed to the point where quantitative
comparisons could be made between Cogwheel performance and the preceding
experiments, except for some data in Chapman’s 1960c¢ report, but the ex-
perimenters judged that changes occurred in much the same way.

System Training Program

The training program which resulted from this research was called STP, or
system training program. When the Air Force tested its earliest version with the
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former Cogwheel crew at the operational sites, the test did not yield impressive
evidence in pre-test, post-test comparisons to show that crew performance was
significantly affected. Nevertheless, this training method using current opera-
tional equipment was welcomed as a presumably less expensive alternative to a
proposed outlay of considerable magnitude for new equipment. This equipment
involved automation of status displays and an optical projection system for
transferring track data from a new type of surveillance PPI-type display to a
common geographical display (see Chapters 5 and 6). RAND received a contract
to design STP and help install it. A new division was created. at RAND that
shortly became larger than all the rest of that organization and then split off to
form the System Development Corporation (SDC). Its president was M. O. Kap-
pler, the engineer who had been peripherally associated with the experiments
and was involved in the development of a new device for simulating the air
picture for the training program. Its vice-president was one of the SRL experi-
menters, W. C. Biel. Both SDC and STP expanded with time in a way that no
one thought would ensue from those two additional sessions of Casey. STP was
eventually installed in the more than one hundred ADDC’s in the manual air
defense system, and when this system gave way to SAGE, a similar program was
introduced into that computer-based system. The older STP was extended to
Canada, Alaska, West Germany, Spain, Turkey, Norway, Hawaii, the Philippines,
Okinawa, and other locations, and to tactical air locations. When air defense was
semiautomated in West Germany with the 412L system, STP was converted to
train its personnel, and when a stand-by system was developed for SAGE, called
BUIC (Back-Up Interceptor Control), a similar training program was developed
and installed; the BUIC program was named SETE—system exercising for train-
ing and evaluation.

Early during this expansion, RAND was asked to undertake the computer
programming for SAGE as a consequence of its experience in air defense (from
STP) and its pioneering in computer technology, including the computerized
production of simulation input materials for the training program. SDC con-
tinued the SAGE programming and subsequently engaged in the design and
production of computer programs for other command and control systems and
then for other types of information systems.

To support STP, a rationale evolved embodying a number of ‘“‘principles”
which supposedly grew out of the Systems Research Laboratory experiments.
Chapman and Kennedy (1956) had suggested that the experiments “‘enabled us
to understand enough about how the organizations developed in the laboratory
to formulate a useful principle: Train a team as a whole in an adequately simu-
lated environment and give it knowledge of results.”” This last point was defined
as “a factual critique which helps the organization identify its difficulties.”
Chapman et al. (1959) elaborated on this “off-the-top” finding as follows: “Our
research indicates that these are the conditions necessary to promote organiza-
tional learning: clarify the goal, give the organization as a whole experience with
tasks of increasing difficulty, and provide immediate knowledge of results.” In
subsequent years many versions of “STP principles” were published; as would be
expected, new techniques emerged and old techniques received interpretations
and emphasis which varied from those characterizing the experiments. One of
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the aims of the present account of these RAND SRL experiments has been to
present their actual history in place of myths which may have gained some
currency and may have created a mystique about the principal product of this
research. One of the researchers, Kennedy (1965), has made an intriguing com-
ment which may also promote more searching attitudes toward STP “princi-
ples.”” “It is possible,” Kennedy wrote, “that the best summary statement about
system training might be:

Something old (Law of Effect)

Something new (high fidelity environment simulation with computers)
Something borrowed (debriefings)

For the boys in blue? (specific to air defense environment).”

One consequence of the SRL experiments was, ironically, the dissolution of
the laboratory. The report by the Staff, Systems Research Laboratory (1954)
said that research on the science of organizations would continue in SRL as the
system training program was being installed. Several ventures were projected,
including a war game and the experimental investigation of a weather system. No
more experiments were funded or undertaken, however, and the principal inves-
tigators dispersed. Yet there was some carry-over within RAND, in the establish-
ment of a Logistics Systems Laboratory (Chapter 13). The experimental and
simulation technology in that laboratory owed much to the SRL experiments.

System Concepts and Principles

What general concepts came out of the RAND SRL experiments? The ex-
perimenters believed that they had proved their basic, single hypothesis or as-
sumption, that a motivated organization with a goal can and will adapt when it
faces new situations and problems; it will solve its own problems. But why and
how does it do so? According to Chapman et al. (1959):

The members of each crew became an integral unit in which many interdepen-
dencies and coordinating skills developed. And each crew learned to perform
more effectively. This learning showed itself in procedural short cuts, reassign-
ment of functions, and increased motor skill to do the job faster and more
accurately.

We believe that ““debriefings™ following each session, where the operating
results were reviewed, were crucial to the learning that led to improved perform-
ance. But we have been unable to relate the content of these discussions directly
to crew development. Procedures were frequently changed without any sign that
an operating problem had been recognized or a solution proposed. As a matter
of fact, procedural changes sometimes moved in one direction while discussions
went in another.

One procedural change was well demonstrated, as already noted: the filtering
out or pruning of unimportant tracks as load increased. This could be otherwise
stated as the filtering out of easily recognizable noise, so that the crew could
concentrate on their real problem—repelling invaders. Chapman (1956) listed
other procedural changes. But it would be difficult to categorize these for pre-
sentation to the reader, even if they were not classified, although Chapman et al.
(1959) attempted to do so in such terms as using “redundancy in information
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input to rebalance the processing load” and to make cross checks, and “sensi-
tivity to information patterns and awareness of action alternatives.” Further it is
impossible from the experimental evidence to determine the relative contribu-
tions to better performance from procedural changes, reassignment of personnel
(there was a notable improvement in one of the experiments when one of the
key supervisors was shifted to a different function), and increased skill, both
individual and interactional. Yet this is an important distinction to make, as has
been pointed out elsewhere (Parsons 1964), because the kinds of optimal feed-
back in debriefings could differ for developing new or different procedures
(“procedurization) and for raising levels of skill in carrying out procedures.

Other concepts which later were elaborated into STP “‘principles,” such as
immediacy of knowledge of results, training the team as a whole, and presenting
tasks of increasing difficulty, may have accounted for the experimental results.
However, the experiments themselves could not provide evidence as to how
much any one of these “principles” contributed, if at all, or in what proportion;
and evidence of their individual value is just as difficult to find elsewhere. It is
interesting that in later years none of the SRL researchers expressed as much
enthusiasm about the ‘“‘principles” as did many individuals who became con-
verted to them. It must be recognized, however, that these concepts were instru-
mental in explaining the STP to potential or current military users and in widen-
ing its adoption, even though they were not principles in the scientific sense of
the term and they were publicized in different versions. Chapter 11 describes
SDC’s attempts to verify STP experimentally.

Other concepts than these have been generated by the research. Two of
them, failure stress and discomfort stress, were explained by Chapman et al.
(1959) as follows: “As the task load increased, the crews were caught between
two stresses—failure stress and discomfort stress. The first of these arises from
the disparity between aspiration and performance; the second from the differ-
ence between the effort demanded by the task and that which can be comfort-
ably afforded. The discomfort stress forces discriminations and short cuts in
response; the failure stress guides the gradual acquisition of short cuts that do
not degrade effectiveness.”

This analysis can be interpreted as a pioneering attempt to structure “stress”
in motivational terms rather than as something which degrades performance or
physiological functioning. Rephrased in the language of operant conditioning,
these concepts mean that operators were conditioned to avoid or escape failure
and discomfort by performing in ways which successfully prevented or termi-
nated these stresses. An analysis of the literature on stress (Parsons 1966) would
suggest that this usage by Chapman et al. (1959) may have been the first of this
nature to be published, as well as the first application to organizational behavior.
It is also outstanding in that there have been few examinations of motivational
variables in connection with man-machine system experiments. According to
Chapman and Kennedy (1956), formulations using these stress concepts “should
help to predict how fast and how far a system can adapt, to identify what is
difficult in the task, and to define the conditions that help an organization use
its resources most effectively.”
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Still other concepts suggested by the researchers relate to human engineering
and personnel requirements (Chapman and Kennedy 1956) and could be con-
sidered as hypotheses for experimental inquiry:

Once the importance of group learning is recognized it follows that equip-
ment should be arranged not just to facilitate operation but also to help the men
who operate the system learn to use its full potential most rapidly. Or, more
practically, since specifying what these men are to learn is difficult unless the
system can be operated under the emergency conditions it was designed for,
doing anything that might hinder group learning should be avoided.

Communication between members should be made as free and easy as pos-
sible. Facilities should be arranged so that each member of the group is given as
complete a picture as possible of the task and how the organization is dealing
with it—in central displays of some sort if these are feasible.

And: “Considering a system as an integral unit rather than as a collection of
individuals says something about personnel selection. It suggests that, in
manning a system, teams rather than individuals should be selected, that match-
ing the individual to the job may be part of the organizational development
process.”

These various concepts are related to each other by another, namely, that it
is profitable to think of the behavior of an organization as resembling that of an
organism. Chapman et al. (1959) stated their belief that their simulated air
defense establishment “profited from its experience to grow and adapt like a
living organism.” Among a number of possible derivative concepts, one is that
since an organism must have the flexibility to adapt to circumstances, then so
must an organization. But operational flexibility must then become an objective
of the planners, designers, and managers of the organization. Although this ap-
proach seems to give the organization a “unitary” character, this is not necessary
or perhaps even wise. In another report Chapman et al. (1952) suggested that
much attention should be paid to this organism’s ‘““internal behavior” and ‘‘ele-
ment interactions.”

Chapman (1960c) has also drawn from the SRL research a conceptual frame-
work of organizational behavior, in which he distinguishes between steady-state
systems and changing-state systems. In the latter, the information processing
capacity becomes ‘‘processing coercion,” which together with an “effectiveness
coercion’ determines the way the state will change. The effectiveness coercion
consists of a compelling pressure for task accomplishment, is necessary for per-
formance to be optimized, and derives in part from the operators’ motivation.
Systems have ‘‘inertia,” meaning tendencies to continue to operate with current
attention and response practices and to maintain the same normative processing
rate. The “attention practice” assigns relative importance to various task events.
The response practice assigns the amount of information to be processed about
those task events discriminated by the attention practice. Taken together, these
practices determine what information processing will be given priority. The
effectiveness coercion can overcome system inertia by bringing about changes in
attention and response practices, and then the system state will change, This
framework represents an attempt to describe in general terms how changes
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toward optimization come about in man-machine information processing sys-
tems. In comparing such systems and dealing with them in the abstract, some
framework like Chapman’s can have value,

Like the experiments from which it arose, such a framework should be
regarded as heuristic. One way of looking at the RAND Systems Research Lab-
oratory’s research is in heuristic terms. Its Marco Polos explored new domains
and originated significant concepts as guidelines for the solution of problems.
Such contributions to discovery should be acclaimed. Rigorous and constrained
analysis to determine functional relationships among variables is not the only
face of science. The RAND Systems Research Laboratory program was scientific
exploration on a massive scale.
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Studies of Army Operations

Complex man-machine experimentation in Army operations has been going
on for many years, although much of it is not widely known. The research has
been distributed among a number of organizations, some of them Army com-
ponents, some not. They have included Psychological Research Associates, Uni-
versity of Michigan Willow Run Laboratories, New York University, Stanford
Research Institute (see Chapter 14), Combat Development Experimentation
Center (also see Chapter 14), Research Analysis Corporation, Combat Opera-
tions Research Group (CORG) of Technical Operations, Inc., Army Personnel
Research Office (now the U.S. Army Behavior and Systems Research Labora-
tory), and Human Resources Research Office (HumRRO), formerly connected
with George Washington Univeristy. By the nature of Army operations, the
experimentation has been particularly concerned with evaluations, training, tac-
tics, procedures, and manning. Among the objects of investigation have been
rifle squads, battlefield surveillance, photo-interpretation, combat tactics of vari-
ous types of military units, and tank operations. Some of the research has been
done within four walls, but frequently the laboratory has been actual terrain
designated and instrumented for experimental purposes.

PSYCHOLOGICAL RESEARCH ASSOCIATES INFANTRY STUDIES

In the years 1950-57, M. D. Havron and his associates conducted a number
of infantry studies of substantial scope, initially for the Institute for Research in
Human Relations, then for Psychological Research Associates. These included:
(1) development and standardization of field problems for testing scout squads
of the reconnaissance platoon of an armored cavalry regiment (light); (2) devel-
opment and experimental checkouts of tests of the effectiveness of infantry rifle
squads and evaluation of effectiveness predictors; (3) development and experi-
mental evaluation of four infantry rifle squad training methods and evaluation of
a composite method developed from these; (4) experimental determination of
the best size and composition of an infantry rifle squad; and (5) experimental
investigations of infantry small arms fire (including its “psychological effective-
ness’’) and communications.

187
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First Program

The first two of these programs were undertaken for the Personnel Research
Section, Personnel Research and Procedures Branch, The Adjutant General’s
Office. The field test problems in the first program (Havron, Fay, and Goodacre
1951) were evaluated for validity, reliability, and practicality. The test contents
attained these objectives and were incorporated into a new field manual for
armored units. Although Army field tests are primarily intended to determine
whether training of Army units has resulted in their operational readiness, these
tests turned out subsequently to be useful also as instruments for training. No
definitive conclusions were drawn concerning a number of effectiveness pre-
dictors which were proposed, since these were tested with only twelve units, but
some of their concepts entered into the second program. It was hoped to ascer-
tain predictors of individual effectiveness through correlations with performance
in field tests, in order to do a better job of selecting and classifying Army
personnel.

Second Program

In the first of two parts of the second program, as reported by Havron, Fay,
and McGrath (1952), a field test problem for an infantry rifle squad was con-
structed and pretested with six squads at Fort Benning, Georgia. It had an attack
phase, a defense phase, a reconnaissance patrol phase, and a point of
advanced guard phase. Then the problem was fully tested with thirty-seven
squads at Fort Benning in April and May of 1952 and with sixty-three squads at
Camp Atterbury in June and July. The four phases could be laid out on a
circular course so four squads could be tested at the same time, each starting
with a different phase and proceeding through the other three. This innovation
made the test problem easier and more economical to administer.

Umpires rated forty-eight randomly selected squads, half of whom per-
formed on one terrain course, half on another. Neither the difference between
courses nor the serial position of phases within the test problem appreciably or
significantly (according to analyses of variance) affected the ratings. Correla-
tional analyses showed both high agreement between umpires and consistency
between phases among the squads. However, squads drawn from one Army unit
were significantly better than those drawn from two others. The researchers
concluded that the field test problem could be standarized despite differences of
terrain and that squads could begin it in different phases and go through it in
different orders; and also that it was a reliable testing instrument. The re-
searchers’ success led the Army to ask them to evaluate a newly developed
battalion field test, which they gave to three battalions of the 82nd Airborne
Division at Fort Bragg, North Carolina, later in 1952 (Havron, Fay, and McGrath
1952). Subsequent analysis was based in part on observations of these exercises
and on discussions with umpires and battalion officers.

The scene of the second part of the program was Fort Lewis, Washington, in
1954 (Havron, Lybrand, and Cohen 1954). First, three field test problems were
constructed and pretested with rifle squads and umpires. One was for daylight
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firing of blanks, the second for daylight live firing, the third for night blank
firing. The last two types of testing, which had not been covered in the first part
of the program, posed new requirements. To simulate enemy fire, for example,
long-fused firecrackers were placed in front of silhouette targets hidden by
brush. Each problem yielded a squad leader score, a squad member score, and a
total squad score; these were weighted to produce total scores. Then each of the
daylight problems had four rehearsals and the night problem had eight. Each of
the problems was tested with each of 112 rifle squads drawn from 3 regiments of
the 44th Division, at the rate of 20 squads per week. There were twenty-four
umpires and safety officers, most of the umpires being noncommissioned offi-
cers. Different terrain was allocated to each problem. As in the 1952 evaluation,
umpire agreement was high; also, correlations were high between the scores of
squads rated by different umpires on different days or different problems. Dif-
ferences between terrains and order of problem phases did not significantly
affect total problem scores. Because of these and other results, the field problem
scores were deemed suitable effectiveness measures with which to compare pre-
dictor measures to see if these were valid. The assessment of predictors of
effectiveness was actually the principal aim of the study. Sixty such measures of
squad members had been obtained before a squad began any problem. A number
of these were found to have high correlations with performance scores in the
tests.

Third Program

In the third program (Havron, Gorham, Nordlie, and Bradford 1954), con-
ducted for the Human Resources Research Office, thirty-two rifle squads were
trained by four methods, eight squads per method, at Fort Jackson, South
Carolina. One of the four methods was that currently in effect, with certain
additions in technique resulting from the prior program. The others were called
“group participation,” “combat fundamentals,” and ‘“‘team training”; they were
developed especially for the program. The control (current) method was admin-
istered to eight more squads after the others had been taught, to see whether the
instructors improved. After training, the squads were given the rifle squad field
test developed by the researchers in 1952 and another test called the ‘“Leaderless
Group Test.” These provided scores to assess the training methods. The re-
searchers interviewed the trainees and compiled the instructors’ and their own
opinions to evaluate major components of each method as well as specific tech-
niques of instruction. Then they devised a “final training method” by integrating
much of the combat fundamentals method and some of the team training
method into the current method, together with some other new techniques
which were innovated during the program. Forty more squads were trained with
this final method, some by new instructors, and took the field test and Leader-
less Group Test. Their scores were higher than those of squads trained earlier
with the current method. In fact, average scores of squads trained by the final
method were well above the 90th percentile of the trained squads tested in the
second program; all squads made higher scores on the Leaderless Group Test
than these earlier ones. This absence of overlap was a rather unusual finding.
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Fourth Program

The next program, investigating the optimal size and composition of a rifle
squad, was initiated in 1954 for the Operations Research Office of The Johns
Hopkins University (Havron, Burdick, Hutchins, and Buckley 1954; Havron et
al. 1955). It was completed for the Combat Operations Research Group of
Technical Operations, Inc., contracted with the Continental Army Command
(Whittenburg et al. 1956). Experimental data were collected at Fort Benning,
Georgia, in 1955 from eighty-eight rifle squads whose size and weapon assign-
ment varied in eleven compositions. The principal question was how many
riflemen or automatic weapons personnel one leader, unaided, could control; no
assistant leader was designated. Squad size, not including the leader, varied be-
tween three, four, five, six, seven, and ten men (Havron and McGrath 1962).
Each squad went through three days of training and a six-hour daylight field test
which included both attack and defense aspects and which measured such squad
capabilities as hits in firing, communications, vulnerable exposure of the squad
leader, and speed of deployment. The variables of terrain, training, climate, and
enemy action were controlled; others, such as weather, visibility, marksmanship,
and physical condition of the personnel, varied randomly. Previous experimenta-
tion had explored verbal communication among squad members in action, with
different methods of transmission, presence or absence of firing noise, and vari-
ation in foliage and wind direction.

While detailed results of this program are still classified, it can be stated that
no one organization or weapon combination was greatly superior to another of
approximately the same size and composition. Individual differences in leader
capability, terrain density, and other factors had a marked effect, no matter
which ‘“table of organization” was being tested. A leader-to-man ratio of one
leader to five men worked as well as any other, and significantly better than
some ratios. A leader-to-man ratio of one leader to seven men taxed the leader,
increasing his vulnerability and making control difficult. To test limits, some
squads consisted of one leader with ten men. No leader was able to control ten
men. (M. D. Havron, personal communication; Havron and McGrath 1962).

Fifth Program

The last program, which concentrated on small arms fire and communica-
tions, was also conducted for the Combat Operations Research Group of Techni-
cal Operations, Inc., under the title “Platoon Organization Studies Research
Program.” It was preceded by field studies of the psychological effects of wea-
pons. Data on individual performance of infantrymen were collected in experi-
ments at the Combat Development Experimentation Center, Fort Ord, and
Camp Roberts, both in California. Aggregated effects were calculated from the
data from individuals (Havron et al. 1957). Representative of the kinds of ex-
periments were those reported by Vaughan and Kassebaum (1957). In one study
of how the amount of concealment degraded the ability to hit targets, twenty-
four simulated bushes constructed of wood excelsior wrapped in chicken wire
were placed in front of targets 200, 400, and 800 yards away on flat or sloping
terrain. The width of the bushes varied. It was found that results could be fairly
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accurately predicted from the ratio of target size to bush size, together with
knowledge of average mil error. In another experiment riflemen and machine
gunners fired various numbers of bursts with differing numbers of rounds from
different distances at subjects in covered pits. Subjects indicated which combina-
tion of firing volume and distance they regarded as most dangerous.

UNIVERSITY OF MICHIGAN WILLOW RUN LABORATORIES

When the Air Force decided to place its air defense chips on SAGE (Massa-
chusetts Institute of Technology) and to discontinue further development of
ADIS (University of Michigan), as recounted in Chapter 6, the Willow Run
Laboratories in Ypsilanti, Michigan, almost immediately shifted to research and
development in tactical surveillance. Although initiated in 1954 for all three
military services, this work became entirely oriented toward surveillance of the
battlefield as an Army jurisdiction. Of particular interest were various sensors
such as radars and photography and their integrated use, and especially the
processing and interpreting of the data which they could provide. The Willow
Run Laboratories, also identified at times as Willow Run Research Center and
the Institute of Science and Technology, labeled this work “Project Michigan.”

Some of the personnel in the man-machine system experimentation for
ADIS found themselves in Project Michigan and were able to recreate man-machine
system research, to a limited degree and with relatively modest equipment,
on a few occasions during subsequent years. Some of their efforts will be re-
viewed shortly, to the extent information was obtainable; there have been few
reports which were or have become unclassified or which became available out-
side the Willow Run Laboratories.

An Effort That Failed

In addition to these efforts, another experimental unit existed during
1957-58 under the direction of S. Veniar. Much more elaborate objectives and
equipment were projected for this activity. A facility was proposed which would
require expenditures of $1,827,380 in 1958; $2,870,100 in 1959; $3,101,300 in
1960; and $3,239,300 in 1961. The proposed 1959 budget, for example, in-
cluded $712,650 for digital computing equipment and space; $868,282 for ana-
log computing and simulation equipment, displays, and maintenance; $855,000
for scientific personnel; and $475,000 for technical personnel. The proposal,
which was unaccompanied by a detailed experimental plan, was never adopted.

One interesting piece of equipment, developed during this time period, did
see some experimental use. This was ASITS, an automatic method for introduc-
ing teletypewriter inputs for simulation in laboratory experiments on combat
surveillance or in experimental command post exercises.(Kaufman, Payne, and
Bailey 1959). The equipment accepted punched paper tape containing simula-
tion inputs and sampled these, according to experimental plans, for distribution
to receiving stations. In addition to teletypewriter transmitting and receiving
units, it consisted of a clock-controlled sampler unit and a tape-controller sam-
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pler. ASITS figured in the only experiment in the 1957-58 program. W. T.
Pollock and G. C. Bailey compared four arrangements of task allocation and
equipment within two-man “‘receiver” and ‘“‘collator” teams. The task was to
receive dissimilar information from different sources, reduce it to a common
form, and collate it according to the geographical locations with which the
various inputs were associated so that multiple pieces of information could be
combined for a particular point of reference. Eight military communications
specialists were assigned as subjects to four two-man teams. Each team handled
one hundred messages in each team-equipment arrangement (Pollock and Bailey
unpublished report).

The Continuing Program

In the continuing Project Michigan program mentioned previously, an Army
control center was simulated at the Willow Run Laboratories in 1955 to repre-
sent manual information processing at divisional and regimental headquarters
during wartime operations. In addition to considerable “exploratory’ investiga-
tion in this facility, a series of studies, which admittedly left much to be desired
in experimental control, provided information about delays and errors in routine
logging, duplicating, plotting, and disseminating messages from a battlefront.
Operation Husky (Mosimann, LaRoche, and DeVoe 1955a) recapitulated the
first three days of the Allied invasion of Sicily in World War II. Twelve military
personnel played the roles of the intelligence and operations sections of the 1st
Infantry Division and 18th and 26th Infantry Regiments. Sixteen other “con-
trol” individuals functioned as message sources. There were three switchboard
operators. The inputs, prepared by a group of Army officers to reflect events in
the Sicily campaign, consisted of 165 telephone messages, 11 map overlays, and
116 documents and hand-carried messages. The exercise ran on three successive
Thursdays for a total of twenty-seven and one-half hours. Although the ex-
tensive data collected gave gross indications of the speed and accuracy of
processing information, the study suffered from variations in operator pro-
ficiency, changes in procedures, and fluctuations in input rate during its course.
The researchers commented that “there were so many uncontrolled and varying
factors that the greatest value of the exercise is in emphasizing the need for more
detailed planning and control of operational parameters.”

In consequence, two more multioperator studies followed, as well as a test of
individual performance. Operation Slowdown (Mosimann, LaRoche, and DeVoe
1955b) and Operation Slowdown II (Mosimann, LaRoche, and DeVoe 1955¢)
incorporated the same subjects, control personnel, organizational context, and
simulated situation as Husky. In the first, fifty messages from Husky’s first day
were divided into five groups of ten messages each; these groups went into the
system at rates of one message per 20, 10, 5, 2%, and 1% minutes. Delays in
recording and disseminating the messages progressively increased as entry inter-
vals shorter than 10 minutes decreased. The second study copied the first by
systematically varying the input rate (except for the 20-minute interval) with ten
of the same messages for each rate, but the procedure was changed to connect
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telephones in conference loops or nets, instead of point-to-point, one loop for
the division and one for each regiment; there was also a new procedure for
dissemination. No appreciable change in complete processing time resulted. The
test of individual operators determined how long they took and how accurate
they were in four separate tasks: recording messages received over a telephone;
plotting information on a situation display from written and spoken messages;
logging messages in a journal; and extracting information from messages for
worksheets. The rationale of the study was to provide ‘““more useful measures”
than those obtained in the preceding exercises; these, according to an unsigned
laboratory memorandum, “were not very useful in analyzing the delays because
various message lengths, message complexities, and operator procedures were
present.”

The researchers tried to obtain similar kinds of data about information
processing in a large field exercise—Sagebrush—but the outcome failed to meet
their hopes. They felt that there had been insufficient training of the subjects,
that communications were inadequate, and that there seemed to be much con-
cern as to how the experiment’s outcome would affect an individual’s standing.
The experimental design they proposed encountered opposition, which was suc-
cessful. However, some useful data were obtained concerning communication
time delays.

Of considerable interest was the development in 1955-56 of a Surveillance
Game by R. P. DeVoe and his associates (Brady, DeVoe, and Pittsley 1959) and its
subsequent expansion at the Army’s request into a Surveillance Station. With
this, following a pilot experiment in December, 1958, D. H. Wilson and asso-
ciates in 1959 conducted an extensive program of experimentation with six-man
teams (Brown et al. 1960; DeCicco et al. 1962).

The Surveillance Game involved a single player who could view a vertical
display of the status of sensor subsystems, a horizontal status display for wea-
pons, and a vertical situation display. The sensor subsystem display listed the
capabilities and limitations of four methods of reconnaissance: visual air, pho-
tography, infrared, and airborne side-looking radar. The situation display con-
sisted of sensor data on acetate overlays superimposed on a map. The overlays
were changed at fixed intervals to show new sets of data. The player could take
one of three roles, as “postulator’ only or, in addition, as assigner of missions to
sensors or as assigner of weapons against targets. Postulation meant collating the
surveillance data from the sensors on the overlays to summarize the data or to
form a target on an evaluation sheet. An operator changed the overlays and
scored the player’s performance. The locale for the exercises was an area around
the Italian-Yugoslav border; the simulated military situation could extend to
forty hours of operations of an aggressor mechanized army, in much detail. In
general terms, the player’s task was to infer the location of hostile units from the
sensor information available, and perhaps also to assign and fire weapons to
destroy it. This game proved very educational. Although it was not used for
experimentation as such, the approximately thirty players seemed to divide into
two discernible types: those who wanted to collect complete information before
acting, and those who gathered surveillance data to check on hypotheses of unit
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movement stemming largely from general knowledge about the kind of problem,
the terrain, and time-space factors. The latter were more successful (R. P.
DeVoe, personal communication).

In the Surveillance Station, some subjects plotted sensor data manually on a
vertical target and detection display after receiving the data at consoles from
overlays showing a related display. An overlay bore the content of messages
from a computer-generated paper tape controlled by the ASITS device men-
tioned earlier. The subject would do some processing of the data at his console
and transfer the result to the same co-ordinate position on the vertical display,
where other subjects would perform postulation and sensor-mission assignment
tunctions. The sensor data represented simulated tactical maneuvers of two ag-
gressor divisions in a 20 X 20 mile square in the Hunter-Liggett Military
Reservation in California. Experimental sessions lasted about three hours (two
hours in the pilot experiment). The mission of the surveillance station was to
track a task force of two tank companies and one rifle company. Subjects were
scored on their ability to locate the positions of certain task force units at
various times during the experimental session. The subjects were technicians and
statistical clerks employed by the Willow Run Laboratories. They had had many
hours of experience in the simulation operation before they served.

In the pilot experiment (G. C. Bailey, personal communication) there were
seven runs in which eighteen subjects performed in various combinations. Mea-
sures included seven time or error scores which were related to seven factors,
such as individuals, combinations of individuals, targets, and combinations of
targets; the statistical significance of these relationships was determined by
analyses of variance. In the experimental program proper there were 125 runs.
More than one thousand observations of tracking error were related through
analyses of variance to nine factors at five levels each, most of them associated
with simulation input and crews. Thus, variations in the input, such as sensor
capability, constituted a number of independent variables. The program was
organized according to five blocks of five runs each, with a different set of six
subjects for each block, which was a 5 X 5 Latin square. The results were
reported for two of the blocks but are classified.

During this program the laboratories were asked to expand the simulated
station to a much larger operation using an IBM 709 computer. Wilson pressed
this development but it ran into a combination of high costs for equipment and
programming, and divergent viewpoints concerning the degree of automaticity to
be designed into Army surveillance systems. Eventually the undertaking was
discontinued. The attention of the researchers turned to evaluations of radar
equipment and problems in image interpretation.

NEW YORK UNIVERSITY RADAR SURVEILLANCE STUDIES

For a number of years, beginning in 1954, the Research Division of New
York University conducted experimental studies of human operations in radar
surveillance systems which were precursors of the Army’s Missile Master, a sys-
tem for co-ordination and control of Nike ground-to-air missile batteries. Since
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reports of these have not been obtained for analysis here, only a brief review of
this program is possible. Some of the studies were conducted for the Signal
Corps, others in conjunction with Airborne Instruments Laboratory. A principal
investigator was B. L. Cusack.

One project which had much in common with the Lincoln Laboratory’s
Pi-Sigma study (Chapter 6) investigated how to distribute surveillance tasks
among operators. The detection and tracking tasks could be assigned to different
operators; or the same operator could be responsible for all aspects of a track.
Tracks could be assigned according to some rule, such as a track’s geographical
location; or they could be allocated sequentially from a pool of tracks. Another
study examined task distribution among surveillance and heightfinding operators
in countering electronic countermeasures (ECM). These studies used simulated
aircraft radar signals and simulated ECM; to some extent they also compared
simulation with actual radar presentations. Studies of individual performance
were directed at types of cathode ray tubes (CRTs), priority schemes in height-
finding, comparison of individual console presentation with large-screen projec-
tions, surveillance and tracking radars, and effects on system performance of
degraded tracking. In addition, six data processing and display configurations
varying in extent of automaticity were experimentally compared for their influ-
ence on a task requiring threat evaluation.

COMBAT OPERATIONS RESEARCH GROUP (CORG),
TECHNICAL OPERATIONS, INC.

CORG provided technical assistance to the U.S. Army Combat Develop-
ments Command (and, before it was established, to the Continental Army Com-
mand) in many ways, including the preparation, conduct, and analysis of field
experiments and troop tests. Distinctions between field experiments and troop
tests have been set forth in CORG documentation which is not publicly avail-
able, and also by M. I. Kurke of CORG (1965), who in the same analysis sought
to -specify the distinguishing characteristics of “field exercise” in contrast to
experiments and tests. Subsequently Kurke (1966) has recounted progress in
Army troop test methodology.

Kurke’s distinctions are:

Field Exercise—an exercise conducted in the field, under simulated war con-
ditions, in which troops and armament of one side are actually present while
those of the other side may be imaginary or in outline.

Field Experiment—an investigation to experiment with or evaluate new or
revised doctrine and organizations, and new, modified or current material in
order to develop combat capabilities.

Combat Development Troop Tests—a field investigation designed to test the
ability of a prototype organizational structure to follow a specific doctrine,
using specific equipment to complete a specific mission and/or test the concept
of operations as limited by the structure and functions of a prototype organiza-
tion.

In the field exercises, Kurke noted, the “method” is “free maneuver con-
strained by test events or problems incorporated within the scenario”; proce-
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dures are evaluated by military umpires, and the conduct of the test may be
varied within broad guidelines by the decisions of the commander of the unit
being tested. Accordingly, variables cannot be controlled. In a troop test the
commander has less freedom of action within the scope of a more detailed
scenario and within the constraint of a test plan to ‘‘collect pertinent data
without undue contamination of test variables™; opinions and judgments of
evaluators are systematically collected, may be scaled, and are supplemented by
objective data. In field experiments, on the other hand, “controlled experimen-
tal procedures” are supposed to govern the collection of objective data which are
supplemented by judgments of evaluators and participants.

Although field exercises and troop tests are outside the purview of this book,
it is worth summarizing Kurke’s description (1966) of a troop test called Water
Bucket II at Camp A.P. Hill, Virginia, in 1965. Its objective was to evaluate
employment and delivery of a ‘non-lethal riot-control munition in certain
counter-insurgency tactical situations.”” The test directors were troop unit com-
manders. Squads representing protected and unprotected hostile and friendly
troops were drawn from two platoons of forty-three men each and a test team of
eleven men. The number of trials was limited by the learning factor and a
requirement that any unprotected player be exposed only once. Tactical situa-
tions were varied. No two trials had the same set of conditions but many were
closely related. A relatively uncomplicated scenario specified, for each trial, the
troops’ initial positions, area of the objective and assault line, and expected
locations of munition impact, as well as positions of data collectors and instru-
mentation. The test produced various time measurements and information about
munition malfunctions, troop actions, area of coverage, number of troops af-
fected, and communication and control problems. Some data were collected in
post-test interviews of participants and in questionnaires given to the chief eval-
uator of each trial. In the absence of pre-existing standards, conclusions were
judgmental, based on the timeliness of munition delivery and its area coverage
and also, secondary in importance, on the effects on unprotected troops and the
ability of troops to “maintain command and control, move, acquire targets, and
fire.”

Kurke indicated that troop test methods, as exemplified in this instance,
have been greatly improved in recent years. In an earlier report (Kurke 1963) he
made a methodological survey of thirty-two troop tests conducted since 1955.
He found that in about 40% of the tests no base data or comparative data
were collected and that results “consisted solely of subjective impressions trans-
lated into narrative evaluations.” Apparently virtually none of them included
instrumentation to collect data. Most were subject to uncontrolled events, and
generally there was a single run-through.

ARMY PERSONNEL RESEARCH OFFICE (APRO) PROGRAM

The Army Personnel Research Office (later the Behavioral Science Research
Laboratory and still later the U.S. Army Behavior and Systems Research Labora-
tory) was establishing a computer-based laboratory for complex man-machine
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experiments while the material for this book was being gathered; no studies had
yet been conducted in it. Brief attention will be given to the programs which led
up to the creation of this laboratory; it should be understood that these have
been only a fraction of APRO’s research, which has been directed by J. Uhlaner.

The approach was to engage in a substantial amount of component research
before attempting large-scale experiments. One purpose was to define the im-
portant parameters of the elements of which the complex aggregate is composed,
before trying to bring that aggregate under experimental control. In addition,
researchers have acquired sophistication in the domains in which they are work-
ing. Measurement techniques were developed, criterion selection improved, and
methods evolved for evaluating subsystem or system outputs through combining
and interrelating measures of component responses in, for example, pay-off
matrices. This latter aspect has been particularly important in view of APRO’s
mission of evaluation and assessment.

Initially APRO turned to an operational system, Missile Master, and con-
ducted two experiments in individual tracking performance. But for investigating
command and control systems the researchers considered it more fruitful to
create more abstracted laboratory situations. Accordingly S. Ringel and his asso-
ciates carried out a program on information assimilation and display coding,
with emphasis on variation in information load in displays and on recognition of
changes in items (called ‘“updating”) when such changes were or were not given
conspicuity by a coding technique such as different lettering. Much of the mate-
rial for the displays was drawn from the Army’s prototype ARTOC (Army
Tactical Operations Center).

Even before the coding studies began, J. Zeidner and his associates exten-
sively examined the performance of photointerpreters. In one of their experi-
ments, for example, they braved the biases of operational personnel by sub-
jecting to experimental scrutiny the use of stereoptical techniques; they failed to
find evidence of their presumed advantages. The photointerpretation work was
broadened by Zeidner into a wide investigation of image interpretation in its
many aspects. In this R. Sadacca of APRO was supported by a group from the
System Development Corporation headed by R. S. Laymon and E. A. Waller. As
the program progressed it began to encompass more complex situations, such as
two-man and three-man teams (Doten, Cockrell, and Sadacca 1966), with a view
toward eventual simulation of a TIIF (tactical image interpretation facility).

The new computer-based laboratory has been developed as a facility for
increasingly large and complex experiments in both image interpretation and
command and control operations, as well as for more experimentation on com-
ponent performance. At some future time it may be possible to say whether the
planning, installation, and initial operation of this laboratory have encountered
difficulties met by similar enterprises in the past.

HUMAN RESOURCES RESEARCH OFFICE EXPERIMENTS

The business of the Human Resources Research Office (HumRRO) has
largely been research and development of training techniques for the Army’s
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Continental Army Command. HumRRO has done this work under contract with
the Army Research Office. Although much of it has been the experimental
evaluation of new training methods, generally these have related to individual
military performance or courses in schoolroom curricula. However, there have
been a few experiments which should be described here because of the simula-
tion in which they were embedded, or the complexity of operations, or both.

Outstanding among these was the experimental evaluation of new methods
for training tank platoons and platoon leaders in a simulation setting with mini-
ature tanks (Baker et al. 1964). Adequate tactical training with real tanks or
with opposing forces has been difficult to achieve, especially among Reserve and
National Guard armor units; furthermore, it is expensive. One simulation solu-
tion to the problem, the ‘““minature armor battlefield,” was a triumph-of inge-
nuity. Tanks were manufactured to order, on a scale of 1 to 25, to resemble the
M48A2 model in both appearance and performance, such as grade-climbing capa-
bility. They were battery powered and controlled by radio. Turrets could traverse
360 degrees and the gun tube could project a narrow beam of light 20 to 25 feet.
Sensitivity-adjustable photoelectric cells were mounted on the right and left
sides just below the support rollers. When the beam from one tank hit a cell, the
receiving tank was disabled and a red light appeared on its rear. In addition to
the tanks, combat could be simulated by air rifles firing explosive pellets to
represent artillery, by charges of magnesium powder to represent smoke rounds,
and by firecrackers to represent mines.

A terrain model 28 X 76 feet was constructed in a barracks at Fort Knox,
Kentucky with hills, vegetation, rivers, buildings, roads, and bridges also on a
1:25 scale and rearrangeable. At one end sat a platoon of five “‘aggressor’ tank
crews of three men each. In five compartments on a movable platform that
could traverse the entire length of the model sat five “friendly’’ tank crews of
three men each. Both groups had radio equipment with different sets of channels
for maneuvering their tanks. Curtains operated by an instructor could limit
visibility. An instructor controlled the operations of the aggressor personnel,
while the experimental subjects were the friendlies.

In the crew training program fourteen platoons which had completed basic
unit training were subjects. Seven platoons constituted control groups, the other
seven receiving a week’s training (forty hours) on the equipment, including
familiarization exercises, briefings, critiques, and ten different problems in
thirty-six runs. In another training program for platoon leaders, twenty-five
second lieutenants encountered each of the three problems three times, rotating
through the platoon leader role; twenty-five were control subjects, and another
group of ten experienced officers served as an additional control group. In both
programs the subjects underwent a HumRRO-devised field performance test
after the training, as well as paper and pencil tests. Experimental crews and
experimental leaders did considerably better than the control subjects on the
performance tests; the differences were statistically significant except in the case
of the experienced-officer control group.

Another form of simulation for the training of platoon leaders was some-
what less elaborate. In an Armor Combat Decisions Game small 2%-inch metal
models of the M48A1 tank were moved by gunner-drivers with yard-long push
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paddles over a terrain board 8 X 16 feet, the features of which were commer-
cially available plastic models on a 1:115 scale. Five friendly tank commanders
directed the gunner-drivers by means of an interphone system and communi-
cated among themselves and with the instructor by means of an actual radio net
for tank platoons and companies, utilizing standard tank equipment. An instruc-
tor gave directions over a separate net for the movement of aggressor tanks.
Tank movement was controlled by a metronome and a grid of 2-inch squares on
the terrain board. For example, if a tank was moved one grid square every 2
seconds (as signaled by the metronome), its speed equaled 7.5 miles per hour of
movement by a real tank. Tank gunfire was simulated with narrow-beam flash-
lights, artillery fire by balls of cotton, nuclear weapons by firecrackers, and
smoke by rolls of steel wool. Twenty officers who were trained for forty hours
in this setting performed significantly better on post-training tests, including one
for field performance, than an equivalent number of control subjects.

Other Studies

HumRRO has paid much attention to infantry training and has updated the
training methods which were developed under the HumRRO-contracted work of
Psychological Research Associates, described earlier in this chapter. The culmina-
tion of its efforts in creating and testing a new training program in the tactical
and patrolling operations of rifle squads has been detailed by Ward and Fooks
(1965). Among this program’s innovations were the use of opposing forces—
pairs, teams, or squads—in training exercises; and the use of immediate-feedback
stake courses for teaching combat formations, movement, selection of firing
positions, and choice of cover and concealment. Trainees could learn from in-
formation posted on stakes whether they had made the correct choice of action.

Following some trial runs in 1962-63 at Fort Benning, Georgia, two com-
panies totaling 324 graduates of advanced individual training received thirty-
seven hours of tactical training and fifteen hours of patrolling training with the
new methods while on a semitactical bivouac in the field. This training was
conducted at Fort Ord, California, in 1964. It was followed by a field test which
HumRRO had developed earlier (Nichols et al. 1962), and a questionnaire
survey.

Twenty-six noncommissioned officers who had been instructors and ob-
servers filled out questionnaires rating this new program in comparison with the
one it was designed to replace. The questionnaires contained fifty-six items
concerning skills and knowledges, training time, realism, conduct of instruction,
and motivation. The new program was judged more effective or much more so
on every item. The trainees also filled out questionnaires; 54% stated, for ex-
ample, that in their prior Army training either ‘“‘quite a lot” or a “‘tremendous
amount” of time was wasted during training, but only 4% felt this way about the
new program, and 81% said they were more motivated by the new program than
by “the usual Army training.”

An instance of HumRRO research more experimental in emphasis and less
directly oriented toward training has been reported by Berkun et al. (1962) and
Berkun (1964). Since his accounts are readily accessible, the research will be
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reviewed here only briefly. It was concerned with the effects of “psychological
stress.” In one experiment, soldiers in a DC-3 aircraft were led to believe that a
ditching was about to occur; effects were deduced from the way they filled out
“standard” forms which burdened comprehension and memory. In a second
study soldiers were left in isolated positions during alleged artillery firing. They
had radios which failed; a subject could not summon assistance to guide him out
until he repaired the radio. Artillery was simulated by nearby explosions of
TNT. Speed of repairing the radio indicated the aversive effects of the situation.
A third experiment also used TNT explosions; but in this instance the subjects
were led to believe they had set them off by miswiring a switchbox and that
thereby they had injured other soldiers. As possibly the most significant
methodological aspect of these experiments, the subjects were not informed that
they were involved in an experiment until it was all over.
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Ohio State University
Air Traffic Control Experiments

Under the leadership of Paul M. Fitts, the Laboratory of Aviation Psychol-
ogy of Ohio State University in the mid-1950’s launched a series of nineteen
simulation-based experiments on the human engineering aspects of air traffic
control. The program ended in 1961, but was followed by the Ohio State Uni-
versity decision-making studies described in Chapter 21. The air traffic control
experiments have been described in seventeen reports issued by the Behavioral
Sciences Laboratory of the Aerospace Medical Laboratory (now Aerospace Med-
ical Research Laboratories), which sponsored the research. Fitts et al. (1958)
wrote an over-all description of much of the program, and the first fourteen
experiments were summarized by Kidd (1959¢). In addition, several of these
experiments have been reported in journals (Kidd 19615, 1961c; Kidd and
Christy 1961; Kidd and Kinkade 1962; Kinkade and Kidd 1962).

The research was oriented toward military rather than civil air traffic con-
trol—the guidance and separation of aircraft—and toward particular aspects of
such control. One of these was reliance on assistance from ground-based radar.
The other was the phase of flight in which aircraft approach a landing area. The
research was not particularly intended to provide technical aid to civil air traffic
control (see Chapter 15) which, at least at that time, depended less than the
military version on ground controllers using ground radars. Civil air traffic con-
trol instead vested more responsibility in the pilots of commercial aircraft. The
military problems of air traffic control had become obvious during the Berlin
airlift in 1949 and the Korean War. In 1950 the Committee on Aviation Psy-
chology of the National Research Council “sponsored a planning and field study
of human engineering problems in air traffic control with funds from the Air
Navigation Development Board”’; its report “provided the basis for a planned
program of laboratory experimentation’ (Kidd 1959c¢). This program started
formally at Ohio State University in 1952.

Virtually the first order of business was to design and build a simulation
capability. Attempts to make use of the 15-J-Ic device (see Chapters 4, 5, 6, 7)
revealed so much variability and unreliability that new equipment was deemed
essential. The electronic target simulator which resulted (Hixson et al. 1954) was
analog-type equipment able to display signals of thirty aircraft of various types
on a plan position indicator (PPI) type of display, of which there came to be
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four. The electronic target simulator permitted human operators, representing
pilots, to insert aircraft positions, headings, speeds, altitudes, and turn rates. It
also incorporated altitude effects on speed, wind effects on speed and heading,
and various aircraft identification methods and coding arrangements. In the first
fourteen experiments the simulator generated 17,269 flights (Kidd 1959¢). The
simulator was used some years later in another program (Chapter 5).

It did not present on the displays the clutter, “noise,” and “fading” that are
characteristic of real-life, radar-based air traffic control systems. (Noise may
consist of echoes from hills, clouds, and even birds. Fading is the disappearance
of radar signals for various reasons.) This intentional simplification was ration-
alized as follows (Fitts et al. 1958):

One of the major tenets that we have followed is that human capabilities should
first be determined under optimal system conditions (e.g., with ““idealized” dis-
plays and reliable information) and then determined for nonoptimal or degraded
systems. Only data obtained under idealized conditions permit an estimate to be
made of the upper limits of system performance that could result from future
improvements in the machine aspect of the man-machine system. One of the
gratifying results of our policy of first studying human performance under ideal-
ized conditions is that on several occasions it has been unnecessary to go on to
the study of degraded systems. In each case, by the time a series of human
factors research studies has been completed, engineering progress has made it
possible to eliminate many of the deficiencies of existing systems, and hence had
rendered unnecessary the study of the effects of such deficiencies on human
performance.

This viewpoint, which recurred in many of the program’s reports, is a per-
suasive one. It would be more so, however, if the reports had described the
various examples where it became unnecessary to go on to the study of degraded
systems, or if there had actually been any follow-on experiments at all in which
the radar presentation was degraded. It would also be interesting to know
whether any of the results were mistakenly accepted or used by system designers
as reflecting either representative or minimum human performance in a real
system. The results of many of the experiments might well be evaluated to
determine whether the researchers’ conclusions would be valid if the operators
received nonidealized inputs.

Prior to the nineteen experiments in the program, J. C. McGuire and C. L.
Kraft did some nonexperimental studies at the RAPCON Center (Radar Ap-
proach Control) at Wright-Patterson Air Force Base. These included activity
analyses, communications flow analyses, position and console descriptions, and
questionnaire surveys of controllers. In other words, a real-world investigation
preceded the experimental research in order to disclose operating methods and
problems.

In addition, in an experimental study in January 1955 (Kraft, C. L.,
Chenoweth, E., and McGuire, J. C., unpublished report), two real aircraft were
piloted in close proximity to each other in twelve approaches to the Wright-
Patterson base. Ground control alternated between two controllers at the RAPCON
Center. The researchers made a ‘““microanalysis of the flow of information in the
ground-air loop” by visually observing and recording pilot and controller ac-
tivity, obtaining voice recordings of radio communications, and making video
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recordings by means of manual Skiatron plots and frame-per-sweep photographs
of a PPI display. In addition to content analyses of the communications, ratings
by the controllers were examined for consistency of judgments of the separate
runs; the investigators also analyzed controller and.pilot variability on successive
Tuns.

The same twelve approaches were then reproduced with the electronic target
simulator, in a second part of the study (Alluisi 1956). It had been decided that
information analyses of actual operations were too time-consuming and costly
for the research program; there also were hazards. In this laboratory phase of
this study another approach was investigated: the ranking of visual records of
the aircraft tracks.

SUBJECTS: PATTERN-FEEDER CONTROLLERS

The air traffic control function central to the research consisted of the tasks
of the pattern-feeder controller. These tasks included the acceptance of in-
coming flights from a pickup controller acting as intermediary between the en
route and the terminal systems, and handover of the flights to a GCA (ground
control approach) controller guiding aircraft through the GCA gate, a sort of
funnel. Pattern-feeder controllers would have to direct all incoming aircraft
within the area, illustrated in Figure 8. It extended fifty miles between the
handover from the pickup controller and handover to the GCA controller. The
aircraft would enter this area from different directions, at different points, and
at different altitudes. A pattern-feeder controller would try to keep the aircraft
separated as prescribed by safety rules while at the same time he attempted to
hold both flight times and fuel consumption to a minimum.

In eleven of the experiments there was a single pattern-feeder controller;in
eight there were two acting as a team. One of these eight experiments compared
three-man as well as two-man teams with single controller operations. The pat-
tern-feeder controllers were regarded as the experimental subjects. But there
were other personnel in the experiments representing the operating personnel
with whom the pattern-feeder controllers interacted. Beginning with the sixth
experiment, these quasi subjects included a pickup controller and a GCA con-
troller, whose roles were generally played by well-trained university students; the
thirteenth experiment had, in addition, a departures controller. The various
stations are shown in Figure 9. Other quasi subjects were the pilots flying the
simulated aircraft which the pattern-feeder controllers were directing. There
could be as many as fifteen of these pseudopilots. They also were trained uni-
versity students. The published reports do not indicate the numbers required for
particular experiments.

Except in one instance, all the pattern-feeder controller subjects in the first
eight experiments were professional controllers. In all but two of these eight
experiments there were four subjects. In one experiment, two subjects consti-
tuted a single two-man team. In another, two two-man teams were made up
from a single professional controller and two novices. In the remaining eleven
experiments the controllers were nonprofessionals, such as college students, who
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received extensive training in the control tasks before they started an experi-
ment. Their number in any study varied between six and twenty, averaging
about eleven.

INDIVIDUAL DIFFERENCES AMONG SUBJECTS

The experimental designs generally were such that not only could measure-
ments have been reported for the performance of individual subjects but also
analyses of variance could have demonstrated any statistically significant differ-
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Fig. 9. Stations of Subjects and Quasi Subjects (Kidd 19595).

ences between subjects. The following summary shows the extent to which
individual differences and their significance were reported.

Experiment IV was the study in which the professional controller was paired
with one of two novices. Although the differences between the novice con-
trollers were generally not significant, there were consistently significant inter-
actions between novices and procedures. In fact, two of these interactions
yielded the only results from the experiment reaching the .01 level of statistical
significance. The experimenters properly interpreted this outcome to mean that
“one controller’s performance is consistently better when he is using one pro-
cedure while the other controller is consistently better when he is using the
other procedure” (Schipper et al. 1956b).

In the report on Experiment VII (Kidd et al. 1958), performance differences
among six two-man teams composed by pairing four professional controllers
were so large that they reached the .01 level of significance, the only other
source of variance to do so being the sequence of trials; none of the independent
variables that the experiment was explicitly investigating reached even the .05
level. Although this interesting finding about individual differences received a
paragraph of comment within the report, it was regarded as ‘‘somewhat aside
from the main purposes of the study’ and was not mentioned in the report’s
summary or abstract.
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In Experiment XIX (Kidd and Christy 1961), three supervisors each took
three different roles—laissez faire, active monitoring, and direct participation—in
supervising two-man teams. These roles, and loads, were the independent vari-
ables of interest. But individual differences were the major outcome. The experi-
menters reported: “The influence of supervisors as individuals yielded a mean
square variance 3.7 times greater than that derived from the role factor. The
interactions of role and supervisor and of role and load were statistically negli-
gible.” (Results from two different load conditions differed at the .05 level of
significance.)

In the report on Experiment IX (Kidd and Kinkade 1958), the only pub-
lished analysis of variance shows that “subjects and order” (for the nine non-
professional subjects) was the only source of variance to reach the .01 level; the
text contains no comment on this finding. The single analysis of variance in the
report of Experiment XVII (Howell, Christy, and Kinkade 1959), indicated that
the performances of the six nonprofessional subjects did not differ significantly.
On the other hand, the report on Experiment XVIII (Kidd 1961a) showed that
six two-man teams made up from twelve nonprofessionals differed significantly
among themselves at the .01 level, a finding left undiscussed. In the report on
Experiment VII (Schipper, Kidd, Shelly, and Smode 1957), individual differ-
ences received somewhat different treatment. In the four analyses of variance,
the differences among the four professional controllers would appear to have
been the only sources of variance reaching the .01 level; however, in each
analysis the “F” (ratio of within and between mean squares) for controllers was
simply recorded as ‘““not evaluated.”

In summary, differences between experimental subjects were noted and
analyzed for statistical significance in the reports for only six of the nineteen
experiments. They were found to be highly significant in five of the six cases;
these five included both professional and nonprofessional controllers. In a
seventh instance, highly significant differences can be inferred from the data, but
the authors of the report omitted the analysis. It seems probable that such
results received little emphasis from the researchers because their experiments
were directed at human engineering problems rather than manning (staffing) or
selection. Although the research staff discussed this matter of individual differ-
ences, disinterest predominated. Further, initially it seemed wise to forego com-
parisons among the professional controllers, on whose participation the project
depended, lest they be alienated. Nevertheless, it would appear that emphasis on
one field of human factors—human engineering—can reduce the interest in
another—manning, including personnel requirements. Yet if individual differ-
ences seem to have such importance in system effectiveness, should they not
receive more attention from system designers and developers?

DISPLAY VARIABLES

What were the human engineering problems of overriding importance in this
research? Fitts et al. (1958) divided them into display (or information) variables,
load variables, and procedural variables. Display variables “involve the type of
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information made available to controllers, the degree of precision in the informa-
tion, and the way in which the information is encoded and displayed.” Ten of
the experiments were concerned with display problems.

Experiments II and III (Schipper et al. 1956a) either identified incoming
aircraft continuously with a “clock code’ on the controller’s PPI display or
enabled the controllers to call up an alphanumeric identity with a light pencil,
while Experiment VI (Schipper, Kraft, Smode, and Fitts 1957) compared the
use of the clock code with no identification at all for the radar signals. (The
clock code was composed of different positions of a clock’s hands.) Experiment
VII (Schipper, Kidd, Shelly, and Smode 1957) provided aircraft altitude infor-
mation to the controller either through a visual display or by requiring him to
interrogate the pseudopilots on the simulated radio link.

Experiments IX (Kidd and Kinkade 1958), XII (Kinkade and Kidd 1959a),
XIV (Kinkade and Kidd 1959b), and XVII (Howell, Christy, and Kinkade 1959)
all examined the use of a supplementary display, not for the controllers but for
the pseudopilots. This was an airborne position indicator (API), a representation
of a possible future display for aircraft cockpits to show pilots where they were
in relation to the landing strip. Under an alternative condition pilots could
initiate their own descent and speed adjustments rather than respond to a con-
troller’s instructions, and in still another condition they could also initiate
changes in heading. One could call this display variable also a procedural variable
since it altered the distribution of tasks between controller and pilot.

Experiment XII investigated the use of the API with or without ground
reference points displayed on it, with or without fixed approach paths displayed
on it, and with or without aircraft identification being furnished to the con-
troller. Experiment XIV varied the proportion of aircraft equipped with the API
(none, 33%, 67%, or all).

LOAD VARIABLES

Fitts et al. (1958) defined the second category of variables, load variables, as
those which ‘““define the input to the air-traffic-control systems, such as the
traffic with which the controller must cope.” They were manipulated in a num-
ber of ways.

In Experiment I (Schipper and Versace 1956) the variable was the time
available for controller action to avoid incipient collisions, with five levels rang-
ing from 4 to 8 minutes. In Experiments II and III (Schipper et al. 1956a), IV
(Schipper et al. 1956b), V (Versace 1956), VI (Schipper, Kraft, Smode, and
Fitts 1957), VII (Schipper, Kidd, Shelly, and Smode 1957), XIII (Kidd 19595,
1961c), XVIII (Kidd 1961a), and XIX (Kidd and Christy 1961), the load vari-
able was the average time interval between aircraft that the pattern-feeder con-
troller had to accept. In Experiment XVIII control zone area and arrival area
were also varied, with two area sizes. Experiment V included simulated aircraft
emergencies in some of the flights; these could be regarded as a load variable. In
Experiment VII (Kidd et al. 1958) the load variable consisted of conditions of
regularity-irregularity within the time interval between arrivals and within the
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spatial area of arrival. In Experiment IX (Kidd and Kinkade 1958) the types of
incoming aircraft constituted the load variables, with one, two, or four degrees
of heterogeneity. The principal form of load variation—the entry arrival inter-
val—had four levels in two experiments, three in three, and two levels in four
experiments, the levels varying from as low as 30 seconds to as high as 144
seconds.

In addition, in Experiment X (Kidd 19594, 1961b), load was varied not in
terms of entry rate but according to the number of aircraft required to be
continuously under control. This experiment investigated methods of training
pattern-feeder controllers and thus did not fit any of the three human en-
gineering categories. One group of controllers was trained under three increasing
levels of load, while for another the number of trials was the same, but in all the
trials the load level was the highest of the three; this was also the level at which
both groups were tested. The three levels were four, five, and six aircraft, over
nine learning trials of 30 minutes each. Those with constant high-load practice
did better on a tenth test trial than those with graduated-load practice.

In another training study (Experiment XV) reported by Kinkade and Kidd
(1959¢, 1962) two groups of subjects, selected by random sampling, both had
ten 30-minute training trials on the simulator. But before these, one group also
had six hours of practice—twelve trials of three games each—on an “operational
game” which was developed “as a highly abstract embodiment of the basic
features of the radar air traffic control situation.” As in Chinese checkers, the
subjects moved metal tokens across a board over specified routes. The subjects
with this game practice did better in the air traffic control training with the
electronic target simulator than the others.

PROCEDURAL VARIABLES

In specifying the third category of variables as “procedural,” Fitts et al.
(1958) said they included “communications procedures, procedures by means of
which two or more individuals make joint or complementary decisions, and
procedures governing the types of instructions that controllers are permitted to
issue to aircraft pilots. An important subclass of procedural variables is the way
in which two or more men divide responsibility.” From this description, and
from the actual studies which could be placed in this category, it becomes clear
that procedural variables are diverse, to say the least. If they tend to constitute a
grab-bag, this may be so partly because there exists in the human engineering
literature no taxonomy of procedures, nor even much of an attempt to create
one.

Experiment IV (Schipper et al. 1956b) compared “in-line”” with “sector”
control; as already noted, two-man teams performed the pattern-feeder control
function. With the in-line method an “outside” controller first picked up an
incoming aircraft and guided it. Then he turned it over to the “inside” con-
troller, who delivered it to GCA control. With the sector method one pattern-
feeder controller controlled aircraft in the northern portion of the control area
and the other did this in the southern area. In Experiment V (Versace 1956)
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again there was a two-man pattern-feeder control team. The controllers either
worked side-by-side with direct communication between them or they were
separated by a wall through which they passed data strips down a chute, and
they had to communicate by intercom.

Experiment XI (Kidd and Hooper 1959) was still another two-controller
study. It had two procedural variables, each with three conditions. One was the
method of task division. Incoming aircraft were assigned in alternation to the
controllers, or by sector as in Experiment IV, or according to which of two
landing fields the aircraft had as its destination (with a different controller
responsible for each field). The other procedural variable (at least so it might be
called) was the option of exchanging control responsibility between the con-
trollers. The option was unrestrained, absent, or could be exercised only after an
aircraft had been guided thirty miles by one controller.

The number of controllers in the pattern-feeder control team varied between
one, two, and three individuals in Experiment XIII (Kidd 1959¢). When there
was more than one, responsibilities were assigned according to the sector
method. In Experiment XVI (Kidd and Kinkade 1959) the variable of primary
interest was the replacement of one controller by another, following four de-
grees or methods of orientation prior to change-over. In Experiment XVII
(Howell, Christy, and Kinkade 1959) two subjects began functioning together,
one controlling and the other monitoring another PPI display. Then both dis-
plays were blacked out as though they had suffered a breakdown and a synthetic
display was substituted. One or the other of the subjects had to take over
control with this display. As in the case of the regular PPI display, it could
provide two levels of control flexibility with regard to the number of fixed flight
paths along which the controller could guide the incoming aircraft.

In-line and sector methods were again compared in Experiment X VIII (Kidd
1961a). In addition, as illustrated earlier in Figure 8, there were three alternative
procedures for sequencing aircraft while they were under pattern-feeder control.
Controllers accomplished the required separations between aircraft 35 miles
from turnover to GCA, or 5 miles from it, or they simply made sure that the
separations would be in effect at the turnover point. Method of supervision was
a procedural variable in the last of the nineteen experiments (Kidd and Christy
1961), in which six two-man teams were formed by random pairing from a
twelve-man sample; each of three supervisors supervised each of the teams once.
As indicated earlier, there were three types of supervision: laissez faire, in which
the supervisor was a passive monitor; active monitoring, in which the supervisor
initiated instructions when he detected errors or difficulties; and direct participa-
tion, in which the supervisor himself took corrective action by communicating
with the pseudopilots rather than acting through the controllers. Each team
experienced each condition twice, and each supervisor took part in each condi-
tion four times.

From the foregoing descriptions it should be apparent that five of the pro-
cedural experiments also varied loads. As previously noted, the API display
experiments might also be regarded as procedural. Load was a variable in four of
the non-API display experiments. Thus, more than one category of human en-
gineering variables appeared in a majority of the nineteen experiments.
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EXPERIMENTAL OPERATIONS

Aside from subjects or teams and order of presentation, the experiments
contained two or three, and sometimes four, independent variables, with two to
five values each (e.g., 2X4, 2X 3, 2X2X2, 2X2X3, 2X4, 2X2,
2X2X5,3X3,3X3,2X2X2X2,2X2X2X3). Typically the variables
were organized in a factorial design—usually by means of one or more Latin
squares which controlled for order of presentation—and statistical significance
was tested by anelyses of variance. Customarily subjects served as their own
controls. The two training experiments used matched groups. “In terms of sta-
tistical power,”” Kidd (1959¢) observed, ““the designs employed have consistently
allowed the rejection of the null hypothesis when differences in performance in
the range between 5% and 10% have been observed. This level of differentiation
is quite compatible with the engineering realities associated with the system
being studied.”

An analysis of fourteen experiments shows that the total number of trials or
problems in an experiment ranged from 32 to 160, half of them being 64 or
more. The number of trials per subject or team was between 4 and 24, half of
them 12 or more. The number of trials per session was between 4 and 6,
generally with 10-minute intervals between trials. The number of sessions ranged
from 8 to 32; one-half of the 14 experiments had 9 sessions or more. Trials or
problems usually lasted 30 minutes, some being as short as 25 minutes and a few
more than 50 minutes. In addition, the sixteenth experiment (omitted from the
foregoing summary) investigated the effects of extended controller activity.
Each session lasted 3.5 hours, and there were two sessions per subject.

A battery of performance measures reflecting both safety and efficiency
criteria was used in this research rather than a single measure. Efficiency mea-
sures included over-all flight time, percent delay, fuel consumed in flight, and
frequency of missed approaches. Safety measures included frequency of separa-
tion errors at various stages of an aircraft’s approach and maintenance of speci-
fied intervals between landings and departures. In addition, the researchers
analyzed the content and frequency of communications, measured delays in
responding to emergencies or major system disturbances, and obtained job satis-
faction ratings from the subjects. The measures and methods of collecting data
were adopted on the basis of experience in the experimental study, mentioned
near the beginning of the chapter, which preceded Experiment I.

Experimental Findings

The following experimental results and conclusions have been adapted from
the summaries by Kidd (1959¢) and the reports of the last four experiments.
First to be considered are the display variables. The data showed that the display
of a target’s identity increased a controller’s capacity. The clock code and identi-
fication by call-up with a light pencil were equally effective; and clock code
identification was better than none at all, especially under high-load conditions.
System performance was relatively unaffected by the mode of obtaining altitude
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information—auxiliary display or querying the pilot—but the display reduced the
time the controllers talked by 8%. Controllers tended to shift from using the
display to making a radio inquiry when the load grew heavy. When controllers
used either the API display or an identification method, the system became
maximally adaptable. In addition, the redistribution of work load through using
the API improved system performance, such improvement being proportional to
the number of aircraft so equipped.

With regard to load variables, it was found that system efficiency decreased
as entry rate increased, especially when the interval between aircraft became less
than a minute. Although in earlier experiments differences between lower rates
failed to achieve any statistical significance, in the last experiment a 90-second
entry interval increased delay 12.1% over that with a 120-second interval. Irreg-
ularity of entry in time or space had no significant effects. Kidd (1959¢) drew
the conclusion that a skillful pattern-feeder controller can easily control eight
aircraft at the same time with near-minimum flight delay and virtually complete
safety when radar presentation and communications make complete information
available. Loads exceeding ten aircraft definitely introduce delays and hazards.

In addition to the finding about distribution of tasks by means of the air-
borne position indicator display, various results were related to procedural vari-
ables. For example, it appeared that face-to-face communication could be dis-
tracting, and that assignment of aircraft within a two-man controller team ac-
cording to aircraft destination (when there were two airfields) was superior to
either in-line or sector assignment, those other two methods being equally effec-
tive. It was also found that co-ordination and integration between team members
placed an additional load on the system. With a constant load, only a slight
advantage came from increasing the size of the team. It was concluded further
that “some functions such as emergency procedures and inter-controller com-
munication procedures should be standardized while other functions such as
routing during the approach should be kept flexible.”

Kidd (1959¢) suggested that a single underlying factor could be related to
most of the findings, namely, the susceptibility of human short-term memory to
interference:

Thus, with regard to distribution of responsibility, it is the short-term memory
capacity that is burdened when input sources are multiplied without a commen-
surate reduction in net input load. Input organization likewise stresses the loss of
memory content that occurs when an operator switches his attention from one
display to another. Insofar as procedural flexibility is concerned, the lack of
extrapolative capacity seems to be but one facet of the memory problem in that
extrapolation requires the simultaneous synthesis of a number of discrete items
of information; any momentary loss leads to a wrong prediction.

According to Fitts et al. (1958), the Laboratory of Aviation Psychology
planned to continue its studies with ‘“(a) the study of simulated automatic con-
trol systems in which people will be asked to monitor the system and to handle
emergencies, (b) the study of different kinds of procedures for attaining a high
level of effectiveness from a group of men who are working together, (c) the
development of displays, work stations, and communication nets suitable for use
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by groups of three or more controllers, and (d) the study of the optimum
number of controllers for performing different functions and handling various
loads.”” However, these plans were not realized.

ASSOCIATED RESEARCH

In a brief continuation, three experiments were sponsored by the Opera-
tional Applications Office of the Electronic Systems Division of the Air Force,
to investigate not the design or management of an air traffic control system but
rather the effects of noise in degrading communications (Kidd 1961d, 1963). In
one experiment the signal-to-noise ratio was varied in the voice communication
links between a pattern-feeder controller and pilots. In the second, noise mask-
ing was kept constant and limitations were imposed on the frequency charac-
teristics of the signal. In the third, transmissions were interrupted to determine
the effects of intermittency. As possibly the most interesting aspect of these
studies, the measures of communication degradation were not conventional in-
telligibility measures but the kinds of measures of system performance obtained
in the preceding program.

Extensive supporting research accompanied the large experiments. Experi-
ments in this “related technical research’ were directed at visibility and lighting,
specific display principles, information coding, and information-handling abil-
ity. One of the products was a method of “broad-band blue lighting” of rooms
containing radar displays (Kraft 1956; Kraft and Fitts 1954); this was widely
adopted. Kraft exploited this lighting innovation in redesigning flight-progress
strips, communication indicators on consoles, and facility status displays for the
RAPCON at Wright-Patterson Air Force Base. McGuire and Kraft also evaluated
horizontal displays and twin-microphone, split-headset voice communications.
Much of the component research yielded human engineering data of general
import as well as experimental findings about human information processing. It
had the further advantages that it provided additional channels for graduate
work among many talented students and for publications in journals. Thus the
larger air traffic control studies were part of an over-all research program. The
scope of the program may be grasped from the fact that forty-one individuals
were associated with the project, as supervisor, research associate, or research
assistant, for one month or more on regular appointments between 1952 and
mid-1956; many were part-time or short-term appointments (Alluisi 1956).

One stated objective of this over-all air traffic control program (Fitts et al.
1958) was to “provide human engineering principles that can be used by the
engineers who will design future air traffic control systems, and by the opera-
tional personnel who will devise the procedures to be employed in operating
these systems. . .. From a psychological viewpoint, another goal of the research
is to provide quantitative estimates of human capacity for performing the dif-
ferent types of functions which may characterize future air traffic control and
similar complex man-machine systems.”

It is tantalizing to be unable—because it is so difficult to assemble the evi-
dence—to establish how widely these objectives were realized in the use of data
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from the nineteen air traffic control experiments, whether by system engineers
and operational personnel or in human engineering exploitation of the knowl-
edge those studies yielded about human capacities and limitations. For they
were indeed productive, and they advanced the state-of-the-art of man-machine
system experimentation.
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System Development
Corporation Field Experiments

The account in Chapter 8 of the experiments in the RAND Corporation’s
Systems Research Laboratory described how these led the Air Force to establish
the system training program (STP) to train personnel for air defense systems in
North America and later overseas. This training program in turn gave rise to a
number of experiments by the System Development Corporation (SDC), and
some while that organization was still part of RAND. Most of the experiments
associated with STP were at field locations. The few conducted on SDC premises
are described in Chapter 17, along with other SDC laboratory experiments. The
present chapter divides the field experiments into four categories. Some were
embedded in the pre-SAGE manual air defense system, some in the SAGE com-
puter-based system. Within each of these groups were experiments intended to
evaluate or improve system training, or some feature of it, and others which
tried to evaluate or improve the system itself in some fashion, using the STP
simulation and exercising capability for experimentation.

MANUAL AIR DEFENSE

As Chapter 8 indicated, the STP was adopted to train crews at operational
Air Defense Direction Centers (ADDCs) (Goodwin 1957). One of the first re-
quirements was to create a simulation capability that could introduce simulated
radar signals of moving aircraft into plan position indicator (PPI) displays
manned by surveillance, identification, and intercept-control personnel. The
make-believe consoles and digit-printed IBM paper of the Systems Research Lab-
oratory were obviously unsuited to this purpose, if only because the operators
were supposed to be trained at their regular equipment. The capability that
resulted may be best understood as composed of two parts, the production of
simulation data and the translation of the data into electronic signals for the
simulated display of radar-detected tracks.

The production process was complex. Hostile and friendly tracks were de-
signed and scripted or tracks were selected from a “library’ to compose an
exercise lasting one to three hours, generally two. Decks of cards were punched
to contain the track data. These or pre-punched library decks were fed into a
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computer which followed programs made up of various models that would en-
able the computer to process the tracks to show the effects of aircraft and radar
characteristics. The outcome of processing was a magnetic tape that contained
an exercise’s track inputs. By means of especially designed equipment these
inputs were transferred, in a digital-to-analog conversion, to 70-mm. film on
which spots represented aircraft positions; the co-ordinate positions of the spots
in any frame specified the range and directional (azimuth) positions of the
simulated aircraft as seen by the radar viewing them. Each frame of the film
contained signals for all the aircraft seen by that ADDC radar during one radar
antenna rotation. The film included indicators of aircraft altitudes. A different
film was made from a different tape for every ADDC participating in an exercise.
Since two or more ADDC radars might see the same aircraft, these inputs had to
be co-ordinated originally in the computer so that every simulated aircraft seen
by two or more geographically separated radars at different ADDCs would
appear at the same geographical locations.

As the second part of the simulation capability, a device was installed at each
ADDC radar to translate the spots on the film into electronic signals which
would enter the radar as though they were radar echoes, so the radar’s processing
would result in their presentation on the ADDC’s PPI displays in the same
fashion as real radar signals (blips). This device, the AN/GPS-T2, was designed
by RAND but produced by a contractor for the Air Force. It resembled appa-
ratus developed at Lincoln Laboratory (see Chapters 5 and 6). It served its
purpose—up to a point. It transduced the film spots into radar signals, which
moved across the PPI displays as actual aircraft signals might. But there were
several drawbacks. Although the device required considerable maintenance, as so
often occurs with training devices provisions for such maintenance were often
overlooked. The tracks were fixed; no changes could be made in them during the
exercise. For example, a track could not be prevented from continuing to appear
on PPI displays even if the enemy bomber it represented was shot down in the
exercise, nor could such an aircraft take evasive action. The signals (blips) did
resemble actual blips, but they frequently lacked the fidelity that would be
preferred for training in visual discrimination. That level of quality was not
deemed a requirement in the original plans for STP; its need did not become
pressing until training in ECCM (electronic counter-countermeasures) began to
emphasize visual discriminations of signal from noise. Simulation of electronic
countermeasures was omitted, except in a rudimentary form, until a modifica-
tion called the anti-countermeasures trainer (ACTER) was developed and added
to the AN/GPS-T?2. In spite of these drawbacks the program developers felt that
the AN/GPS-T2 sufficed for training. It was a relatively simple, inexpensive
device that could be produced and installed quickly—one that could get the
signals into the system.

The experiments had to depend on the simulation capability developed for
training, not too unreasonable a situation in experiments which investigated the
training itself. In addition, to simulate interceptor aircraft the experiments had
to rely on 15-J-1Ic devices (described in earlier chapters), which were already
installed as training devices at air defense field sites. These were too few and too
unreliable to simulate noninterceptor aircraft.
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System Training Experiments

These experiments illustrate the problems that so often occur in experi-
mental research in an operational setting. They may be problems beyond the
control of the experimenters, and they usually do not originate from the subject
matter of the experiments. They are accentuated if the operational system is
young, developing, or being installed during the experimentation.

The 85th Division Experiment. The first major field experiment to investi-
gate the system training program (Jaffe 1958) was a large-scale study in the 85th
Air Division of Air Defense Command. It involved twenty air defense crews, four
at each of five Air Defense Direction Centers. Ten crews, two at each location,
received system training in two STP exercises per week for six weeks. The other
ten simply experienced day-to-day operations. Thus, the essential comparison
was between STP and no STP. All crews took the same pre-test before and
post-test after the STP period. The two tests were the same and consisted of two
problems, as the simulation input for an exercise has been called in the system
training program. They contained high-load, difficult situations. The six STP
training problems were medium load. In addition, all crews practiced with two
light-load problems in shakedown exercises before the pre-test. All problems
were especially designed for the experiment.

The experiment was conducted between November 26, 1956, and February
28, 1957, in the course of installing the system training program in the 85th
Division. This training program was introduced into the Air Defense Command
division by division with the help of the organization at RAND (later SDC) that
developed the program and did the experimenting. Originally the experiment
was even more ambitious, but a variety of circumstances made it impossible to
include two additional air divisions as planned.

In all of the exercises in the 85th Division experiment, all five ADDCs took
part in an exercise together and received co-ordinated simulated inputs. Thus
each of the four crews at each ADDC was, so to speak, part of a division-wide
crew. However, there was relatively little interaction between ADDCs in this
experiment, because of a lack of telephone communications. Following the
post-test, STP was suspended for the two crews at each site that had been
receiving it and given to the other two crews in twelve exercises. Then all four
crews took a third test. These operations constituted a supplementary experi-
ment in March and April of 1957.

Since the four crews at each location had already been formed, it was im-
possible to compose them on the basis of a preliminary exercise. However, the
pre-test showed they all had approximately the same ability at the outset. It was
impossible to keep them from exchanging information about the experiment or
to prevent turnover within crews. There was a minor amount of interchange of
personnel between the two STP-trained crews and between the two non-STP
crews, but very little between crews with different training. The researchers
estimated that about 25% of the officers and airmen taking the pre-test did not
participate in the post-test.

Loss of “crew integrity” was not the only difficulty. Although core elements
of the crews had been trained in Santa Monica in STP principles and in such
operations as debriefing, crews did not always follow prescribed debriefing
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methods. Exercise schedules had to be revised at times due to actual (live)
operations. The inputs of simulated aircraft altitude, which were supposed to
come from the AN/GPS-T?2, usually failed to reach the heightfinding scope
reliably. Only two of the five ADDCs were equipped with 15-J-1c devices for
the simulation of intercept control, so a makeshift map-plotting substitute had
to be developed for dead-reckoning simulated interceptor aircraft. This did not
yield very good results.

In addition to extensive qualitative, “critical incident™ data, six measures of
performance were ultimately analyzed, all based on frequency data; latency data
seemed to be both unreliable and insensitive. From pre-test to post-test the
STP-trained crews improved 17% on initial plots, the other crews only 6%; 18%
on track establishment, the others 4%; 17% on track classification, the others
3%; and 24% on track correlation, the others showed no improvement. The
experimenters reported that the differences in improvement were statistically
significant. Two measures concerned with tactical action (intercept control) did
not yield statistically significant differences. In the third test, the crews for
whom STP had been suspended performed as well as they had on the post-test;
the research report omitted results for the other crews.

The M-130 Experiment. Another field experiment was conducted in 1957
at an ADDC code-named M-130 (Alexander, Kepner, and Tregoe 1962). Since
the air defense site had not yet entered its operational phase, the experiment was
not hampered by and did not interfere with operational requirements. Equipment
was functional. Crews were on hand that had received individual training but had
not worked together. The subjects were four thirteen-man crews equated by
assigning personnel according to air defense experience, rank, skill classification,
and scores on an operations information test.

All four crews had two shakedown runs on a practice problem and then one
run on two pre-test problems, which were high-load situations containing forty-
two and forty flights, as well as ten “critical” flights involving “difficult” situa-
tions, such as hostile mass raids and deviations from flight plans among friendly
aircraft. Each crew then exercised twice with each of six training problems,
before encountering two post-test problems which had the same inputs as those
in the pre-test problems. Exercises were run twice daily, five days a week, for
two months. Before the post-test problems all the crews were given one exercise,
which included situations and requirements missing from the training problems,
to determine how the crews would react to novel demands. The main objective
of the experiment was to evaluate, in combination, the two STP practices of
conducting a discussion-type debriefing after every exercise and presenting, at
this debriefing, information about the crew’s performance (knowledge of re-
sults). The experimental design did not attempt to differentiate the effects of
one practice from the other. Two crews received knowledge of results in a
debriefing session after each training exercise, whereas the other two had no
debriefing sessions. Other experimental arrangements have been summarized by
Alexander, Kepner, and Tregoe (1962) as follows:

Crew performance information was collected by a military team which had
been trained by and worked under the supervision of the experimenters. This
information was obtained in three ways: from observation of the vertical board
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on which were displayed all tracks processed by the crew; from logs maintained
by experimenter personnel who simulated adjacent sites; from logs maintained by
experimenter personnel who simulated interceptor pilots. The objective criteria
for successful completion of each stage of information processing of tracks
which were used were obtained from military regulations.

In order to minimize the possibility of transmission of information among
crews, the following procedures were utilized: differential sequencing of exer-
cises, crew rotation, coding of problem numbers, fostering of a spirit of competi-
tion by instituting a “Crew of the Month” award. Observation by the experi-
menters and interviews during the course of the project indicated that very little
information of value was passed among the crews.

Ten types of system performance (and several combined types) were mea-
sured for the following four functions: detection of radar tracks and tracks
reported from another ADDC (““cross-told”) at PPI displays; recording of each of
these two types of tracks on the multiviewer vertical display; maintenance of
critical and noncritical tracks on the vertical display; and system output for
adequate tactical action and reporting of data to other ADDCs. Except for the
measure concerned with tactical action, the crews that had received knowledge
of results and debriefings improved in their post-test performance over the pre-
test, whereas the other two crews did not. Analyses of variance indicated that
seven of the thirteen differences reached the .05 level of statistical significance,
and four others reached the .10 level.

When the crews encountered the problem presenting a novel situation (the
adjacent ADDC was destroyed), the crews which had received the STP post-
exercise treatments performed considerably better than the others.

The experimenters were especially interested in examining why in the post-
test problems the crews which received knowledge of results in post-session
debriefings improved more in some functions than in others relative to the other
crews. They concluded that such feedback led to more improvement in those
functions where less information about its performance level was available to
the crew during operations. “The data indicate,” they said, “that there is an
inverse relationship between the visibility of a function and the amount of
performance improvement demonstrated for that function.” Although no mea-
suring scale for ‘‘visibility’’ was developed, the researchers suggested that visi-
bility ingredients included (1) the display of the results of his actions to an
operator; (2) their display to his supervisor; (3) direct communication to an
operator from persons affected by his actions; (4) observation by an operator of
the activities of persons affected by his actions; (5) reception by an operator of
information about other inputs reaching those personnel affected by his actions;
and (6) an operator’s awareness of ‘“‘the kind and distribution of information
needed by’ those other personnel. The experimenters further advised that “con-
sideration should be given to the possibility of designing or redesigning increased
visibility into a system function so that more feedback is available within the
operating situation.”

A retest was conducted at M-130 four months later (Kepner and Tregoe
1959). In the interim the two crews which had not received the post-exercise
STP training in the original experiment had been receiving it intensively for four
months. They showed decided improvement. Conditions during the intervening
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period had been uncontrolled, and the earlier STP-trained crews had received less
system training. Their retest performance failed to match their scores on the
post-test of the original experiment.

The M-96 Experiment. An experimental study was undertaken at the M-96
ADDC in 1958 as a sequel to the M-130 experiment (Jensen, Tilton, and Ander-
son 1958). It was hoped to assess the different contributions to training of STP
debriefing (discussions) and feedback (knowledge of results), the two features
investigated jointly at M-130. Four crews served as subjects. One crew received
both debriefing and feedback, a second only debriefing, a third only feedback,
and a fourth neither. When the project was scheduled, the site was not expected
to enter operational status until the end of the experiment. Unfortunately for
the researchers, the ADDC became operational shortly after the experiment
began, because a state of alert was declared. Experimental control was lost.
Crews received variable amounts of operational experience during the experi-
ment, and in all cases such experience exceeded STP experience. Crew member-
ship changed due to turnover. One no-debriefing crew, it was later discovered,
had had discussion sessions during slow periods of regular operations. The
debriefing-only crew had had intensive training sessions on component tasks.

Other difficulties troubled the study. Its start was delayed by a lag in the
installation of operational equipment. Special communication facilities had to be
rearranged. The multiviewer vertical display was weeks late in arriving. When it
did arrive, the painter assigned to inscribe the reference information was on
leave. When he returned a week later, the job took still another week. The alert
(due to a Mid-East crisis) interrupted all experimental activities for ten days. The
AN/GPS-T2 frequently malfunctioned—a disaster in the evenings, when no
maintenance man was on hand. Data were lost for one of the crews because the
photography of the vertical display was poor. Six members of this crew were
absent from its post-test and four new men were present, due to a military
policy of crew rotation.

Each of the four crews had two pre-test exercises and (apparently) two
post-test exercises, all involving a war-time problem—all the flights were “criti-
cal.” There were ten system training program exercises for each crew between
pre-test and post-test. However, in the scheduling of these and the pre-test and
post-test exercises, various divergences occurred between crews.

Results were reported for three of the crews, but these results were not
regarded as highly trustworthy. The experiment was, however, particularly pro-
ductive in showing what can happen to experimental research in an operational
setting. In addition to the misfortunes already noted, the SDC experimenters
found that it had been unwise to rely on the relatively untrained operational
personnel to collect data and perform simulation. Such tasks, they reported,
should be handled by highly skilled personnel from the research organization
itself. Data reported by monitors gave results contrary to those based on data
derived from photographs.

Other Studies. A number of other smaller studies investigated ‘“manual”
STP, but their status as well-controlled experiments seems questionable. One was
a team competition study in 1957. Crews received the results of other crews’
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performance as well as their own; the one with the best performance over a
period of time received special passes (Cranston, Holmes, and Maatsch 1958).
Still another examined feedback furnished by supervisors who monitored voice
communication lines and informed crew members about their performance
(Berkowitz, Best, and Rockett 1958). There was also a study, discontinued
because of an alert, to investigate the value of specific feedback information
about a particular operations function; communications between two sites were
carefully monitored at each end and then the sites exchanged monitoring data
(Bughman and Jaffe 1958).

The pre-SAGE system training program had been criticized by the Air De-
fense Command for its concentration on the surveillance and identification func-
tions and relative neglect of intercept control. Accordingly, a study was done in
1957 in the 27th Air Division to determine whether STP could be expanded to
train intercept directors (E. H. Holmes and T. R, Wilson, internal SDC publica-
tion). This field experiment was a fairly modest one. Two groups of intercept
directors were trained at one site—one a group of four intensively trained in five
sessions, the other a group of four partially trained. A group of three at another
site received none of the special training. All received a pre-test in May and a
post-test in June with an STP problem requiring intercept control; the extent of
improvement matched the extent of training.

System Improvement Experiment

The principal experiment by SDC researchers with the goal of evaluation or
improvement of the manual air defense system dealt with the effects of elec-
tronic countermeasures. Since it was associated with a laboratory-centered pro-
gram, it is described in connection with that program in Chapter 17. Manual
operations were involved in three others studies, the COIN, AZRAN, and Mode
IIT projects, but since they came about in the SAGE era and concerned inter-
faces with SAGE, they are described in the next part of this chapter.

SAGE (SEMIAUTOMATIC GROUND ENVIRONMENT)

As developed for the air defense of the United States, the SAGE System
consisted of approximately a score of direction centers and a smaller number of
combat centers which were higher headquarters for co-ordinating the actions of
the direction centers. All the centers had digital computers. The larger and more
powerful computers were in the direction centers, which were netted to each
other and to the combat centers, radar sites, and interceptor aircraft bases by
data link or telephone communications or both. Teletype, telephone, and even-
tually data link provided communications between the centers and the head-
quarters center of the North American Air Defense Command in Colorado
Springs.

Analog-to-digital conversion computers at the radar sites (‘“long range
radars™) digitized radar signals which were transmitted by data link to the direc-
tion center computers for processing and display to surveillance, identification,
and intercept-control sections. The intercept directors sent -guidance and in-
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formation messages to interceptor pilots by radio and data link. The interceptor
aircraft and bases were not part of SAGE. Neither were the surveillance and
heightfinding radars which provided the basic data about the geographical loca-
tions and altitudes of airborne objects. The systematic SAGE development, as
such, did include the selection and the individual (as well as some crew) training
of most of the operating personnel, but not of the highest-ranking decision-
makers and their staffs. As SAGE was turned over unit by unit to the Air
Defense Command, the organizational boundaries of a sector containing a direc-
tion center encompassed these other entities and personnel. They came to be
widely regarded as parts of SAGE. Accordingly, although in its design and devel-
opment SAGE was almost exclusively a computer-based information-processing
system, the term as related to operations has included the sensor, effector, and
decision-making functions (radars, weapons, and commanders) to which the in-
formation processing was related, as illustrated in Figure 10.

System Training Experiments

The system training program for training crews in the manual air defense
system was adapted by the System Development Corporation to SAGE and
installed location by location. Most of the adaptation initially concentrated on
methods of simulation. The STP in SAGE has been described by Rowell and
Streich (1964) and Rosove (1967), and a detailed critique has appeared in a
Navy-sponsored report (Parsons 1964); Sackman (1967) has given some of the
particulars about simulation techniques. In STP as first practiced in SAGE, the
long-range radars (the sensors) and their personnel were excluded from exercises,
as were the effects of electronic warfare, that is, electronic countermeasures
(ECM) brought to bear by the enemy against the radars and ground-air com-
munications. Eventually system training was extended to the personnel at the
radars, largely to incorporate simulation inputs of electronic countermeasures
there (Parsons 19605). But the primary emphasis has always rested on training
the operations personnel within the direction centers.

Such emphasis has been closely associated with the methods of simulation
for SAGE STP exercises. Essentially there have been two methods, other than
the simulation inputs at the radars mentioned above. In one simulation tech-
nique, personnel acting as pilots but sitting at consoles in a special room in a
direction center could, through button pressing and other other switch actions,
insert aircraft signals into the computer and maneuver these signals to represent
aircraft positions, courses, and speeds. The computer displayed these on the
PPI-like “situation displays” in the surveillance, identification, and intercept-
control sections. This simulation resembled—but greatly improved on—the ma-
neuverable target simulation of the 15-J-1c device used for interceptor simula-
tion in the manual air defense system, noted earlier in this chapter and described
in previous chapters. Intercept directors communicated with the pseudopilots by
radio-simulating telephones; or computer commands were executed by simulated
interceptors through programmed simulation of data link within the computer
itself. This method of simulation was employed almost exclusively in SAGE STP
for the control of manned interceptor aircraft and unmanned Bomarc missiles.
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Fig. 10. Relationships between a SAGE Direction Center and Other Air Defense Ele-

ments (Rowell and Streich 1964).

The principal simulation technique in SAGE STP exercises represented hos-
tile aircraft—i.e., bombers—and friendly aircraft, which could be commercial
traffic or Strategic Air Command (SAC) flights. Problem inputs were prepared in
much the same fashion as they had been for manual air defense STP (described
earlier), up through the point of computer production of a magnetic tape, on
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which they were placed. However, the eventual outcome of the production
process for this kind of simulation in SAGE was not storage of signals on film,
but storage on a magnetic tape which could be processed by the computer in the
SAGE direction center. The inputs were introduced into that computer as
through they were digitized radar signals. Eventually, SDC developed methods
whereby the direction center computer itself could produce the magnetic tape
for a computer-based exercise. \

Because the direction center in SAGE carried out the functions of a number
of the ADDCs in the manual system, covering a much larger surveillance area and
directing many more interceptor aircraft than a single ADDC, a direction center
duty crew and staff personnel in an exercise might total fifty to eighty indi-
viduals rather than a score. The contents of an input tape would be corre-
spondingly more substantial and complex. Additionally, an exercise required the
simulation of various nonradar inputs, such as weather information, information
from higher echelons, intelligence data, aircraft flight plans from the FAA and
military units, and interceptor base data. SAGE also interfaced with, and could
exert control over, Army centers which co-ordinated antiaircraft (Nike) missiles.

A SAGE STP exercise might involve a single direction center, two or more in
a division operating together, two or more divisions, or the entire system
together with all other North American air defense units and NORAD (North
American Air Defense Command) headquarters. In the preparation and conduct
of all exercises, SDC training representatives and computer programmers pro-
vided help to the Air Force personnel who were responsible for the training
program.

Since preselected surveillance inputs were being introduced directly into the
direction center and were being processed by that computer, it became possible
also to program the same computer to collect data concerning the joint perform-
ance of console operators and the computer itself. It was also possible to pro-
gram the reduction of these performance data and the printout of summary
information shortly after an exercise. However, because some performance in-
formation even within the direction center could not be automatically recorded
in this fashion, SAGE operators were observed by skilled Air Force monitors (in
STP jargon called a TOR team—training operations report). The automatic re-
cording method also was unable to register what might happen within the sensor
(radar) and effector (interceptor) elements, since these were poorly represented,
misrepresented, or unrepresented in a Direction Center exercise.

Washington Air Defense Sector Study. A single experimental attempt was
made to evaluate the over-all effectiveness of the system training program in
SAGE. This 1958 study, embodying forty exercises, was initiated and reported
by J. T. Rowell, who headed the SDC team of training representatives in the
Washington Air Defense Sector (WAADS) at the direction center at Fort Lee,
Virginia. Rowell (1962) wrote:

Data were collected over a two-and-a-half month interval which extended from
the completion date of positional training by the Air Training Command to
operational date for the Sector. This period offered an excellent opportunity for
such a study since there was no turnover of crew personnel, the crews were not
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engaged in activities other than system training and each crew, consisting of
approximately fifty officers and airmen, was equally inexperienced in operating
the SAGE system.

Each of four crews went through ten two-hour exercises, based on five input
problems, two exercises per problem. No crews could be assigned as non-STP
crews for purposes of experimental control, because all were required to receive
training within the time available for the experiment. The problems were pro-
gressively more complex. They were those which had been designed for installing
STP in this SAGE sector; one might describe the experiment as measuring the
effects of installing the system training program.

The study assessed system performance through five measures: the propor-
tion of “critical” input tracks for which computer-generated tracks were cor-
rectly initiated; the proportion correctly identified as hostile or unknown; the
proportion of these against which interceptors were dispatched; the proportion
of those which were intercepted; and the proportion of “critical” input tracks
which were intercepted. Although the last problem was much more difficult
than the first, the crews averaged 96% success on the fifth measure in the two
exercises using this problem, compared with 32% success on this measure in the
two exercises based on easier problems at the beginning of the experiment. The
researcher reported the difference as statistically significant. The first two mea-
sures showed almost perfect performance from the start. Substantial improve-
ment was evident in the other two measures.

Weapons Director Study. The SAGE direction center in the Kansas City Air
Defense Sector (KCADS) in 1959 was a nonoperational site used primarily for
testing SAGE computer programs and equipment and for some initial crew
training by the Air Training Command. It also had advantages as a location for
conducting experiments, one of which was a study of the SAGE weapons direc-
tor function (Ford and Katter 1960a).

A weapons director (WD) in SAGE is the officer who makes selections
(1) among interceptor aircraft and Bomarc missiles to intercept or interrogate
hostile or unknown aircraft, and (2) among intercept directors to guide the
designated interceptors using the computer’s output of directional commands
(vectors) and other information. The WD, who has a technician to assist him,
must process much displayed information, operate many switches at his console,
handle extensive communications within the direction center and with external
elements, make many crucial decisions, and monitor the ongoing actions of the
interceptors and intercept directors he has assigned.

The WD and his technician constitute a nodal position responsible for much
of the interactional performance of the intercept-control section. It has been
occasionally conjectured that training such nodal positions might be a relatively
simple and inexpensive method of achieving many of the effects of the system
training program. Although this heretical notion was never fully tested, it pro-
vided the rationale for this KCADS experiment.

The subjects were nine two-man teams of weapons director and technician,
three of them with considerable operating experience, four with little experi-
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ence, and two with none. (Level of performance was found to be correlated with
level of experience.) Each team performed three times in an 80-minute exercise
which had a portion characterized by low input rate followed by one with high
input rate. However, due to scheduling and computer difficulties, complete data
were not obtained for three of the less experienced teams. In addition to the
input tape, as few as eleven individuals were required to “man all other positions
needed to maintain the system operating context and to provide simulations,
pilots, airbases, etc.,” according to Ford and Katter (1960a). “One or two ob-
servers could be used depending upon how much detail of operator skills and
procedures were required.” These researchers came to some further conclusions
beyond a finding that weapons director training was feasible:

Reliable observations of operator performance can be obtained; independent
sets of observations made on the same run averaged better than 95 per cent
agreement. Such high observer agreement was obtained by (a) gearing the ob-
servational schedule to programmed inputs, in order to help cue observers,
(b) making the observational categories very explicit, and (c) taking care to ap-
portion the observers’ jobs so none would be overloaded . . ..

Operators exhibited a high degree of motivation, some continuing to work
and take switch actions after the computer had stopped cycling . . . . All under-
stood clearly that performance results depended completely on their individual
capabilities, and . . . were unanimous in acclaiming the exercise as a challenge
which mobilized their best efforts since all results were seen as being under their
individual control. ... There was considerable performance variability among
the teams. The most inclusive measure of performance is the raw number of
flights successfully handled during a run. The best single run score on this was
seven times as great as the poorest! (The best was a very high percentage of the
total possible.) Even among the first-run scores of the three experienced teams,
the best was about 40 per cent better than the worst. This much variability
would have serious implications for system performance and reliability, if it were
compounded throughout the system . . .

A good overall measure of learning effect is the average percentage improve-
ment per hour of exercise, using the number of flights successfully handled as
the score. Over the three experimental exercises, the average percentage improve-
ment per hour was about 15 percent.. ..

Several behaviors that we have called Planning and Team Coordination Activ-
ities showed a markedly similar pattern of development; their frequencies rose
from an intermediate value in the first run to a maximum in the second, and
then diminished again in the third. The behaviors showing this pattern were:
asking questions, answering questions, monitoring and prompting teammate,
planning and conferring, giving directions to each other, and clearing excess
information from displays. Planning and Coordination Activities are increased
whenever a new situation forces extra attention and extra communication in
order to share knowledge and reach agreements about changing or initiating
procedures. After the novelty of a situation has been overcome by learning, the
relative frequency of such activity decreases. ... That the six behaviors listed
actually represent learning activities is strengthened by another finding: ex-
perienced teams showed lower frequencies on all six behaviors than did inexperi-
enced teams.

The experimenters deduced that although no performance criteria had been
specified, the subjects apparently selected a quantity criterion, such as the num-
ber of critical flights neglected, rather than a quality criterion, such as use of the
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most appropriate weapon. The experimenters warned that such a short-sighted
tendency might be accentuated by too much emphasis on high input rates in
training.

They specified four operator techniques as helping the subjects reduce and
smooth quantitative load. One was simply working faster, by deleting nonessen-
tial, though helpful, actions. Another was selection of alternative actions which
required less time, such as assigning an interception to an airborne interceptor
rather than scrambling one. Sequencing actions according to their required dura-
tions and associated delays was the third. The fourth was called “anticipatory
planning”; the operator might take an action before it was necessary because he
had some slack time.

Electronic Countermeasures Study. Another investigation can be regarded
only as quasi-experimental. It as an attempt in the Kansas City Air Defense
Sector in 1959 to get information on which to base electronic counter-
countermeasures (ECCM) training in SAGE. Since electronic warfare is highly
sensitive to security considerations, all the material here concerning this study
has been taken from an unclassified report on the development and installation
of SAGE ECCM training (Parsons 19605b).

The study addressed itself to a major uncertainty at the time. Who should be
trained? Particularly, should ECCM training include personnel at the long range
radars, even though these were usually some distance from the direction center
to which they supplied sensor data? Opinions were many and divergent, whereas
hard information was scarce since no task analyses had been performed to ex-
amine the effects of electronic countermeasures on SAGE and the steps neces-
sary to counteract them. (Later, extensive testing with actual aircraft—for ex-
ample, SAC bombers—which generated electronic countermeasures contributed
valuable information about the kinds of ECCM activities required in SAGE. The
reports of these tests by the MITRE Corporation and various Air Force units are
classified.)

To provide the empirical evidence for task analyses, an ECM environment
was created by means of simulation at three locations in the KCADS sector: the
direction center in Grandview, Missouri, and two direction center-tied long range
radars at Olathe and Hutchinson, Kansas. Simulated aircraft signals came from
the AN/GPS-T2 and simulated ECM from the ACTER (anti-countermeasures
trainer) at the radar sites; these devices provided inputs to these sites and thus to
the direction center. Data were gathered during approximately 150 hours of test
time in the course of four months. Two standard sets of inputs stored on film
were created for the purpose. One was a ‘“‘tactical” problem representing a
mythical land-sea environment. The other consisted of 7-minute portions cover-
ing such ECM and aircraft parameters as number of jamming aircraft, distance
between jammers and radar, power of jamming, combined use of chaff and
jamming, etc. This second set of inputs was intended to show the relationships
between various inputs at the radars and diverse tasks that personnel would have
to learn to perform both at the radars and at the direction center. The study not
only furnished information for such analyses but also enabled the tryout of
training techniques, tested various aspects of equipment compatibility, and
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furnished an invaluable fund of direct experience to the SDC personnel who
would subsequently install the ECCM training program throughout the United
States. The same two sets of inputs were used for that installation. During the
study the inclusion of radar personnel in exercises required debriefings over
telephone nets connecting the direction center and the radar. A technique of
loudspeaker commentary during an exercise evolved to explain at one location
what was occurring at the other.

A major finding resolved the prevailing uncertainty about training. The radar
personnel clearly had to be included in ECCM training but preferably in surveil-
lance-only exercises. The Air Defense Command was persuaded of this necessity
by the data collected.

The Air Defense Command took advantage of the study to request SDC to
make an experimental test of some proposed operational equipment (Parsons
1960a). The requested data were provided, but probably the test should never
have been attempted. It appeared that electronic equipment designed and pro-
duced for the purpose of simulation in a training program is likely to lack the
precision, fidelity, and reliability needed for engineering-oriented testing.

The WEST Test. When the system training program was devised for the
manual air defense system, much emphasis was placed on including all elements
of the ADDC in an exercise. The adage, “train the system as a whole,”” was
reasserted for SAGE, along with the rest of STP. But eventually doubt arose
whether some sections of a direction center would be optimally or even suffi-
ciently trained if this concept monopolized the program. The training which
concentrated on the ECCM functions, just reviewed, was the first major devia-
tion. Shortly afterward two new programs were developed, one for training the
direction center’s surveillance section separately, the other for separate training
of its weapons (intercept-control) section.

The rationale for both has been related by Okanes (1962) to the need for
tighter control over inputs. Although the surveillance training program was never
adopted, it included some interesting aspects, such as specifying inputs which
the automatic features of the computer would be unable to process, thus making
human intervention essential. Then the computer could be exploited to collect
data about such intervention and to relate these data to the inputs to provide
measures of operator performance. The weapons section had a different problem
with inputs. The computer-processed information about hostile aircraft which
reached that section in an exercise (or in actual operations) would depend on the
operational actions taken by the surveillance personnel in pushing the numerous
buttons on their consoles. Since these actions were unpredictable, there was no
way to make sure that a particular input for training would reach the weapons
section or to replicate the input reliably. A computer-processed listing of sur-
veillance outputs had to be furnished after an exercise to show what the input
had actually been. Maps and scripts prepared in advance might display to moni-
tors of the intercept-control function tracks which in fact had never been de-
tected by the surveillance personnel.

In consequence, SDC developed a training program called weapons evalua-
tion and subsystem training (WEST) which circumvented this difficulty by put-
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ting simulated surveillance button presses (“switch actions) on the magnetic
tape that stored the processed radar signals. Every time a particular tape was run,
the same surveillance outputs would be given to the weapons section. It was
possible to simulate error-free surveillance operations or introduce and reliably
repeat surveillance mistakes or omissions. As another innovation of WEST the
tapes could be produced by the direction center computer. New tape inputs to
the weapons section, based on the outcome of a prior exercise, became readily
available.

This solution to the training difficulty posed by serial information processing
in computer-based systems (see Chapter 16) was evaluated in 1961 in a series of
exercises in the 30th Air Division (Cockrell and Murphy 1961).

At the Sault St. Marie Air Defense Sector a single weapons crew went
through eight training exercises of increasing difficulty, first with sixteen, then
twenty-four, then thirty-two, and finally with forty flights. For each flight total
the problem was either simple—just straight and level tracks—or complex—many
changes in heading, speed, and altitude. At the Chicago Air Defense Sector three
crews performed in three demonstration exercises and four training exercises.

The Air Defense Command made an over-all evaluation of the WEST training
technique by getting opinions from the crews and other 30th Division personnel.
Queries probed WEST’s usefulness as a training and measuring tool; the amount
of computer time needed for training and on-site problem production; the
amount of personnel time needed for these purposes; and the ease with which
WEST could be integrated into the on-going training program. Favorable re-
sponses led to WEST’s adoption.

In the WEST test an observer judged the outcome of an interception and
recorded various aspects on a form. However, programs to automate the collec-
tion and reduction of interception data by means of the operational computer as
an umpire had been in development as part of the WEST effort, and, as already
indicated, a similar program had been created for the surveillance subsystem
training program. Modifications of these programs were eventually adopted for
use in SAGE training and evaluation.

Project NORM. For many years, interest in methods of system evaluation
failed to match interest in system training, but the rise of subsystem training and
the development of associated measurement techniques using computer pro-
grams began to bring evaluation to the fore. Some studies of SAGE system
performance criteria were done at SDC as early as 1961, but the trend really
began in 1963 with the development of BUIC (back-up interceptor control) as a
system for war-time air defense. For BUIC the term STP was replaced by SETE,
meaning system exercising for training and evaluation. The new term represented
an effort not only to give evaluation equal weight with training, but also to take
note that an exercise by itself was neither training nor evaluation, simply the
vehicle for either or both.

The SETE development made it necessary to establish agreed-upon criteria,
and measures derived therefrom, for air defense system and subsystem perform-
ance. One result was heightened interest in SAGE performance criteria and
measurement, leading to Project NORM and eventually the widespread use of its
products within the Air Defense Command.
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Project NORM (normative operations reporting method) was initially aimed
at determining the relationships among system and subsystem performance mea-
sures, their relevance and consistency, and effects of situational variables on
performance. A pilot study took advantage of a simulation-based training mis-
sion at the Phoenix Air Defense Sector (Cunningham, Sheldon, and Zagorski
1965). Measurements were obtained for seventeen situational variables, nineteen
subsystem performance variables, and five system performance variables. These
were subjected to linear factor analysis and linear multivariate regression anal-
ysis.

Subsequently, the objectives of Project NORM were stated as the derivation
of improved SAGE performance measures and the development of normative
scales to assess changes in crew performance and differences between crews
(Sheldon and Zagorski 1965). Analysis and consultation led to the specification
and description of eighteen performance variables, thirty-two “mission diffi-
culty” variables, and fifteen “‘crew-influenced mission difficulty” variables. Two
simulation-based missions were conducted at each SAGE sector to collect data
bearing on these 65 variables; the data came from 719 flights. A computer
program was developed to extract almost 47,000 different items of information
from the recordings of the missions and the input tapes. The application of
descriptive statistics led, for various reasons, to the elimination of some vari-
ables. Factor analysis studies then sought to determine ‘“‘what measures best
reflect the quality of crew performance,” that is, crew effectiveness. For ex-
ample, three measures were designated as defining a general crew performance
factor derived from the analysis; a tracking performance factor was associated
with three other measures.

As in the pilot study, multiple regression analysis produced predictors of
crew performance. Such predictors, together with an adequate data base, made it
possible to develop equations whereby expected performance could be deter-
mined from the circumstances of a simulation mission and the characteristics of
the SAGE sector. After each actual performance measure was compared with an
expected value, the deviation was converted into a measure of relative perform-
ance. The final product, a scoring procedure based on relative scaling, was there-
by independent of the difficulty of a particular mission and of inalterable sector
characteristics. Crews could be compared even though they received different
mission inputs and did not face equivalent environmental circumstances.

System Improvement Experiments

The distinction between system training and system improvement can be
nebulous if one of the objectives of system training exercises is to create or alter
system procedures. One of the notions in the rationale for the system training
program has been that relatively unconstrained discussion in a debriefing follow-
ing an exercise would produce proposals for procedural innovation or change
which could be tried out in a subsequent exercise. This process of “proceduriza-
tion” (Parsons 1964) has, in fact, been called “system learning.” Although SDC
field representatives frequently asserted its occurrence, no documentation exists
to bear out their informal testimony, possibly because of security restrictions
but more probably due to lack of interest in proving STP’s effectiveness.
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Whether or not any system improvements resulted from training exercises,
some have come about through procedurization of one kind or another as a
consequence of field experiments. As indicated earlier, some of these experi-
ments involved manual operations associated with SAGE and occurred in the
SAGE era. Their descriptions will precede those of two research efforts which
dealt explicitly with SAGE.

The AZRAN Study. As already mentioned, most of the radar data entering
the SAGE computers came over data links from long range radars where special
SAGE equipment converted the data from analog to digital form. However, a
certain number of radars did not have this conversion equipment. Their data
arrived at the direction center by teletype in alphanumeric form and operators
punched the data into IBM cards to enter the computer. The geographical posi-
tion of the radar signal of a radar-detected aircraft was described according to a
rectangular grid co-ordinate arrangement called “GEOREF.” The SAGE com-
puters processed surveillance data stated in GEOREF terms.

Among the units providing radar target positions thus relayed in GEOREF
co-ordinates were those in Air Force airborne early warning and control
(AEW&C) aircraft. These patrolled continuously off the Atlantic and Pacific
Coasts to extend radar coverage out to sea and thereby give advance warning of
an enemy bomber attack over the water. They resembled the Navy AEW&C
aircraft described in Chapter 4. In these Air Force radar-equipped aircraft two
surveillance operators sat at PPI scopes, detecting and tracking airborne objects
seen by the radar. By intercom they reported each target signal’s position to a
plotter, describing the position in miles of range (distance from the aircraft) and
degrees of azimuth (direction from the aircraft). The plotter recorded the posi-
tion on a vertical geographical display carrying range and azimuth reference
marks. The other side of this transparent display was marked with a GEOREF
grid. On that side a scanner recorded the position in GEOREF terms on a special
form, which he handed to a Dualex operator for transmission to the direction
center. Under heavy load conditions the Dualex operator had to sit in the aisle
so two plotters could work at the display.

The layout of the aircraft indicated scant human engineering attention.
Whether or not the human engineering and experimental results of the earlier
research on AEW&C aircraft for the Navy would have been applicable, Pacific
Coast AEW&C Headquarters at Mather Air Force Base appeared to be unaware
of that research. But this was not the only or primary problem. Partly because
positional data had to be converted from azimuth and range figures to GEOREF
co-ordinates in the aircraft, the information arriving at the Direction Center was
inaccurate and late. Errors were made in the time-consuming conversion. It
seemed possible that if the data were reported in azimuth and range to the
Direction Center and converted to GEOREF by the computer, surveillance infor-
mation from AEW&C aircraft might be more reliable and faster, especially if
some of the airborne processing were also better human-engineered. An experi-
ment was performed in the early months of 1961 at Mather Air Force Base to
test this possibility (Freed 1961a,.1961b; Wiechers 1963).
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