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C, I 

NO'l'ICE1 The project that is the subject of this report was 

approved by the Governing Board of the National Research 

Council, whose members are drawn from the councils of the 
National Academy of Sciences, the National Academy of 

Engineering, and the Institute of Medicine. The members of the 
committee responsible for the report were chosen for their 

special competence& and with regard for appropriate balance. 
This report has been reviewed by a group other than the 

authors according to procedures approved by a Report Review 
committee consisting of members of the National Academy of 

Sciences, the National,Academy of Engineering, and the Institute 
of Medicine. 

The National Research Council was established by the National 

Academy of Sciences in 1916 to associate the broad conanunity of 

science and technology with the Academy's purposes of furthering 

knowledge and of advising the federal government. The Council 
operates in accordance with general policies determined by the 
Academy under the authority of its congressional charter of 

1863, which establishes the Academy as a private, nonprofit, 
self-governing membership corporation. The Council has become 

the principal operating agency of both the National Academy of 
Sciences and the National Academy of Engineering in the conduct 
of their services to the government, the public, and the 

scientific and engineering communities. It is administered 
jointly by both Academies and the Institute of Medicine. The 

National Academy of Engineering and the Institute of Medicine 
were established in 1964 and 1970, respectively, under the 

charter of the National Academy of Sciences. 

The Committee on Human Factors, in the Commission on Behavioral 

and SOCial Sciences and Education, is sponsored jointly by the 
Air Force Office of Scientific Research, the Army Research 
Institute for the Behavioral and SOCial Sciences, the Office of 

Naval Research, the National Aeronautics and Space 
Administration, and the National Science Foundation. 

This work relates to Department of the Navy Grant 
N00014-85-G-0093 issued by the Office of Naval Research under 
work unit no. NR 196-167. However, the content does not 
necessarily reflect the position or the policy of the 

government, and no official endorsement should be inferred. 

The United States government has at least a royalty-free, 

non-exclusive and irrevocable license throughout the world for 

government purposes to publish, translate, reproduce, deliver, 

perform, dispose of, and to authorize others so to do, all or 
any portion of this work. 

Available from 
Committee on Human Factors 

National Research Council 
2101 Constitution Avenue 

washington, D.C. 20418 
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FOREWORD 

The Committee on Human Factors was established in 
October 1980 by the National Research Council . The 
committee sponsors are the Office of Naval Research , the 
Air Force Office of Scientific Research , the Army Research 
Institute for the Behavioral and Social Sc iences , the 
National Aeronautics and Space Administration , and the 
National Science Foundation . The pr incipal objectives of 
the committee are to provide new perspectives on 
theoretical and methodolog ical issues , identify bas ic 
research needed to expand and strengthen the scientific 
basis of human factors ,  and to attract scientists both 
inside and outside the field to perform the needed 
research . The goal of the committee is to provide a 
solid foundation of research as a base on which effective 
human factors practices can build . 

Human factors issues arise in every domain in which 
humans interact with the products of a technological 
society . In order for the committee to perform its role 
effectively , it draws on exper ts from a wide range of 
scientific and engineer ing disciplines . The commi ttee 
includes specialists in the fields of psychology , 
engineering , biomechanics , cognitive sciences , machine 
intelligence , computer sciences , sociology , and human 
factors engineer ing . Other discipl ines par ticipate in 
the working groups , workshops , and symposia sponsored by 
the committee . Bach of these discipl ines contributes to 
the basic data , theory , and methods required to improve 
the scientific bas is of human factors .  

vi  
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PREFACE 

The Commi ttee on Human Factors established the work ing 
Group on Simulation for the purpose of identifying behav­
ioral issues and problems common to the wide var iety of 
uses and types of s imulation involving human par ticipants . 
The objectives of the study were to assess broadly the 
design and use of simulation and to recommend behavioral  
research and other courses of action that will improve 
their effectiveness . The field of simulation is of 
increasing national interest and of particular importance 
to most of the committee ' s  sponsor ing organizations , 
which are heavily involved in system development and 
training and need to ensure system readiness and 
operational utility .  Simulators ,  depending on their 
purpose and the systems represented , are found in var ious 
degrees of complexity and in an increasing var iety of 
settings in addition to the mil itary and other government 
agencies , such as commercial airlines , universities , and 
the aerospace and nuclear electr ic power industr ies . 

Dur ing the per iod from January 1982 to July 1983 , the 
working group members  examined the entire field of 
s imulation . We were able to assess the fragmented 
activities in a cohesive way and gained some interesting 
ins ights on needs for behavioral research , methodology 
development , the use of simulation for research and 
systems acqu isition , the use of s imulation for initial 
and operational training , and education and training 
needs for developers and users . The resulting repor t is 
an overview of simulation and a guide for fundamental 
research and educational activities that can improve 
future design and use of s imulation . I t  is intended for 
the use of groups concerned with s imulation , both ins ide 
and outside the human factor s community ,  including those 

v i i  
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involved in research , training , engineer ing , systems 
acquisition , operations , programming , and budgeting . 

I t  is impor tant to note that members of the group wer e 
familiar with many of the major activities that have not 
been repor ted in the open literature in widely available 
scientific and eng ineer ing journals or , in many cases , 
not reported at all , as is typical of much work accom­
plished in industrial or operational settings and of 
information that resides in mil itary documents with 
l imited distr ibution . The major ity of this literature 
was found to be highly specific to particular simulators , 
predominantly training s imulators ,  and descr ibes physical 
characteristics , evaluation of performance , or recommenda­
tions for research within a l imited scope . Most s imula­
tion research repor ts consist of compar isons among 
specific alternatives rather than tests of general 
pr inciples . 

In addition , a great deal of information was obtained 
by var ious work ing group members at conferences and 
workshops held by the Department of Defense and the 
National Aeronautics and Space Administration , visits to 
facilities and program offices such as the Navy Visual 
Technology Research Simulator in Orlando , Flor ida , and 
the office of the Air Force Deputy for Simulators at 
Wr ight-Patterson Air Force Base , Ohio . 

I thank the members of the work ing group for the many 
hours they devoted to the meetings and to prepar ing 
mater ials for the repor t .  They were especially adept at 
accommodating a var iety of viewpoints . I am grateful to 
the Committee on Human Factors ,  whose important contr ibu­
tions included determination of the need for the study 
and providing an overview. 

I am grateful to Robert T .  Hennessy , who helped to 
organize the work ing group meetings , for his active 
participation in the meetings and substantial contr ibution 
to the content of this  repor t .  In addition , he per formed 
the unenviable editor ial task of merging the written 
pieces contributed by each of the work ing group member s  
into a coherent repor t .  His efficient handl ing of 
administrative matter s of the work ing group is also 
gratefully acknowledged . 

I appreciate the effor ts of Stanley Deutsch , study 
director , fo� his extensive assistance in the preparation , 
editing , and organization of the final repor t for 
publ ication . 

Jeanne Richards , Anne Sprague , and Margaret Cheng , 
administrative secretar ies for the Committee on Human 
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Factors ,  deserve special thanks for the multiple duties 
they performed so well in support of the working group by 
arrang ing meetings , typing drafts , and distr ibuting 
wr itten mater ials and information to the members . 
Substantial editor ial improvements to the economy, 
sharpness of express ion , and organization of the report 
were made by Chr istine McShane , editor of the Commission 
on Behavioral and Social SCiences and Education . I thank 
her for helping both the wr iters and the readers of this 
repor t .  

Edward R. Jones , Chair 
WOrking Group on Simulation 
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SUMMARY 

The increas ing importance and pervasiveness of s imula­
t ion is due to a var iety of factors ,  including cost and 
time savings that can be realized in system design and in 
training , the ability to reproduce and examine situations 
that would be unsafe us ing actual equipment , the control 
and measurement of human-machine performance , and the 
capability to investigate conditions that would be imprac­
tical to arrange otherwise . Add itional impetus has been 
provided by the tremendous technological advances in 
computer hardware and software capabilities , especially 
in visual s imulation , allowing for the creation and 
control of complex , real istic environments . 

Simulation is  used to suppor t the des ign , development , 
and test of many advanced systems and to provide for 
training on their  operations ; for example , it enables an 
aircraft to •fly• realistic missions years before its 
first actual fl ight . The technology incorporated into a 
new system may have been developed using research simu­
lators , and the test and evaluation of the integrated 
system may have been accomplished largely using eng ineer­
ing s imulators .  

The WOrk ing Group on Simulation was asked to assess 
broadly the design and use of s imulators , to identify 
behavioral issues and problems common to different uses 
and types of s imulators ,  and to recommend fundamental 
research and other courses of action to improve the 
understanding and efficiency of human factors appl ication s 
in s imulation . The range of applications they considered 
includes training , system design and development ,  tes t 
and evaluation , and research • .  The emphas is was pr imarily 
on the use of s imulators by the Department of Defense 
(DoD) and the National Aeronautics and Space Administra­
tion (NASA) as major users of s imulators , however , other 

1 
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user s  were also considered . The work ing group also 
considered the changing role of the human as an operator 
and maintainer resulting from increased automation , and 
the effect of the resulting complex decision-making roles . 
The uses of s imulation and the relevant literature wer e 
examined systematically . 

The report identifies behavioral issues and problems 
common to many s imulators involving human par ticipation 
and recommends research intended to enhance their effec­
tive use . The repor t contains an overview of s imulation 
including some h istor ical perspective and provides a 
guide for research and educational practices aimed at 
improving the future design and use of s imulators .  

The work ing group represented a broadly balanced 
composition of disciplines and organizations as shown on 
page i i i  of th is report . Their areas of special ization 
include systems and des ign engineer ing , s imulation 
eng ineer ing and training , control systems , performance 
measurement ,  psychology and cost-benefits analysts . They 
represent expertise in industry , university ,  and govern­
ment R&D and operational organizations (see Appendix B 
for biographical sketches of the work ing group members) . 

RESEARCH ISSUES 

The work ing group identified nine specific issues 
i nvolved in the design , use , and application of s imu­
lators ; most of them have to do with features and 
practices for effective employment of simulators .  They 
are examined in detail in Chapter s. These nine major 
research issues were organized into three major cate­
gor ies : ( 1 )  Des ign--training s imulator des ign guides , 
improved task analyses methodology , and stress in s imu­
lator training and testing ; ( 2 )  Operational--scenario 
construction and s imulation control suppor t features , 
exper imental design , and performance measurement ;  and ( 3) 
Applications--train ing simulator instruction guides , 
cognitive skills , and training for failures and 
out-of-tolerance conditions . 

Behavioral issues are of par ticular concern in the 
development of s imulators , and major improvements in 
s imulation involve behavioral science research as well as 
technological advances .  One concern is  that human 
factors and equipment issues tend to be viewed separately 
when in fact they are intimately inter twined in terms of 
system design and testing , personnel , selection , and 
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operational training . Rather than being isolated , these 
areas should be developed through a system engineer ing 
process that fully integrates human factors engineer ing 
cons iderations . The concern is how functional require­
ments become defined and translated into phys ical s imu­
lator characteristics , and how the devices are acquired 
and used . The process has a major impact on equipment 
and personnel costs and on the effectiveness of the end 
product . Although procurement and des ign practices 
continue to concentrate on the phys ical character istics 
of simulators for systems des ign and s imulators for 
training , psychological factors ( i . e . , the behavioral 
obj ectives)  should be given greater consideration in 
s imulator design and in procurement specifications . 

CONCLUSIONS AND RECOMMENDATIONS 

In discuss ing the problems involved in s imulation , the 
group arr ived at eight interrelated conclusions : 

1 .  Phys ical correspondence of simulation is overemphas ized 
for many purposes , especially training . 

2. Simulators are often not used properly .  
3 .  Simulation could b e  more cost-effective . 
4 .  The role of behavioral science and human factors 

eng ineering in s imulation is neglected . 
5 .  Many persistent s imulation problems are common across 

types and uses . 
6 .  Our capability to measure operator per formance is 

limited . 
1. The use of modeling in s imulation is not well 

developed . 
8 .  Science and technology of simulation are not well 

developed or integrated . 

On the bas is of discussions of these fundamental 
problems , the work ing group makes three key recommenda­
tions* to create the cond itions essential to attack them: 

*WOrk ing group member Jesse Orlansky disagrees with the 
first two recommendations ,  his  dissent appears  at the end 
of Chapter 7 .  
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1 .  Long-range , comprehens ive , and forward-look ing research 
plans should be developed to address persistent and 
emerg ing s imulation problems . 

2 .  Long-range , stable funding should be provided to 
encourage the development of academic bases for 
s imulation research . 

3 .  Research to develop near-real-time human per formance 
assessment capability for s imulation is urgently 
needed . 

ORGANIZATION OF THE REPORT 

Chapter 1 provides background information on the 
characteristics of s imulation . Chapter 2 focuses on how 
s imulators have been used and issues in their applica­
tions . Chapter 3 identifies many of the behavioral 
issues that apply to the design of s imulators .  Chapter 4 
descr ibes earlier contr ibutions of behavioral sciences to 
simulation . Chapter 5 descr ibes specific behavioral 
research issues relevant to s imulation . Chapter 6 
predicts future trends in systems and s imulation . The 
f inal chapter summar izes the findings and makes a set of 
three key recommendations . The repor t has two appendixes : 
Appendix A provides examples of particular s imulators ;  
Appendix B contains biographical sketches o f  the work ing 
group member s .  
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INTRODUCTION 

Although the term s imulation has multiple meanings that 
di ffer according to var ious classes of applications , this 
repor t refers only to s imulation that involves human 
interaction with equipment and that permits observation 
or analysis of analogues of real-world s ituations not 
otherwise access ible with adequate convenience , unobtr u­
s iveness , cost savings , or safety . Simulation in the 
context of th is repor t is the representation of equipment , 
systems , events , and interaction processes . A s imulator 
may be s imilar to the real equ ipment in some ways and 
unl ike it in others ,  some components , functions , or system 
events may not be represented at all . The realism and 
comprehens iveness of a par ticular simulation need only be 
sufficient for the user ' s  purposes , trade-off decision s 
are made to determine the extent of realism and compre­
hens ivenesss that i s  necessary and affordable . Factor s 
such as the objectives of the des igner or user , the 
questions the user wishes to be answered , data to be 
provided , analysis to be per formed , and the behavior to 
be elicited determine what must be represented in the 
s imulation . The medium for implementing the simulation 
(digital computer ,  electro-mechanical , or manual , for 
example) may also determine the form of the simulation . 

Simulators are used for four fundamental purposes : (1 ) 
training , (2) systems and equipment des ign , development ,  
test , and evaluation , ( 3 )  research on human per formance ,  
and ( 4 )  licensing and certif ication . However ,  th is 
s imple divis ion is  not absolute . For example , battle or 
war fare s imulators are used frequently to develop tactics , 
train par ticipants in combat management skills , and 
evaluate the operational system . Thus , the use may be a 
blend of more than one purpose--in the case of battle 
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s imulators , systems development , operational procedures , 
and training . 

CHARACTERISTICS OF SIMULATORS 

Simulator s differ in their physical characteristics . 
The most prominent phys ical dimensions that distinguish 
them are their realism and comprehensiveness . By realism 
is meant the fidelity of phys ical representation . A 
simulator may be very abstract , consisting of a compute r 
representation of a process displayed on a screen con­
trolled through a keyboard . At the other extreme , the 
s imulator may cons ist of the actual equipment augmented 
with additional equipment or special software . Mos t 
s imulators fall between these extremes of realism.  

Independent of  the degree of real ism ,  s imulator s may 
also differ along the dimens ion of comprehensiveness . 
Comprehensiveness is the degree of completeness and 
accuracy of representation of all functions , environmental 
character istics , situational factors , and external events 
that are present in the target system or affect its func­
tion . Fidelity of simulation , usually intended to mean 
some combination of realism and comprehens iveness , is a 
topic of much concern and controversy that is discussed 
at length in Chapter 3 .  

S imulators generally have scenar ios--that is , a 
schedule or scr ipt that dr ives the course of events and 
action of simulated components to which the person or 
system under study reacts . Commonly , some computationa l 
rules and data files are provided for the purpose of 
generating the sequence of scenar io events1 they may also 
be used in keeping track of events . In some cases , such 
as air combat involving live participants , human initi a­
tive determines the course of events . In many cases the 
actions of s imulated agents as adversar ies or other team 
members provide the cues or conditions for responses from 
the participant . The sequence may be deterministic or 
probabilistic . In a deterministic scenar io , the sequence 
of events is fixed and unchanged by the act ions of any 
human in the loop . More complex scenar ios may have 
probabilistic rules that generate var iable events for 
g iven sets of scenar io conditions and may also change the 
sequence in response to actions of the human . 

Models are used in human-in-the-loop s imulations to 
represent endogenous and exogenous var iables and processes 
of the system being simulated . For example , atmospher ic 
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models may be used to generate weather conditions or 
vehicular models may be used to generate movement charac­
ter istics of an aircraft or ground veh icle . 

In addition to a functional representation of a system 
and environmental effects , a s imulator also includes 
subsystems for the control of the s imulator , means for 
monitor ing the progress of an exercise , instructional 
support features in the case of training s imulators ,  and 
per formance measurement capabilities . The control station 
for the early Link flight trainers cons isted of a desk 
with a few instrument displays and a ground path plotter 
(Faconti , 1979 ) . S ince that time , control and instructor 
stations have evolved into rather complex devices in thei r  
own r ight , with numerous capabilities for controlling and 
directing s imulator exercises . Soon after digital com­
puters became common in s imulators ,  discrete indicators 
and controls for var ious functions proliferated . Mor e 
recently the tendency has been to reduce the number of 
displays by using cathode ray tubes that are capable of 
d isplaying a var iety of images ,  and to use conventional 
keyboards and multifunction switches for simulator 
control . 

Training s imulators ,  par ticularly the more complex 
devices , include a number of features for training 
purposes , such as automated demonstrations , automated 
cueing , manual and programmable sets of in itializ ing 
conditions and malfunctions , freeze ( the ability at any 
point to stop the action and later continue the s imula­
t ion) , recording and replay of the simulation exercise , 
and hard copy pr intouts of per formance information (Semple 
et  al . ,  198la ) . Engineer ing s imulators generally have 
s imilar control capabilities plus additional features to 
permit changes in the basic algor ithms dr iving the 
s imulation . 

INVESTMENT IN RESEARCH AND DEVELOPMENT OF SIMULATORS 

The relative dearth of behavioral research relevant to 
s imulator des ign and use is apparent from a review of the 
recent research funding patterns of the Department of 
Defense , the government agency that provides the largest 
amount of research funding and is also the largest user 
of simulators .  

I n  the report of the Joint Directors o f  Laborator ies 
Technology Initiative Panel for Training and Simulation , 
Alluisi  (Alluisi et al . ,  1983 )  noted that the total DoD 
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investment in research and technology development , which 
includes the Bas ic Research Exploratory Development and 
Advanced Development budget categor ies , was $7 . 06 billion . 
Funds for training and s imulation research and development 
per formed by government laborator ies , including awards to 
outside contractors ,  totaled $62 . 7  million , or 0 . 9  percent 
of the DoD technology investment . DoD support of academic 
institutions for training and simulation for fiscal 1981 
and 1982 together amounted to slightly more than $20 
million . 

The same repor t states that of the $62 . 7  million total , 
$1 . 4  million , $23 . 3  million , and $38 . 0  million were spent 
for basic research , exploratory development , and advanced 
development ,  respectively . Dur ing this  same per iod ,  $62 .3 
million was invested by industrial firms in training and 
simulation research and development . 

The Manpower and Training Research Information System 
(MATRIS)  of the Defense Technical Information Center was 
quer ied to determine the number and nature of DoD sup­
ported wor k elements (research projects ) started , 
continuing , or ending in the per iod from fiscal 1981 to 
mid-1983 in the simulation and training devices category , 
or work elements closely related to simulation and train­
ing devices in other categor ies . The work elements wer e 
segregated by the three budget categor ies for technology 
base development ,  i . e . , basic research , exploratory 
development , and advanced development . The number of 
wor k elements found by the MATRIS query are shown in 
Table 1 .  

The summary descr iptions provided by MATRIS of each of 
the 101 identified wor k elements were reviewed to discover 
which ones involved at least a component of behavioral 
research or formal behavior evaluations . The purpose o f  
this review was to make a n  approximate determination of 
the number of DoD wor k elements that directly or 
indirectly are likely to provide behavioral data relevant 
to the design and use of simulators .  The results of the 
review are summar ized in Table 2 .  From this table it  is 
apparent that very few work elements (only eight wer e 
identified) are devoted to bas ic research on simulation 
and training devices . Six of the eight involve behav­
iorally related research or evaluation . While the number 
of work elements in either exploratory development or 
advanced development is much larger , only one-third of 
these wor k elements involve a component of behavioral 
research or formal behavioral evaluation . The vast 
major ity of work  elements are equipment or software 
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TABLE 1 Research on Simulation and Training , Octobe r 
1981 to mid-1983 

Simulation Nonsimulation 
Budget and Training Training and Total 
Category Devices Devices 

Basic research 5 3 8 

Exploratory 
development 3 7  15  52 

Advanced 
development 4 1  0 41  

Total 83 18 101 

NOTE: The table shows the number of DoD work elements 
within the categor ies of simulation and training devices 
and closely related work elements from the other 
categor ies that started , continued , or ended in the 
per iod from fiscal 1981 to mid-1983 . Work elements are 
segregated by technology base development budget category . 

developments , analys is of requirements for s imulators or 
training devices , or demonstrations of technology or 
equipment capabilities . 

It is apparent from the foregoing that the amount of 
funding for technology base research and development 
suppor ted by the Depar tment of Defense is small relative 
to i ts overall research and development budget . Whether 
or not the level of funding for simulation is adequate , 
the number of research projects devoted to behavioral 
aspects of s imulation and training devices , particularly 
basic research , is  very small compared with those devoted 
to equipment development and cannot be considered anything 
but minuscule relative to the large investments in and 
number of s imulators used by the Department of Defense . 

At least three recent high-level reports (U . S .  Depar t­
ment of Defense , Defense Science Board , 19821 Herman , 
19821 Alluisi et al . ,  1983 ) address in whole or in par t 
s imulation and training device developments and acknowl­
edge their  importance to the Depar tment of Defense . 
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TABLE 2 Research on Simulation and Training Devices With 
and Without a Behavioral Component 

Budget Behavioral No Behavioral Tota l 
Category Component Component 

Basic research 6 2 8 

Exploratory 
development 13 3 9  52 

Advanced 
development 10 31  41 

Total 29  72  101 

NOTE: The table shows number of DoD work elements within 
the categor ies of simulation and training devices invol ving 
or not involving a component of behavioral research or 
formal behavioral evaluation by research-level budge t 
category . 

However , none of these repor ts distinguishes between 
development of equipment , hardware , and software and 
development of behavioral pr inciples for the design and 
use of simulators .  Oppor tunities and needs for improve­
ments in simulation and training are discussed solely 
under the aggregate term •training technology . •  

S imulation is an immensely impor tant tool for the 
nation . Billions of dollars have been spent on s imula­
tion and billions more will be spent in the near future 
(Deegan , 1981) . Tens of thousands of people are involved 
in the construction , operation , and maintenance of s imu­
lators .  Although the mil itary services , NASA, commercial 
airlines , and the aerospace industry were traditionally 
the pr incipal users of simulators ,  the use of this tool 
is growing rapidly in other areas such as the electr ic 
power industry and in the development of complex hardwar e 
and software systems , particularly those with s ignificant 
human operator involvement such as automobile dr iver 
training . 

Th is national investment continues to grow because of 
the cost-effectiveness and utility of s imulators . For 
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example , for the new Boeing 767 , aircraft training time 
costs $7 , 000-8 , 000/hour ,  as opposed to average expendi­
tures of $400/hour for full flight s imulators .  In 
addition , the simulator has provisions for training in 
emergency procedures that cannot be accomplished safely 
in the aircraft (Aviation Week and Space Technology , 
1983) . Dur ing 1980 and 1981 , the median flight 
s imulator/aircraft operating cost ratio of 42  military 
a ircraft was 0 . 08 , down from 0 . 12 three year s earlier . 
Under the Federal Aviation Administration ' s  (FAA) 
Advanced Simulator Program , airline pilots may be 
certified entirely in an approved s imulator that meets 
specific requirements . A simulator was approved for 
cer tification of the United Airl ines B-727 and for other 
airlines in 1982 ; approval of other airlines• simulator s 
may soon follow . The design of new military aircraft is 
supported by miss ion simulators that permit representa­
t ive military missions to be • flown • and thereby reducing 
the redes ign requirements after the aircraft is built and 
resulting in more effective fighting machines (Aviation 
Week and Space Technology ,  1983) . 

DEFINITION OF SIMULATORS 

In general , s imulators may be defined operationally as 
encompassing the following character istics : ( 1) A 
specific system or equipment is represented through 
either artificial duplication of equipment or embedding 
ar tificial input and measurement features in actual 
equipment .  In the case o f  war games , scenar ios alone or 
scenar ios plus equipment may be used . Simulators may be 
employed in contrast to the use of the actual equipment . 
(2) Simulators not only duplicate equipment ,  but they are 

also used to create and control external events such as 
malfunctions , targets , and environmental effects . (3)  
The system is interactive in that human input results in  
changes to  the equipment and equipment changes are 
responded to by the operator . 

ORIGINS OF SIMULATION AND SIMULATION RESEARCH 

The precursor s to simulator s were the pr imitive 
devices used as fl ight trainers before World War I .  The 
mechanical Link trainer developed before WOr ld War II for 
instrument fl ight train ing was a generic device , i . e . , it  
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d id not represent any specific aircraft . A simulator of 
the Lockheed Hudson aircraft , developed in 1942 , was the 
first s imulation of a specific aircraft (Whiteside , 198 3 ) . 
Modern electronic simulators were first used in the early 
1950s by commercial airlines for the PanAm B-377 Strato­
cruiser (Br ice , 1951 ) . This airline simulator was fol­
lowed closely by devices for the u. s. Air Force ' s  B-50D 
strategic bomber (Dice , 1953 ) and the u.s. Navy ' s  SNJ 
trainer (Wilcoxon et al . ,  1954 ) . These early s imulators 
had fixed (nonmoving )  bases . Sophisticated visual 
systems and complex motion bases appeared soon there­
after . There was a proliferation of training simulator s 
in other areas , including ground transportation , mining , 
mar itime activities , space , command and control functions , 
and training of control room operators in nuclear power 
plants . 

As early as the mid-1950s , there were several signifi­
cant repor ts on the human factor s aspects of s imulator s 
that continue to be classics in the field . S ix of these 
are cited here with br ief annotations of their particular 
value . 

( 1 )  Robert  Gagne , •Training Devices and Simulator s :  
Some Research Issues . •  Amer ican Psychologist , August 
1954 . An early and insightful discussion of training 
research issues . 

( 2 )  Robert  B .  Miller , Psychological Considerations in 
the Design of Training EqUipment , WADC Technical Report 
54-563 . Wr ight Air Development Center , Ohio , December 
1954 . Identified the difference between psychological 
and eng ineer ing fidelity and the implications for design . 

( 3 )  Flight Simulator Util ization Handbook ,  HFORL 
Repor t No .  43 . Human Factor s Operations Research 
Laborator ies , Bolling Air Force Base , washington , D . C . , 
August 1953 . Recognized that the effectiveness of a 
s imulator is dependent on utilization techniques and 
showed how quality training programs could be developed . 

( 4 )  B . C .  Wilcoxon, E .  Davy , and J .C .  Webster , 
Evaluation of the SNJ Qperational Flight Trainer, 
Technical Repor t SPECDEVCEN 999-2-1 . Por t washington , 
N . Y . , 22 March 1954 . Transfer of training exper iment 
with early Navy electronic s imulator . 

( 5 )  H .M .  Parsons , Man-Machine System Exper iments . 
Baltimore , Md.: Johns Hopkins Press , 1972 . 
Documentation of training and research use of s imulators 
pr imar ily for command , control , and communication systems . 
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(6)  Ador ian et al . ,  50 Year s of Flight Simulation . 
Royal Aeronautical Society Network , Buck ingham , England , 
197 9 .  An outline o f  the evolution o f  flight simulator s 
from their early inception to modern devices . 

Other important repor ts are u.s. Air Force , 1978 ; NATO 
Advisory Group for Aerospace Research and Development , 
1980b ; u. s. Air Force , 1982 ; and Richards and Dismukes , 
1982 . 
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THE USES OF SIMULATION 

The pr imary use of s imulators is for training . How­
ever ,  they are being used increasingly for design , 
development , and evaluation of systems , analysis and 
evaluation of standards and procedures , and conduct of  
basic and appl ied research . The large number and var iety 
of simulator s in use in the United States make i t  
vir tually imposs ible to compile a comprehensive list . 
Furthermore , s imulators are rarely treated as a separate 
category for purposes of  inventory , but are  treated as 
integral parts of the facilities in which they are used 
and classified according to their use . Training s imu­
lators , for example , are normally class ified under the 
more general category of training devices . Eng ineer ing 
simulator s are used for system development and research 
s imulators are regarded as laboratory equipment . 

Tables 3 and 4 illustrate the prol iferation of simu­
lator types and uses , and Appendix A descr ibes par ticular 
simulators in five categor ies of s imulation , which differ 
e i ther in the ir pr incipal purpose or major physical 
character istics : ( 1 )  design , development , and evaluation 
s imulators--in shor t ,  engineer ing simulators ,  ( 2 )  training 
simulators , ( 3 )  research simulators ,  (4 ) battle simu­
lators ,  and (5) embedded s imulation . 

The first two columns of Table 3 ,  labeled •simulator 
Types , •  show the k ind of equipment and activities that 
are  s imulated in the military and civil sectors . The 
third column , labeled •cognizant Government Agency, •  
indicates the branch of government that has cognizance 
over or support of the activities in a sector . Table 4 
lists the pr incipal uses of simulators .  

A cross-indexing of each type and use has not been 
made because we did not conduct an inventory ,  an 
exhaustive listing of every particular simulator within 
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TABLE 3 Simulator Types 

!ypes of Sumulators 

General 

Aircraft 

Spacecraft 

surface transport 

Civil marine 
transport 

Marine warfare 

command and control 

Tactical surface 
Warfare 

Tactical/strategic 
Air warfare 

Energy aystema 

Environmental 

Medical 

Specific 

General aviation 
eo..ercial 
Military 

AutOIDObilea 
Trucks 
Locomotives/trains 

Propulsion ayateaa 
Collision avoidance 

Subsurface 
Surface 

Military 
Space 
Civil air traffic 
Industrial 

Direct fire 
Tanka 
Artillery 
Missiles 
Electronic 
Battle 

Ranges 
Air combat aiaulatora 

Nuclear 
Mining 

Centrifuge 
Ejection 
Diving 
Motion base 
Fire bighting 

PAA: 
DoD: 

Federal Aviation Administration 
Department of Defense 

Cognizant 
Goverruaent 
Agency 

FAA 
FAA 
DoD 

DoD/NASA 

DoT/DOD 
DoT/DoD 
DoT 

DoD 
DoT 

DoD 
DoD 

DoD 
DoD/NASA 
FAA 

DoD 
DoD 
DoD 
DoD 
DoD 
DoD 

DoD 
DoD 

DoE/NRC 
BuMINES 

DoD 
DoD 
DoD 
DoD 
DoD 

DoD 

NASA: 
DoT: 

National Aeronautics and Space Administration 
Department of Transportation 

DoE: 
NRC: 
BuMinea: 

Departaent of Energy 
Nuclear Regulatory Commission 
Bureau of Mines 
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TABLE 4 Typical Uses of Simulators 

Research 
workload 
Decision-making 
Per formance assessment 
Stressor effects 
Visual/motion systems 
Cr iter ion development 

Design and Development 
Concept/system demonstration 
Parametr ic studies 
Alternate configurations 
Subsystem evaluation 
System evaluation 
Aircrew advisory 
Prototype assessments 
Procedures development 
Tactics development 
Mission capability assessment 
Modification studies 

Test and Evaluation 
Subsystem/system 
Operational capability 
Fly-offs 

aperations Crew 
Initial training 
Instrument training 
Normal procedures training 
Emergency procedures training 
Transition training 
Refresher training 
Tactics training 
Mission/battle training 
Individual/team assessment 
Accident investigation 
Selection-initial/operations 

Maintainer 
Procedures training 
Troubleshooting training 
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type , if  feas ible , would fill a large book .  The purpose 
of the table is to illustrate the pervas iveness of 
s imulation . 

TRAINING 

The forerunners of modern , interactive s imulators wer e 
the flight trainers developed in the 1920s and 1930s 
(Ador ian et al . ,  1979 ) . The Link Trainer , used by the 
Army Air Corps for instrument flight training , and its 
successors were viewed as devices that could substitute 
on a restr icted basis in the training of a l imited number 
of tasks and sk ills for actual equipment . Early trainer s 
were generalized representations of aircraft J their 
dynamics were like those of an aircraft , but no particular 
one , and the k ind of training that could be accomplished 
was somewhat restr icted . What could not be learned in a 
device or learned to the level of proficiency requ ired 
was learned dur ing practice with operational equipment . 
In the late 1940s flight trainers evolved from generalized 
devices to simulator s of specific aircraft . Because 
their appearance and their flight dynamics , implemented 
by analog computers , were  faithful representations , mor e 
tasks could be trained to the levels of proficiency 
required operationally .  

Eng ineer ing Advances 

From the 1950s through the early 1970s , the prominent 
concerns were mostly engineer ing issues related to 
extending the range of tasks that could be per formed or 
trained in s imulators and to providing greater fidelity 
and realism in the s imulation of system functions and 
environmental effects . Eng ineer ing advances in simulation 
have been closely linked to the evolution of mechanisms 
to produce the operational functions , especially in 
aircraft . Mechanical and electromechanical methods wer e  
supplanted by analog computers and , finally , by digital 
computers that are the hear t of all modern simulators . 
I t is interesting to note that the minicomputers in 
common use today had their  or ig ins in the Universal 
Digital Operational Flight Trainer project , which 
developed a digital computer to solve aircraft dynami c 
equations . Progress in computer technology , especially 
in processing speed and memory capacity ,  permitted 
s imulation of multiple , complex functions in real time . 
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Interrelated developments in display technology 
allowed the development of visual displays portraying 
detailed scenes of the outside world as well as simulation 
of sensor displays . Model terrain boards and television 
systems , which have been used extensively in aircraft , 
automobile , and ship s imulators to create scenes of the 
external environment , are rapidly being replaced by 
computer-generated imagery systems . The same systems are 
being used for s imulating displays of infrared imagery a s  
well a s  radar and sonar returns . Advances i n  displays 
also permitted the por trayal of active elements , e .g . , 
other aircraft or ground vehicles . 

Par t-Task Simulator s 

Many modern s imulators can support a wide range of 
tasks ; however , because of their  complexity ,  these devices 
are also quite expensive . For some training purposes i t  
is  not cost-effective to use complex devices for training 
a limited set of tasks or s imple tasks , such as pro­
cedures ; the full range of capabilities of a simulator 
may not be necessary . And when a large number of people 
needs to be trained , multiple large s imulators may not be 
affordable . For these reasons , less expensive par t-task 
simulators have been developed . 

The availability of minicomputers and microcomputers 
has greatly facilitated the development of these devices . 
Par t-task trainers can be des igned to per form only those 
functions necessary for a specific purpose . FOr example , 
Navy Device 2C62 is a low cockpit procedures trainer for 
the SH-3H helicopter (caro et al . ,  1984 ) . This device 
has only a few instruments and dials that operate , and 
the dial needles move in discrete steps rather than smooth 
movements ; other indicators are only photographs of 
instrument faces . Cockpit  dimens ions are approximate 
rather than exact . Cues indicate onset of malfunction 
but not progressive degradation . Also standard chairs 
rather than cockpit seats are used . The control station 
for the simulator is a conventional·computer terminal 
consisting of a cathode ray tube display and keyboard . 

Nonrealistic or schematic representations of system 
functions that still allow operator interaction are 
another form of low cost , part-task training simulators . 
The simulation may occur entirely on a computer terminal.  
The propulsion plant simulator STEAMER, described in 
Appendix A,  is an example of this type of device . The 
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important aspect of this type of simulator , other than 
its low cos t ,  is that it represents the function of a 
system in a way that is more easily understood than would 
be the case if the s imulator were a phys ical representa­
tion of the actual power plant . This example vividly 
i llustrates the fact that knowledge of behavioral pr in­
c iples , i . e . , how people acquire information and develop 
mental representations , greatly extends the range of 
poss ibilities for s imulator design beyond achieving 
physical realism .  

ENGINEERING DESIGN AND RESEARCH 

Although training has been the pr incipal application 
of s imulators ,  they have also been used for equ ipment 
des ign , development of operating procedures , and research 
on human-machine interaction s ince at least WOrld war 
I I . The first s imulation laboratory for such purposes 
appears to have been the one established at Beavertail 
Point , Rhode Island , in 1945 under the sponsorship of the 
National Defense Research Committee (Parsons , 1972) . 
Simulated shipboard combat information center s were used 
to test new equipment , methods , and procedures for 
plotting hostile aircraft paths and communicating thi s  
information to antiaircraft directors . I n  the late 
1940s , a 1-cA-1 Link fl ight training device at the 
University of Illinois , Aviation Psychology Laboratory , 
was used for the development of pictor ial displays for 
a ircraft (Williams and Roscoe , 1950 ) . In 1950 an air 
traffic control s imulator was built at the Technical 
Development Center of the Civil Aeronautics Administra­
t ion in Indianapolis to study terminal area approach 
procedures , display des ign , and human factors issues . 
Parsons (1972 ) descr ibes  over 30  large-scale s imulation 
s tudies of human-mach ine interaction that occurred 
between 1948 and 1966 in which simulators were used for 
projects rang ing from investigations of team composition 
to equipment des ign for Apollo lunar miss ions . 

Today s imulators for eng ineer ing des ign and research 
are common in government laborator ies , univers ities , and 
civilian industr ies . Eng ineer ing appl ications are as 
diverse as the development of command-and-control equip­
ment and the assessment of r ide quality of farm machinery . 
One indication of their  impor tance and widespread use i s  
the fact that Aviation Week and Space Technology , a major 
aerospace industry trade publ ication , featured in its 
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January 17 , 1983 , edition 12 articles on the use of simu­
lators in aircraft design . 

LICENSING AND CERTIFICATION 

A relatively recent but important use of simulators is  
for licensing and certification . In 1980 the Federal 
Aviation Administration issued a rule titled Advanced 
Simulation (Federal Register , June 30 , 198 0 ) , which 
permits all operational train ing and crew member cer­
tification (except prefl ight checks )  to be conducted in a 
s imulator that meets certain requirements and is  par t  of 
an approved training program . In effect , a simulator 
meeting the requirements is a substitute for the use of 
an aircraft to qualify personnel . In 198 2  the first 
s imulator to receive FAA approval for training and crew 
certification was a Boeing-727 s imulator operated by 
United Airlines . This milestone vividly documents the 
high degree of fidelity and realism that can be achieved 
in simulators .  I t  also indicates the degree to which 
simulators have been accepted and are relied upon for 
training purposes (see also •Airplane S imulator and 
Visual System Evaluation , •  Advisory Circular AC No .  
120-40 , Federal Aviation Administration , Wash ington , 
D . C . , January 31 , 1983 ) . 

Only aircraft s imulators are used currently for 
certification . However , the Nuclear Regulatory Commission 
is developing requirements to cer tify nuclear power plant 
control room simulators for operator training (Rank in e t  
al . ,  1984 ) . Ultimately these s imulators may have the 
capability to per form certification tests for nuclear 
power plant operators . 

NOMBERS AND COSTS OF S IMULATORS 

The military services are the largest user s of simu­
lators with the greatest financial investment .  They will 
request a total of over $6 billion for simulator s and 
training devices between 1982 and 1986 , and the rate of 
expenditure will increase annually (Deegan , 1981) . 
Approximately 35 percent of these expenditures will be 
for flight simulators . NASA has approximately 30  large 
s imulators , mostly aircraft simulators , with an estimated 
total value of $100 million . 
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The Army ' s  Index of Training Devices (U. S .  Depar tment 
o f  the Army , 198 0 )  contains a list of approximately 390 
types of training devices . OVer 300 of these are simu­
lators and , s ince there are often multiple copies of 
devices , the actual number of individual devices , each 
costing from a few thousand to several million dollars ,  
i s  probably in the thousands . The Army has spend nearly 
$140 million thus far on the development and procurement 
of its Multiple Integrated Laser Equipment System (MILES ) 
( Remhotz , 1982 ) . Th is system simulates and records the 

e ffects of direct engagements between small arms , anti­
tank , and tank weapons , it  is used to tra in infantry and 
combined arms uni ts up to battalion size . The eventual 
procurement cost to equip each of the 16 active Army 
divisions and the National Training Center i s  projected 
to approach $1 billion . 

The Navy ' s  Index of Training Devices (U . S .  Department 
of the Navy , 1981 )  contains approximately 2 , 70 0  individual 
train ing devices , pr imar ily s imulators .  Pr ivately com­
piled lists of military aircraft s imulators (Defense 
Market Survey , 1980a , 1980b) show that the Navy and the 
Air Force have 462  and 232  of these multimill ion-dollar 
devices , respectively . A recent two-cockpit Naval air 
combat s imulator , Device 2E6 , costs over $25 million . 
Training s imulators for the u. s. Mar ine Corps AV-8B 
aircraft consist of three devices : a par t-task procedure s  
trainer , an operational fl ight trainer , and a weapons 
system tra iner : one set costs nearly $50  mill ion . I t  
should be noted that research and development costs 
frequently inflate the cost of a s imulator when procured 
as a prototype or on a one-of-a-k ind basis . Currently , 
B-52 weapons systems trainer simulator s cost about $4 4 
million each . The B-1 simulator is  estimated to cost $75 
million (Burpee , 1981 ) .  

Wor ldwide there are about 290  large commercial aircraft 
s imulators operated pr incipally by airlines , each device 
costing up to $10 million (Whitaker , 1981 ) . There are 19 
existing nuclear power plant simulators costing approxi­
mately $7 million each , and 16 more are on order (Rank in 
et al . , 1984 ) . 

Procurement of maintenance tra iners ,  both s imulators 
and actual equ ipment ,  by the Department of Defense has 
increased s ince 1977 . Current annual procurement costs 
are estimated to be about $120 mill ion . Expenditures for 
maintenance s imulators and actual maintenance equ ipment 
trainers in the military services were projected to be 
$620 mill ion between 1975 and 1985 (U . S .  Depar tment of 
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Defense , 1982 ) . 
for maintenance 
among all other 
equipment .  

2 2  

About two-thirds of th is procurement is 
of aircraftJ  the remainder is divided 
areas of maintenance of military 

Another large use of s imulators is for development and 
evaluation of command , control , and communication (C3 ) 
systems . Currently the Department of Defense has 41 
operational c3 manned test beds with another 16 either 
under procurement or proposed (Gasparotti et al . , 1981 ) . 

The number of personnel required to support s imulators 
is  also substantial . The Navy estimates it  has 2 , 20 0  
people employed in the operation and maintenance o f  3 0 0  
major simulation devices . Th e  McDonnell Douglas Aircraf t 
Company employs approximately 150 suppor t personnel for 
its Flight Simulation Facility ,  which consists of five 
separate cockpit stations shar ing common computer and 
imagery sources and i s  used for engineer ing design and 
development of f ighter aircraft . 

NEEDED TECHNICAL IMPROVEMENTS 

Although s imulators have reached an advanced state of 
technical matur ity ,  there are still some areas where 
technical improvements are des ired . The succeeding 
chapters of th is repor t largely focus on the importance 
of behavioral science and human factors contributions to 
simulator design and use , the remainder of this chapter 
provides a br ief discussion of technological and eng ineer­
ing advancements needed to extend the capabilities of 
s imulators .  

Visual Simulation 

One of the most prominent techn ical concerns is 
improvement of the quality of visual scenes for military 
flight training simulators . For cer tain applications , 
greater detail and realism of visual scenes is  thought to 
be necessary to suppor t such tasks as low-level ,  h igh­
speed flight for military aircraft (Richards and Dismukes , 
1982 )  and nap-of-the-ear th flight by helicopters .  The 
j udgments of exper ienced pilots as well as per formance 
tests have shown that cur rent visual system technology i s  
not sufficient to provide the distance and altitude cues 
required for these flight regimes . While one possibility 
is to make better use of the capabilities of existing 
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visual systems , it  is commonly believed that  simulated 
low-level flight will be poss ible only by providing 
greater detail , such as ground vegetation and texture . 

Voice Communications 

Technical advances are des ired in voice communica­
t ions , both the production and recognition of human 
speech . In th is area the problems are producing var iable 
content messages as if  spoken by a human and recogniz ing 
what is said by participants so that appropr iate s imulated 
events or actions can occur . For example , in training 
air  traffic controllers ,  it would be desirable to have 
s imulated pilots who can engage in two-way communication 
with the controller and respond appropr iately to the 
controller ' s  directives . S imilar needs exist in command­
and-control and battle simulation devices , in wh ich 
receiving and producing voice messages are pr imary 
activities . 

System Models 

A third area of concern is improving the comprehensive­
ness , accuracy , and resolution of system function models 
for both normal and abnormal modes of operation . Almos t 
all  s imulator functions are an implementation of a s impl i­
fied or super ficial model of actual system functions . 
For example , models used in nuclear power plant s imulators 
do not allow for all poss ible interactions between system 
var iables . A s imple model of normal operation of the 
plant may be adequate for training operator s in standar d 
procedures . However , in training emergency procedures , a 
s implified model of the power plant operation may unduly 
r estr ict the k inds of failures that can be s imulated , or 
worse , produce effects that are not equivalent to wha t 
would actually occur in a real power plant . The general 
problem is that real-time simulation always involves a 
trade-off between the amount of computation that can occur 
in a given time frame , the complexity of the functions to 
be computed , and the cost of doing so (Belster ling et 
al . , 198 2 ) . Another approach is to partition the softwar e 
architecture into submodels that emulate smaller segments 
of the system in greater detail . 

When system models are implemented on digital com­
puters ,  the model of functions that are continuous in the 
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real world may be updated at discrete intervals . The 
update interval of a function can affect per formance 
whether or not these differences are perceived . For 
example , the equations s imulating performance of the 
engines of the T-2C aircraft in the Naval Training 
Equ ipment Center ' s  Visual Technology Research Simulator 
are updated 7 . 5  times per second . Pilots frequently 
comment that the response of the simulated engines to 
throttle changes seems different than in the actual 
a ircraft . An exper iment in wh ich the engine equations 
were updated 30 times a second was found to be sub­
j ectively more realistic to the pilots and also yielded a 
small but reliable improvement in performance as well 
(Westra et al . ,  1981 ) . 

Communication Links Among Simulators 

Simulators have been developed that involve multiple 
scenar io components such as aircraft crews , ships , bridge 
teams , and command center staffs . I t  is now considered 
desirable to extend s imulation to involve multiple com­
ponents at dispersed sites that act either cooperatively 
or as adversar ies . For example , it would be des irable to 
have attack aircraft simulator s linked through telecom­
munications with tactical air control s imulators to 
conduct cooperative exercises . Another alternative is to 
l ink attack a ircraft s imulators with a ir defense weapon 
s imulators to permit both s ides to practice against a 
r ealistic adversary . Attention is also being g iven to a 
network that would permit as many as 1 , 000  players , e . g . , 
tanks , antitank weapons , and aircraft and antiaircraft 
weapons , to engage each other in realistic but simulated 
attacks on a 100-mile-by-100-mile terrain area . 

Low-cost Simulation 

Development of low-cost s imulators that can be 
produced in large numbers is of particular concern to the 
Department of Defense (U . S .  Department of Defense , Defense 
Science Board , 1982 ) . These dev ices would take advantage 
of the availability of inexpens ive microcomputers and 
relatively new technology developments such as video 
d isks and speech synthesis and recognition systems . Time­
shar ing of a s ingle processor among several trainees/ 
operator stations is another approach . I t  is  particularly 
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appl icable to s imulation that is predominantly information 
flow rather than equipment operation . This approach ha s 
been used for some of the Army ' s  war games s imulators .  

Another means for achieving relatively low-cost simu­
lation is by using embedded s imulation in operational 
equipment . Since most modern systems are computer -based 
devices , embedded s imulation can be accomplished with 
software and little additional hardware ,  an impor tant 
factor when space i s  at a premium such as in aircraft or 
on ships . Using operational equ ipment as a training 
device allows maintenance of sk ills or refresher training 
in the operational context and reduces the need to conduct 
training at special facilities . 

The approaches described above for improving simulation 
technology reflect a general desire to extend the scope 
of simulation and increase its effectiveness while at the 
same time minimiz ing costs . Extending the comprehensive­
ness of simulation by link ing remotely located simulator s 
and lower ing the cost of s imulation by the use of s imple 
devices and embedded simulation raises questions about 
what degree of comprehensiveness is necessary , how much 
physical fidelity is enough , and in what ways is i t  
des irable and effective to depart from physical fideli ty 
to achieve the intended purpose . Answers to these 
questions must come from a consideration of the behavioral 
and not the physical aspects of simulation . 
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BEHAVIORAL FACTORS IN SIMULATON 

At this stage of advanced s imulator technology, human 
behavior ,  rather than equipment , has become the central 
concern in s imulation . Improvements in the des ign and 
use of s imulator s are more likely to depend on greater 
development and use of behavioral knowledge than on 
advances in engineer ing technology . In terms of behav ior , 
the pr imary goals of s imulation are facilitating the 
learning that transfers to the operational context in th e 
case of training s imulators and eliciting valid per­
formance in the case of s imulators used for design , 
r esearch , or cer tification purposes . 

In thi s  chapter , the behavioral bases for simulator 
des ign and measures of effectiveness are reviewed . Simu­
lator validity is advanced as a more productive concep t 
than fidelity as a cr iter ion for evaluating s imulator 
requirements and as a focus for research on s imulation . 
This chapter is concerned with the need to improve our 
under standing of behavioral processes relevant to simu­
lation . Few of the many recommendations for fundamental 
research made dur ing the past 30 years have been acted on 

(Gagne , 1954 ; Miller , 1954 ; Wilcoxon et al . ,  1954 ; 
Parsons , 1972 ) . A br ief review of current DoD research 
in the area of simulation and training devices indicates 
that relatively little effor t is directed toward funda­
mental behavioral issues in s imulation . Analysis of 
cognitive processes and development and use of human 
performance models are seen as two of the potentially 
most effective means for developing and expressing 
behavioral knowledge necessary to enhance simulator 
design and application . 

26 

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

Human Fac tors  Aspects  o f  S imu la t ion
ht tp : / /www.nap.edu/ca ta log .php?record_ id=19273

http://www.nap.edu/catalog.php?record_id=19273


27  

PHYSICAL FIDELITY AS A DESIGN GOAL 

As descr ibed in Chapter 2 ,  the evolution of simulation 
has been pr imar ily a matter of technological advancements 
to make s imulators more realistic , accurate , and compre­
hensive representations of a par ticular item of equipmen t 
or system . There are good reasons why s imulators should 
be realistic and comprehensive representations of real 
equ ipment and systems . The more like the real-world 
counterpar t ,  the greate r  is the confidence that perfor­
mance in the s imulator will be equivalent to operational 
per formance and , in the case of training , the greater i s  
the assurance that the s imulator will b e  capable of 
supporting the learning of the relevant skills . Everyday 
exper ience confirms that a simulator of suffic ient 
f idelity will produce learning or per formance approx i­
mating that wh ich would be expected if actual equ ipment 
were used . 

From a practical standpoint , str iving for realism and 
comprehensiveness greatly simplifies the s imulator des ign 
problem. Des igning a simulator to realistically and com­
prehensively duplicate a real-wor ld item of equipment or 
system is a matter of achieving physical and functional 
correspondence . The characteristics of the human par ­
t icipant can be largely ignored . When compromises in 
real ism are necessary due to technical limitations , they 
are based on physical rather than behav ioral cr iter ia and 
commonsense interpretations of the ir consequences . 

However ,  there are limitations and cost penalties 
associated with relying on the duplication of physical 
characteristics as a design gu idel ine . The degree of 
duplication poss ible has a natural limit--the operationa l 
system . In most cases , per fect dupl ication is limited 
not so much by the character istics of the target system 
but by characteristics of the operational environment or 
events . Simulating the outs ide environment and events 
that affect or dr ive the simulation can be difficult and 
expens ive , and small gains in real ism often can be 
achieved only at relatively great incremental costs . For 
example ,  realistically simulating visual scenes is still 
one of the most challenging technical problems , and the 
visual system is often the most costly component of a 
s imulator . In addition , when the operational environment 
includes complex active elements , e .g . , oppos ing and 
friendly units in battle s imulation or multiple aircraft 
in an air traffic control situation , s imulating the 
actions and commun ications is very difficult . 
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Another l imitation is that evaluation of  features of  a 
simulator is a matter of relating specific characteristics 
to specific task performance outcomes . Under these cir­
cumstances it is not possible to generalize about or 
predict what features will be useful in another simulation 
context , or how a person will per form if the task is 
changed . 

The premise that precise phys ical dupl ication is 
important has commonsense appeal . However , this premis e  
has no theoretical foundation to predict how departures 
from realism and comprehensiveness might affect simulator 
effectiveness . 

THE BEHAVIORAL APPROACH TO SIMULATION 

As stated above , the premise in the behavioral approach 
to s imulation is  that the pr imary goal of all s imulators 
that involve human par ticipation is to suppor t learning 
in the case of training s imulators or valid system per­
formance in the case of eng ineer ing design and research 
s imulators . That i s ,  the purpose of a s imulator is to 
provide the conditions , character istics , and events 
present in the operational s ituation necessary for the 
learning of sk ills that will be per formed with actual 
equ ipment or for elici ting per formance identical to what 
would occur in the operational context .  

Two related pr inciples der ive from th is premise . 
First , the character istics and methods of using simulator s 
should be based on their behavioral objectives . Second , 
physical real ism is not necessar ily the only or optimal 
means for achieving the behavioral objectives of simu­
lation . Because the history of simulator development i s  
character ized by str iving for improved realism through 
the advancement of technology , it is easy to forget tha t  
the learning o r  per formance--not phys ical duplication--is  
the pr imary goa l .  

Measures o f  Simulator Effectiveness 

Following wor ld War II , the expense associated with 
the development of s imulators became of increasing con­
cern . As early as 1949  questions about the impor tance of 
physical f idelity of s imulators were raised (Williams and 
Flexman , 1949 ) . Rober t B .  Miller (1954 ) pointed out 
that , although realism and cost might be closely related , 
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s imulator fidelity and value , at least as measured by 
transfer of training , probably were not . There is a 
level of realism ,  Miller hypothesized , at which the cos t 
of additional realism r ises more rapidly than the addi­
tional training value that can be der ived . Therefore , 
the need for realism in all s imulators began to come into 
question . Greater use could be made of s imulation if  the 
cost of s imulators could be reduced . Studies by Semple 
et  al . (198lb )  and Waag (1981 ) on visual and motion s imu­
lators indicated that phys ical fidelity is not essential 
in evok ing transfer of training . 

A basic question is whether s imulators can be as effec­
t ive as actual equipment for training on maintenance 
tasks . Such compar isons were made in 12 different studies 
and summar ized by Orlansky and Str ing (1977 ) . As measured 
by achievement at  training stations , roughly s imilar 
results were obtained with either type of device . Stu­
dents trained with s imulators per formed slightly better 
in two cases and slightly poorer in one case . These 
d ifferences were statistically s ignificant but small . 

Another study on the extent of fidelity required was 
r ecently per formed to compare the maintenance training 
effectiveness of actual equ ipment and s imulators with 
both high and low physical fidelity for the 6883 
Conver ter/Flight Control Test Station (Cicchinell i e t  
a l . , 1980 ) . Maintenance per formance test scores were 
essentially equal for students trained on the actual 
equipment and on either s imulator . Yet there are 
dramatic differences in the 15-year life-cycle costs for 
these items . Actual equipment cost is $5 . 3  million , the 
high phys ical f idelity s imulator cos t is $2 . 1  million , 
and the low phys ical f idelity s imulator cost $1 . 6  million . 

Several studies involving s imulator s of low realism 
demonstrated that effective training could be conducted 
in them (e .g . , Prophet and Boyd , 1970 ) . In fact , for 
many tasks , training in low-realism devices enabled 
trainees to perform as well  on operational equipment as 
personnel who were trained on h igh-real ism devices or 
even on the operational equipment itself . In these 
s tudies , the low-real ism devices had training value equal 
to that of h igh-realism s imulators . 

I t  was apparent from several of these studies that the 
manner in which the low-realism devices were used was a 
factor in the effectiveness of the training conducted in 
them . Successful training concentrated on the meaning , 
or cue value , of stimuli  present in the device , thus 
equating functionally rather than objectively with the 
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stimuli and responses found in the devices and in the 
operational equipment . I t  was necessary , of course , for 
trainees to conceptual ize realism in the devices to make 
them functionally equivalent to s imulators of much higher 
physical realism compared with the equipment s imulated . 
G iven these requisites , i t  was evident that the high cost 
of realism was not necessary if  the manner in which a 
s imulator were to be used could be appropr iately struc­
tured along behavioral pr inciples . 

Examples of Simulators With High Fidelity 

As noted earlier , pilots now may be certified in a 
s imulator that meets fairly r igorous f idelity standards 
establ ished by the Federal Aviation Administration . Such 
a s imulator must faithfully duplicate physical and func­
tional character istics of an aircraft as well as the 
conditions of flight.  S imilarly , in  eng ineering design , 
where cr itical and expensive design decisions may be 
based on performance in a s imulator , h igh fidelity is the 
best insurance for obtaining valid per formance data . 

Specific miss ion rehearsal is  another instance in 
which high-fidelity s imulator s are appropr iate for trai n­
ing . The objective of mission rehearsal is to attain a 
final performance level in the s imulator equivalent to 
what is  expected in the operational setting . Mission 
rehearsal involves not only training but also , implicitly , 
evaluation of per formance as well . High-fidelity simula­
tion is probably necessary to satisfy both the r igorous 
training and the evaluation components involved . 

Thus , while low-realism s imulation can be used exten­
s ively for training and in l imited ways for other requ ire­
ments , a rational case can easily be made for continued 
reliance on realistic simulators for many nontraining 
applications . Even in the case of training s imulators , 
there are l ikely to be tasks that would benefit from 
realistic s imulation because of the difficulty of building 
training exercises that would permit the requisite cue 
development .  I n  addition ,  personnel attitudes toward 
training and s imulation , par ticularly when familiar ity 
with mediational processes may be limited , may constitute 
j ustification for greater realism in s imulator design . 
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THE IMPORTANCE OF VALIDITY IN SIMULATOR DESIGN 

Fidelity in the sense of close physical correspondence , 
although frequently cited as a measure of the value of a 
s imulator , clearly is not an end in itself . The concept 
of s imulator validity must  be considered . This term 
r efers to the correspondence between the actual results 
of using the simulator and a se t of outcomes that ar e 
needed or desired and constitute the objectives of its 
use . These two implications of s imulator validi ty ar e 
d iscussed below . 

Application Purpose 

To evaluate the validity of a s imulator , it is neces­
s ary to take into account the purposes for which it  is to 
be used and to formulate obj ectives for that use (see 
Appendix A) . Character ization of a s imulator as having 
h igh or low validity for one purpose or use will not 
necessar ily imply the same degree of validity for another 
use . Fur thermore , specific obj ectives are required in 
order to j udge whether the use of the s imulator will have 
outcomes that match objectives of its use . For example , 
training as a general purpose is insufficient to allow a 
character ization of the validity of a s imulator , the 
specific objectives intended to be accomplished in train­
ing with the s imulator must be considered . 

To illustrate , training aids cons isting of two­
d imensional reduced-scale paper representations of air ­
craft cockpits , missile control panels , and other opera­
tional equipment have been used very effectively for 
training var ious cognitive , discr iminative , and procedural 
tasks associated with the use of such equipment . There 
i s  evidence that for these objectives , outcomes of train­
ing are quite satisfactory , that is , the paper devices , 
when used with appropr iate mediational processes , have 
h igh validity for the purposes of training cognitive , 
d i scr iminative , and procedural sk ills . These paper 
• s imulators , • however , are likely have low validity for 
t r a ining or assessment of manipulative or control tasks ,  
s i nce they do not permit  these components o f  per formance 
to be practiced . 
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outcome Specification 

To evaluate the val idity of a s imulator , it is also 
necessary to have a set of outcome specifications . Us ing 
the training example , outcome specifications consist of 
the performance objectives that underlie the training 
programs to be conducted in the s imulator . For personnel 
testing , outcome specifications consist of the performance 
that will be sought in tests that will use the simulator . 
FOr use in system design , outcome specifications consist 
of the k inds of information about system per formance , 
including human per formance , that will be assessed in 
performance tr ials using the s imulator . 

High potential validity for an intended outcome ind i­
cates that the outcome can be fulfilled , either fully or 
in large par t ,  provided appropr iate programs of use are 
carr ied out .  Low potential validity ind icates that an 
intended outcome cannot be fulfilled at all or only in 
small part ,  regardless of the programs in which the 
s imulator is used . In the case of a simul�tor to be used 
for training , its level of potential val idity can be 
viewed as an indication of the amount of training on i t  
that potentially can transfer to the operational system 
or equipment , i . e . , its training effectiveness potential . 

Formulation of meaningful outcome specifications 
involving behavioral and cognitive factor s requires 
analysis of the psychological requirements of tasks to be 
performed in the s imulation s ituation as well as in the 
operational environment that is s imulated . The need for 
meaningful outcome specifications implies the need for 
procedures or processes to analyze behavioral and cog­
nitive requirements of human performance in developing 
specifications for s imulator systems . 

It  should be noted · that these behavioral analyses 
cannot be reduced to a uniform procedure . Knowledge of 
learning , cognition , and other behavioral processes ar e 
necessary to understand the requirements implied by the 
behavioral outcomes and to conduct the analyses necessary 
to develop the s imulator specifications . . 
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CONTRIBUTIONS OF THE BEHAVIORAL SCIENCES TO SIMULATION 

The key to successful application of the behavioral 
sciences approach to simulator design and use is broader 
and more deta iled understanding of the behavioral 
processes that mediate between the simulation context and 
e l icited per formance . The development and refinement of 
general and specific behavioral pr inciples applicable to 
s imulation must continue to advance through both 
laboratory-based research as well as research performed 
in the s imulation context i tself . 

REVIEW OF PREVIOUS RESEARCH RECOMMENDATIONS 

For this repor t the work ing group reviewed research 
recommendations drawn from a var iety of studies performed 
to assess the design and use of s imulation . OVer the 
pas t 30 years , behaviorally or iented research has been 
s tressed frequently and cons istently as a cr itical need 
to improve the design and use of simulators . Many of the 
f indings and recommendations are formulated in general 
terms � others focus on specific types or uses of s imu­
lators . However , even in these latter instances , the 
g ener ic behavioral questions underlying the specific 
problems are apparent .  I t  will also be apparent that 
many of the same issues are repeated in different contexts 
or have persisted in the same contexts for decades . 

Mos t of the repor ts of interest are from the literatur e 
on fl ight training simulators . Th is reflects the fact 
that flight training is the major area of application and 
has the longest history of the use of s imulators ,  involves 
the greatest number and most expensive devices , and ther e­
fore has received the most attention . I t  should be noted , 
however ,  that mos t issues that have been identified for 
flight training simulators are applicable to other types 
and uses of simulator s (see Table A-1 in Appendix A) • 

Table 5 shows some of the major behavioral research 
related to simulation that has been under taken in the 
past 30  years . The research is  organized in terms of 
n ine major topics , wh ich are discussed below . 

3 3  
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TABLE 5 Examples of  Recommendations for Behavioral  
Research Related to Simulation 

1 .  Fundamental Behavioral 
Processes 

Structure and acquisition 
of skills 

Cognitive sk ills 

Motivation and learning 

Behavioral mechanisms 
of transfer 

Perceptual learning 

visual perception 

2 .  Fidelity of Simulation 

Important and unimportant 
simulator 
character istics 

Effects of fidelity on 

Gagne , 195 4 
Muckler et al . ,  1959 

Prophet et al . ,  1981 

Gagne , 1954 
Muckler et al . , 1959  

Gagne , 1954 

Hennessy et al . ,  198 0 

National Research 
Council , 198 2 

Miller , 1954 

transfer Muckler et al . ,  1959 

Interaction of fidelity with 
(a ) Instructional var iables 
(b)  Exper ience level Smode and Ball , 196 6 

Depar tures from fidelity of 
dynamics to compensate for 
simulator deficiencies 

M-.C i u l> k ey ,  1 9 7 2  
Hu f f  and Nagel , 1 9 7 5 
Hayes , 198 1 
Gaffney , 1981 

NATO-AGARD , 198 0 
Adams , 1978 
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3 .  Visual Simulation 

Visual display 
character istics 

Scene content and 
visual cues 

4 .  Vehicle Motion 

Motion cues 

Interaction of motion 
and vision 

3 5 

Interaction of motion and 
skill level 

Effects of motion on 
transfer 

5 .  Performance Assessment 

Cr iter ia for per formance 

Muckler et al . ,  1959 
Smode and Hall , 196 6 
Huff and Nagel , 197 5  
National Research 
Council , 197 5 
Hennessy et al . , 198 0  
NATO-AGARD , 198 0 ,  1981 
Kraft et al . , 1981 

Matheny , 1975 
National Research 
Counc il , 1975 , 198 2 
Thorpe , 1978 
Hennessy et al . ,  198 0 
NATO-AGARD , 198 0 ,  19 8 1 
Prophet et al . , 198 1  

Muckler , et al , 1959 
Huff and Nagel , 197 5  
NATO-AGARD , 198 0 
Prophet , et al , 1981 

Smode and Hall , 1966 
Matheny , 1975 
National Research 
council , 197 5 

Smode and Hall , 1966 

Smode and Hall , 1966 
Matheny , 197 5 

Gagne , 1954 
Center for Nuclear 
Studies , 198 1 
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Performance measurement 

Automated per formance 
monitor ing 

Measurement of team 
per formance 

6 .  Modeling 

36  

Models of  visual and motion 
s imulation 

Sensory system modeling 
Model of multisensory 

spatial or ientation 
Models of visual environment 

to identify var iables 
relevant to training 

Models to predict train ing 
effectiveness 

7 .  Training 

Cr itical characteristics 
for transfer 

Effects of change in task 
character istics on 
transfer 

Measurement of transfer 
effectiveness 

Gagne , 195 4  
Muckler et al . ,  1959 
National Research 
Council , 197 5  
USAP-SAB , 197 8  
Center for Nuclear 
Studies , 198 0 
Gaffney , 1981 
Prophet e t  al . , 198 1  

USAP-SAB , 1978 
Center for Nuclear 
Studies , 198 0 

Parsons , 1972 
Gaffney , 198 1 
Prophet et al . ,  1981  

Waag , 1981 
USAP-SAB , 1978 

NATO-AGARD , 1980 

NATO-AGARD , 198 0  

Prophet e t  al . , 1981  

Miller , 195 4  
caro , 1976 
Waag , 1978 

Muckler et al . , 1959 

Smode and Hall , 1966 
Will iges et al . , 1973 
NATO-AGARD , 198 0 
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Systematic method for 
developing training 
requirements that 
provide guidance for 
simulator design 

8 .  Training Methods 

Sequence of training 

37 

Use of feedback and guidance 

Instructional features 

Instructor training 

Simple (par t task ) versus 
complex (whole task ) 
s imulators 

Generic versus specific 
s imulation 

9 .  Other 

Documentation and use of 
lessons learned from 
past s imulators 

Exper imental des ign 

AIAA, 198 0 
NATO-AGARD , 1980 

Gagne , 195 4 
HROL , 1953 
USAF SAB , 197 8 
Center for Nuclear 
Studies , 198 0 

MCCluskey ,  197 2  

Prophet et al . ,  1981 

Prophet et  al . ,  1981 

Prophet et al . ,  1981 

Muckler et al . ,  1959 
Smode and Hall , 196 6 
National Research 
Council , 197 5  

Center for Nuclear 
Studies , 198 0 

Smode and Hall , 1966 
Caro , 197 6  

Muckler et  al . , 195 9  
Williges et al . , 1973 
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Fundamental Behavioral Processes 

As a logical extens ion of the pr inciple that s imulator 
character istics should be determined by behavioral 
consequences ,  several studies have recommended research 
on the behavioral processes relevant to s imulation . Por 
example , learning or sk ill acquisition is the fundamental 
process of concern in the use of s imulators for training . 
Gagne ( 1954 ) and Muckler et al . ( 1959 ) advocate research 
on the structure of skills , the acquisition and transfer 
of learning processes , and the role of motivation in 
learning . Prophet et  al . (1981) , recogniz ing that the 
operation of most modern systems increasingly demands 
information processing and decision sk ills as much or 
more than psychomotor sk ills , recommend research on these 
and other cognitive processes as a basis  for development 
of training procedures , devices , and s imulators for 
cognitive tasks . 

A work ing group on visual s imulation of the National 
Research Council ' s  Committee on Vision concluded that 
requirements for visual scene content must be based on a 
better understanding of perceptual processes . This group 
recommended research on a computational analys is approach 
for determining visual cue requirements and ver ification 
through psychophysical exper iments as well as research on 
the contr ibutions of optical flow and per ipheral vision 
to spatial or ientation (Richards and Dismukes , 1982 ) . 
Hennessy et al . ( 1980 ) , in a repor t on research needs for 
vertical/short takeoff and landing aircraft s imulator 
visual systems , proposed several studies in the area of  
perceptual learning . 

Behavioral Fidelity of S imulation 

Numerous recommendations have been made to investigate 
f idelity of s imulator character istics as they affect 
learning or performance . Usually , a specific domain , 
such as visual cues (Matheny , 197 5 ;  National Research 
Council , 1975 ; NATO-AGARD , 1980b ) or motion cues (Muckler 
et al . ,  1959 ; NATO-AGARD, 1980b; Prophet et al . ,  1981 ) , 
is addressed . Smode and Hall (1966 ) recommended research 
on fidelity interactions with instructional var iables and 
level of exper ience of trainees . Other recommendations 
on s imulator f ideli ty are cast more broadly , calling for 
research on the topic in general (McCluskey , 197 2 ;  Huff  
and Nagel , 1975 ; Hays , 1981 ; NATO-AGARD , 1980b ; Gaffney , 
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1981) . In all instances , the authors acknowledge that  
f idelity requirements should be  evaluated in terms of  the 
behavioral consequences rather than in terms of physical 
correspondence to a real system. 

Visual Simulation 

Because of the large number of fl ight simulators 
equipped with visual systems to portray outside visual 
scenes as well as the expense of these systems , there 
have been numerous studies in this  area to identify issues 
and recommend research . Recommendations fall in two broad 
categor ies , character istics of visual displays and scene 
content . The former category includes recommendations 
for determining field of view size necessary , requirements 
for resolution , luminance and contrast ,  the value of 
color , and effects of distance of the display (Muckler et 
al . ,  1959 J Smode et al . ,  1966 J Huff and Nagel , 1975 J 
National Research Council , 197 5 J Hennessy et al . , 1980 J 
NATO-AGARD, 1980b J Kraft et al . ,  1980 ) . Many of the same 
authors and groups as well as others have recommended 
r esearch on scene content .  Research topics include scene 
detail , degree of abstraction of portrayed objects and 
terrain , textur ing of sur faces , the k inds and density of 
obj ects in the scene (Matheny , 1975 J National Research 
Council , 1975 , 198 2 J  Hennessy et al . , 1980 7 NATO-AGARD, 
1980b , 1981 J Prophet et  al . ,  1981 ) . A work ing group of 
the Air Force Office of Scientific Research (Thorpe et 
al . , 1978 ) noted that ther e is  not even an adequate 
lexicon for descr ibing factors in scene content .  

Issues related to visual s imulation have been with u s  
for a long time . Str ik ing advances i n  the technology of 
computer--generated imaging are tak ing place now that will 
improve visual resolutions and their quality and detail 
and poss ibly reduce overall cost . I t  is possible (some 
say likely) that extremely high visual fidelity ,  in the 
engineer ing sense , will soon over take the current need 
for perceptual research on visual displays for simulators .  

Vehicle Motion 

The value of motion cues for train ing and eng ineer ing 
design flight s imulator s has long been a topic of debate 
and one of the few areas , along with visual system 
r equirements , that has received substantial research 
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attention . The crux of the problem is that motion plat­
forma and other motion cueing systems cannot duplicate 
sustained accelerative forces , all motion cues are onse t 
cues . The pr incipal issues have been the importance o f  
these cues for training and per formance , the form o f  th e  
motion functional equations , and the number o f  degrees of 
freedom (Muckler et  al . ,  1959 7 Smode et al . ,  1966 7 Buf f  
and Nagel , 1975 7 Matheny, 1975 7 National Research counc i l , 
1975 , 1980 , NATO-AGARD , l980b , 1981 7 Prophet et al . , 
1981) . Despite the large number of studies that have 
been per formed on motion cueing (see Waag , 1981 ) , ther e 
seems to be no consensus on i ts value (U . S .  Air Force , 
1978 ) . waag (1981 ) attr ibutes this  state of affairs to 
the fact that the studies per formed were so specific in 
nature that it is  imposs ible to develop any general 
principles or conclusions from the results . 

Per formance Assessment 

Per formance measurement and establishing cr iter ia for 
per formance are essential not only to all uses of simu­
lators but also for evaluating and improving s imulator 
design . What constitutes necessary and effective char­
acter istics of s imulators remains a matter of opinion 
without reliable and valid per formance information . For 
these reasons many repor ts on s imulation have recognized 
performance assessment as a key area for research (Gagne , 
1954 7 Muckler et al . ,  1959 7 National Research council , 
197 5 7  USAF Scientific Advisory Board , 1978 7 Center for 
Nuclear Studies , 1980 7 Prophet et al . ,  1981 ) . While 
there are a host of problems in per formance measuremen t 
in general ( these are discussed in Chapter 5 ) , the devel­
opment of automated per formance measurement systems (U . S .  
Air Force , 1978 7 Center for Nuclear Studies , 1980 )  and 
the measurement of team per formance (Parsons , 1972 1 
Gaffney , 1981 7 Prophet et  al . ,  1981)  have been viewed as 
particularly pressing problema by both the user and the 
research communities . 

Modeling 

The need to determine s imulator requirements based on 
behavioral research is reflected in the recommendations 
presented in several recent repor ts .  The USAF Scienti fic 
Advisory Board (U . s .  Air Force , 1978 ) encouraged continued 
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development of models of human sensory systems that can 
be used to evaluate the consequences of motion cueing . A 
NATO-AGARD group (1980b ) made s imilar recommendations for 
the development of a model of multisensory spatial or ien­
tation and a model of the visual environment to identify 
var iables relevant to training . Waag (1981)  calls for a 
model of visual and motion s imulation to provide a struc­
ture to aid in developing testable hypotheses that might 
subsequently lead to generalizable research findings . 

Reflecting many of the same concerns , Prophet et al . 
( 1981)  recommend the development of models to predict 
training effectiveness of s imulators as well as normative 
per formance models for proficiency evaluation . Several 
r eports that have included recommendations for research 
on behavioral topics relevant to s imulation have also 
called for development of human per formance models in the 
areas of vision and motion sensation and perception (Waag , 
1981 , U . S .  Air Force , 1978 , NATO-AGARD , 1980b) . The 
importance of human performance models to simulator design 
as well as to practical application of s imulators is d is­
cussed at length later in th is chapter . 

Training and Training Methods 

Research recommendations specifically related to the 
t raining function pr incipally address issues of transfer 
of learning and training methods . Answer ing the mos t 
fundamental question--what are the critical s imulator 
character istics necessary to produce transfer--has been 
d iscussed as a research need (Miller , 1954 , Caro , 1977 , 
Waag , 1981)  as well as how changes in task character i s­
t ics affect transfer (Muckler et  al . ,  1959 ) . Task anal­
ysis and instructional system development methods are 
u seful to determine what is to be trained but not 
explicitly to determine what is required to conduc t 
training . In recognition of this shortcoming , two recent 
r epor ts include recommendations for research to develop 
systematic methods for establishing training requirements 
that provide guidance for simulator design (Amer ican 
I nstitute of Aeronautics and Astronautics , 1981 , 
NATO-AGARD , 1980a ) . 

In acknowledgment of the maxim that how a s imulator is 
used is as impor tant as its phys ical character istics , 
s everal repor ts have addressed research needs to improve 
the methods of use of s imulator s for training (Gagne , 
1954 , u.s. Air Force , 1978 , Center for Nuclear Studies , 
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1980) . Training on a ser ies of tasks from beginning to 
end as they will be per formed in the real world may not 
be the most effective sequence for simulator-based train­
ing and has been recommended as a subject for research 
(McCluskey , 1972 ) . Out of 21  high-pr ior ity research 
needs to improve aircrew tra ining devices , developed by 
Prophet et al . (1981) , 12 were specific to simulator 
use . The research topics involving utilization included 
feedback and guidance in the instructional process , con­
trol of the evaluation and measurement process for indi­
viduals and crews , training and evaluation of instructors , 
and self-instruction methods . 

Although simplified or par t-task simulators have a 
long history of use and have been proliferating s ince the 
advent of inexpensive microprocessors ,  the range of their  
potential utility is not clear . Research to determine 
the relative mer its of par t-task versus whole s imulator s 
for training and what tasks are most suitable for each 
type have been included in the recommendations of several 
repor ts (Muckler et al . ,  1959 ; Smode et al . ,  1966 ; 
National Research Council , 1975) . A closely related 
issue is the value of gener ic training devices represen­
tative of a type of system versus simulators of specific 
systems . This is a particularly important issue in the 
training of nuclear power plant operators that deserves 
research attention (Center for Nuclear Studies , 1980 ) . 

Documentation and Research Design 

In addition to the research descr ibed in the above 
categor ies , two other noteworthy recommendations have 
been made for courses of action to improve s imulation 
that have been drawn from the literature . Smode et al . 
( 1966 ) and Caro (1977 ) have advocated documentation of 
lessons learned from past and existing s imulators to 
improve the design of future ones . Implicitly this 
suggestion acknowledges the lack of a systematic base of 
knowledge about s imulator des ign practices . Each 
technical evolution or var iation in s imulator design i s  
a n  exper iment o f  a sor t and worthy of assessment and 
documentation for the benefit of future simulator 
developments . 

The second recommendation is for both research and 
application of exper imental design methodologies tha t 
maximize the useful information that can be extracted 
from simulator-based research studies and engineer ing 
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test and evaluations (Muckler et  al . , 1959 1 Williges e t  
al . ,  1973 ) . Formal exper iments tend to use full factor ial 
des igns that , for practical reasons , limit the number of 
var iables that can be tested in one study . Engineering 
tests and evaluations are often conducted without regar d 
for the control of artifacts or the poss ibility of formal 
statistical analys is  of the der ived data . Both practices 
are wasteful in terms of the information gained for the 
effor t expended . The need for further development and 
application of economical , multifactor designs in s imula­
tion studies is discussed in Chapter 5 .  

The Persistence of Research Needs 

All these previously identif ied issues are still essen­
t ially valid questions that yet have to be answered . The 
fact that the same research issues continue to persist 
suggests that the required research has not been performed 
or the research that has been per formed is either inade­
quate or inconsequential . 

The lack of basic research of the k ind necessary to 
build a behavioral base of knowledge and pr inciples 
applicable to s imulation des ign and use has been stated 
in several past  reports . I t  is  worth repeating their 
conclus ions , for they express the need for fundamental 
behavioral research as pointedly and clearly as we 
poss ibly could . 

Smode et al . ( 1966 ) reviewed and assessed research 
relevant to pilot training . The authors preface their  
specific suggestions for research needs for s imulation 
training with the observations that devices used earlier 
as s imulators bear little resemblance to the complex 
weapons systems trainer s and training facilities in use 
today . However , there is  little evidence that research 
has been performed concerning the use of these sophis­
t icated equipments . What research has been undertaken 
appears  minuscule cons ider ing the huge stake involved in 
the development and use of s imulators .  

Smode believes that the real issues are being neglected 
and that a ser ious , sustained program is needed to gain 
an understand ing of the full value of simulation for 
aviation training and for the specification of the des ign 
requirements necessary for ach ieving the potential of 
s imulation training . 

What research has been done has contr ibuted little to 
the development of fundamental pr inciples . Visual and 
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motion systems for fl ight s imulators have been two of the 
most intens ively researched topics in s imulation , yet 
little of lasting value has emerged . Waag (1981) , in 
concluding a review of the literature on these topics , 
noted that there exist no quantif iable models of visual 
and motion s imulation that enable testable hypothes is to 
be generated that might subsequently lead to some 
generalizable findings . 

The National Research council ' s  Committee on Vision 
addressed research needs for flight s imulation and also 
noted the lack of bas ic research in this area (Richards 
and Dismukes , 1982 : 8 ) : 

Current research attempting to define relationships 
between visual s imulation var iables and flight con­
trol performance has immediate value for evaluating 
specific displays and equipment features , but will 
not provide fundamental knowledge that is  cumula­
tive and that might allow prediction of visual  
information requirements for a wide range of 
simulation training tasks . 

Huff and Nagel (1975 ) pointed out the lack of develop­
ment of fundamental knowledge of behavior relevant to 
s imulator design and use . They indicated that it  is 
essential that new ways be developed to conceptualize and 
measure pilot exper ience as a necessary step for the con­
tinued development and use of flight simulators . curren t 
techniques have not provided a firm foundation on which 
to build simulat ion design . They end with a quotation 
from Adams ' (1973)  preface to a special issue of the 
Journal of Human Factors devoted to s imulation . I t  i s  
equally apt to quote it  here , more than a decade later 
(p . 501 ) : 

We often seem content with the routine testing of 
training devices which eng ineer s create , and thi s  
i s  a n  impor tant contr ibution , but where are our 
systematic research programs that will produce 
pr inciples and provide guidance for the simulation 
engineers of tomorrow? 

THE NATURE OF THE BEHAVIORAL PROCESSES IN SIMULATION 

In th is section we discuss two broad topics : analyses 
of cognitive processes and knowledge and human per formance 
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modeling . We bel ieve these are two key methods for char­
acteriz ing and express ing the behavioral processes of 
interest in s imulation as well as identifying and facili­
tating the behavioral research necessary to improve the 
design and use of s imulators .  

Fundamental to realiz ing the behavioral objectives of  
s imulation--the desired learning or  per formance--is the 
need to understand the cognitive processes that are 
responsible for the interpretation , transformation , and 
retention of information , its consolidation into new 
processes , i . e . , sk ills and their ultimate manifestation 
in per formance . From a behavioral perspective , the 
central issue is understanding the internal processing 
and transformation of information , the development of 
abilities , internal processes themselves , and decision 
and response mechanisms that produce overt behaviors . In 
other words , it  is impor tant to know how to character ize 
the hidden , internal cognitive activities and how external 
and internal events interact . 

Complementing the need for analys is of cognitive 
processes is the need to synthes ize these processes into 
a coherent and tractable form . Human per formance models 
fulfill this need because they are expl ic it expressions 
of behavioral processes . A model has a theoretical base 
inherent in its construction and is both extens ible and 
ver ifiable . A model is thus an orderly means to accumu­
late behavioral knowledge and predict effects that can be 
empir ically tested . I t  serves as a framewor k for research 
programs but also can be used as a tool for the des ign of 
s imulators as well as other systems . I t  has the singular 
v i r tue of communicating knowledge of behavior in the same 
way as the physical models that design eng ineer s are 
accustomed to using . 

Used in concer t ,  analyses of cognitive processes and 
knowledge and the ir express ion in human per formance models 
provide a strong mechanism for guiding research on behav­
ioral issues in simulation and translating the research 
r esults into des ign practice . 

Analyses of Cognitive Processes and Knowledge 

Many difficulties in the des ign and use of s imulators 
could be reduced with more thorough and specific analyses 
of the human skills and knowledge required for the opera­
tion and maintenance of equ ipment . In the past , contr ibu­
t ions of behavioral scientists to simulation have been 
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based o n  the available psycholog ical pr inciples and 
methods and have provided useful insights into the 
requirements for effective training and other function s 
us ing s imulation . Recent scientific developments have 
provided methods of empir ical analysis and theoretical 
concepts that make poss ible a s ignificant increase in the 
detail with which cognitive requirements of complex task 
per formance can be specified .  

Th e  term cognitive science is used to refer to a 
growing body of scientific work , using methods and con­
cepts from cognitive psychology , artificial intelligence , 
and linguistics , consisting of analyses of relatively 
complex cognitive processes and systems . Major recent 
contr ibutions and topics of rapidly advancing knowledge 
are summar ized in the repor t of the Research Br iefing 
Panel on Cognitive Science and Ar tific ial Intelligence 
prepared in 1983 for the Pres ident ' s  science adviser  
under the auspices of the National Research council ' s  
Committee on Science , Eng ineer ing , and Public Policy 
(National Academy of Sciences-National Academy of 

Engineer ing , 1983 ) . The summary g iven here emphasize s 
aspects of special relevance to simulation . 

Skills Acquisition and Instruction 

Scientific analyses of the cognitive processes and 
knowledge that produce sk illed performance provide a new 
target for the analys is of learning . Wi th more detailed 
character izations of the knowledge and sk ills that ar e 
acquired , analyses of learning should be directed toward 
understanding how these specifically characterized 
processes are learned . 

Cognitive scientists have studied the process of 
instruction and have developed analyses of the cognitive 
processes and knowledge used in successful tutor ial 
teaching . Studying performance by tutors , COllins and 
Stevens (1981)  concluded that a tutor uses a model of the 
student in wh ich the student ' s  knowledge is compared with 
knowledge of the subject ,  represented as a hierarchy of 
topics with a hierarchy of information within each topic . 
Collins and Stevens developed a model that s imulates--and 
conducts--tutor ial instruction , adding knowledge or 
chang ing mistaken beliefs through Socratic dialogue . 

Another idea used in tutor ial systems is a detailed 
model of the system that a student is learning about,  
which is  used to  s imulate performance of that system . 
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Th i s  idea is used in the STEAMER system (descr ibed in 
Appendix A) , which simulates the operation of a steam 
plant . Students are thereby able to observe the effects 
of actions they can perform , such as opening or closing a 
valve . A system model is also included in SOPHIE , a 
tutor ial system that provides instruction in trouble­
shooting electron ic equipment (Brown et al . , 1983 ) . 
SOPHIE includes a s imulation of a piece of equipment that 
enables a student to obtain  read ings of voltage or current 
that would be obtained when the device is in a var iety of 
malfunctioning states . I t  allows the student to specify 
faults whose effects can then be investigated . SOPHIE 
a lso includes a simulated expert troubleshooter that can 
i dentify the faults that student selects , allowing the 
student to observe successful per formance in the trouble­
shooting task . 

Information Process ing 

Another area in wh ich important advances are occurr ing 
i s  information process ing , including speech understanding 
and visual information processing . A new theoretical 
advance in the form of a computational theory of vision , 
developed by Marr (1981) , makes signif icant headway toward 
an understanding of the mechanisms of visual information 
processing that conver t energy patterns on the ret ina 
into information about contours , sur faces , textures , 
objects , and motion . Visual imagery , including imaged 
information retr ieved from memory , has been stud ied in 
some detail (Kosslyn and Schwartz , 1977 ) , and it  bas been 
found that the spatial properties of images (e .g . , their  
s izes and the relative distances among the ir par ts )  play 
s ignificant roles in cognitive tasks . 

The relevance of information-processing research to 
simulation includes use of the findings to guide the 
des ign of information presentation in s imulators and 
auxiliary information sources . As we learn more about 
the properties of information in visual images ,  we can 
des ign displays to present the information critical for 
the cognitive tasks to be per formed and the sk ills to be 
acquired .  For example , the use of the computational 
theory of vis ion to determine requ irements for flight 
s imulator visual systems is discussed in a recent repor t  
of the Committee on Vis ion (Richards and Dismukes , 1982 ) . 
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Qualitative Understanding 

An exciting current topic of research in cognitive 
science is the investigation of cognitive structures tha t 
provide qualitative conceptual understanding of procedures 
and systems . Although instruction in science and eng i­
neer ing emphas izes formal methods , such as procedures for 
calculation and the correct use of formulas , it is widely 
understood that formal knowledge is not sufficient for 
solving problems and reasoning about novel s ituations i n  
scientific and eng ineer ing domains . The additional 
knowledge , sometimes called • intuition , • involves under ­
standing of qualitative relations and conceptual struc­
ture . Recent research has begun to identify properties 
of this knowledge and to develop theoretical methods of 
characteriz ing it  in useful ways . 

One of the major l ines of research on qualitative 
understanding involves analys is of mental models that 
individuals have of physical systems (Gentner and Stevens , 
198 3 ) . In general , mental models consist of knowledge or 
beliefs about causal relations among components of sys­
tems . The model may refer directly to the system or may 
be based on analogy with some other system that the 
individual knows about (or has beliefs about) . An example 
of the latter is  a set of common beliefs about electr ical 
circuits , based on an analogy to hydraulic systems . 

Another l ine of research is  investigating understanding 
of the structure of causal relations among quantities i n  
a system. For example , the quantities i n  a s imple elec­
tr ical circuit are linked in a structure of causal rela­
tions : the total amount of res istance and the circuit 
voltage determine the amount of current , the amounts of 
resistance connected in ser ies determine the total amount 
of resistance , and so on . Causal knowledge of quantita­
tive structure has also been studied in mechanics , where 
it  has been shown to provide an impor tant basis for the 
representations that exper t problem solvers construct 
(Lar k in ,  1983 ) . 

As more is learned about the cognitive structures that 
constitute general conceptual understanding , the design 
and use of simulators can be facilitated by identi fying 
those features of s imulations that contr ibute to the 
acquisition of signif icant qualitative understanding in 
training and that permit its assessment in simulation­
based testing . STEAMER, mentioned above , is one example 
of a simulation designed to communicate general causal 
knowledge about interactions between components of the 
system. 
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Human Per formance Modeling 

As person-machine systems become more and more complex, 
the need to account for the human elements in these sys­
tems in an orderly and quantitative manner assumes ever­
increasing importance and recognition . This is reflected 
not only in the growing use of simulators in the design 
and evaluation of such systems but also in the expanding 
interest in the modeling of human per formance . The 
breadth and impor tance of human per formance modeling i s  
such that a separate wOrk ing group has been established 
by the Committee on Human Factors to examine this subject 
in detail . In th is repor t ,  modeling is discussed br iefly 
in terms of its potential roles in support of simulation 
s tudies and in the development and design of simulators .  

Human per formance modeling and simulation involving 
human participants are complementary activities that can 
be used iteratively and synergistically to enhance the 
achievement of overall design or training objectives . 
Appropr iate human performance models can play a role pr ior 
to, dur ing , and after the simulation exercises occur . 
This role is apparent when one considers some of the 
basic intended functions of human per formance models in 
pe rson-machine systems analysis (Pew and Baron , 1982 ) a 

1 .  To provide an organized approach to the formu­
lation of person/machine problems that forces 
consideration of the many factors influencing 
system performance . 

2 .  To predict •closed-loop• person-machine per­
formance . 

3 .  To provide a concise and systematic framework 
for organiz ing exper imental data . 

4 .  To serve as an embodiment of concepts or 
der ived parameter s that are useful as measures 
of performance . 

Eng ineer ing Design and Research Simulator s 

As has been noted elsewhere , the development of engi­
neer ing requirements for human-in-the-loop simulation i s  
a complex task involving numerous trade-offs . Among the 
pr incipal issues confronting the developer of a simulator 
are the design of the cue environment so as to meet 
s imulation objectives and the design of the simulation 
model of the functions of the operational system to 
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fulfill the real-time requirements with appropr iate 
accuracy . 

In  specifying the cue environment ,  the designer must 
establish the need for particular cues as well as the 
requisite fidelity for their presentation . The choices 
made here are important because the val idity and utility 
of the resulting s imulation can be cr itically dependent 
on them and because the decisions involve major costs o f  
the s imulation . Unfortunately , these decisions are qui te 
difficult to arr ive at rationally , inasmuch as the choices 
depend on complex psychological as well as engineering 
factors . The specific requirements are , of course , gov­
erned by the purpose of the s imulation , training s imu­
lators have different needs from eng ineer ing design and 
research s imulators . They are also problem-dependent 
(e .g . , the need for motion cues in the analysis of 
a ircraft control in a gusty environment will depend on 
the gust response of the aircraft ) . Finally , the 
capabilities of the adaptive human controller both help 
and compound the problem . The human operator may be able 
to compensate for s imulator shor tcomings and maintain 
system per formance , however , this could result in negative 
transfer in a training environment ,  or reduced acceptabil­
ity of the device , or an incorrect evaluation in a 
research s imulation . 

· 

The adequacy of the cueing environment is  related to 
the accuracy of the s imulation model used in represent ing 
the operational system ' s  functional character istics , as 
well as to the cue generation hardware itself . This i s  
par ticularly true for discrete s imulation models that 
introduce delays in the information presentation paths 
that are present in the actual situation . 

In the development of engineer ing design and research 
s imulators ,  the consideration of a suitable model will 
force the designer or researcher to a more precise formu­
lation of the problem to be investigated , the factors 
needing control , and the measures of human and system 
performance that are appropr iate . Moreover , with a 
predictive model , it  is poss ible to establish and evaluate 
preliminary des ign concepts and parameters .  Not only 
will these activities make the overall evaluation or 
exper imental process more efficient , but they will also 
maximize the likelihood that  cr itical conditions will be 
focused on in the simulation environment . 

An example of the use of a human performance model for 
exper imental planning is g iven in the work of Junker and 
Levison (1978 ) • They used the Optimal Control Model 
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(OCM) of the human operator to design an exper iment to 
examine the effects of platform motion cues on manual 
tracking per formance . In par ticular , the RMS amplitude 
and spectral shape of the system inputs , the control 
gain , and the per formance cr iter ion were all designed , 
using the OCM ,  to provide conditions that would resolve 
the exper imental questions while meeting the exper imental 
constraints . 

Dur ing and after s imulations , models can serve pr in­
cipally as aids in reducing , interpreting , and extrapo­
lating the data obtained in the s imulations . Because of 
the adaptive nature of human response , changes in system 
var iables may not result in discernible changes in system 
performance under the conditions investigated . They may , 
however , result in subtle alterations of human response 
character istics or behavior that may be important in 
d ifferent circumstances . These changes are often more 
easily discerned in terms of parameter s of human perfor­
mance models . In short ,  model parameters can be succinct , 
diagnostic , and sensitive measures of the results of 
s imulator evaluations and exper iments . Models can also 
serve as insightful ways of look ing at and compressing 
empir ical data so that they can be extrapolated to new 
s ituations . That is , predictive models can be used to 
interpolate or extrapolate to conditions that are 
untested in the course of a specific simulation study . 

These uses of human performance models in analyz ing 
and interpreting simulator data are widespread . Por 
example , instrument monitor ing models have been used as a 
bas is for analyz ing eye movements in flight simulator s 
and relating those movements to workload (Senders et al . , 
1969 1 Weir and Klein , 1970 ) . An instance of particular 
relevance to simulation technology is provided by Levison 
and Junker (1977 ) . The OCM was used to provide a single , 
coherent explanation of simulator data on the effects of 
motion cues on per formance for the cases of disturbance 
motion and target motion . Phenomenological , or purely 
empir ical , descr iptions of measured human and system 
per formance yield s ignificant differences for the two 
motion conditions . However , the OCM predicts results 
without changing the model structure or human behavioral 
par ameters--i . e . , it  predicts how the human uses motion 
cues d ifferently according to the specifics of the task . 
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Training Simulator s 

In the training applications of s imulators ,  human 
performance models play a similar role . They can be use d 
prior to development of training curr icula to determine 
the areas of human performance most cr itical to knowledg e 
of the system, so that these may be emphasized in the 
training process . Perhaps a more important contr ibution 
of modeling to training would be the use of normative 
models as yardsticks against which to measure trainee 
per formance , thereby providing mechanisms to be used in 
an adaptive training scheme . The parameters of an 
analytic model may also prove to be sensitive measures o f  
operator per formance and learning . These uses of human 
performance models in support of training s imulation are 
principally in the research stage , they require further 
development in modeling skill acquisition and in methods 
for integrating such models into the instructional 
process . 

Flight Simulators 

The problems in s imulator design involving the cue 
environment and real-time functioning have received the 
most attention in the context of fl ight s imulation . 
Recently , the potential value of human performance model s 
for helping to resolve them has been recognized and sev­
eral research and development efforts have been under­
taken . One of the early efforts was aimed at developing 
a model for human sensory mechanisms that would allow 
s imulator motion cueing systems to take full advantage of 
their basic character istics (Borah et al . ,  1977) . 
Individual models for vestibular , visual , tactile , and 
propr ioceptive sensors were combined in a compos ite model 
structure that used a Kalman filter to integrate the 
information from the var ious modal ities . Several recent 
studies have centered on the application of the Opera­
tional Control Model (OCM) , as thi s  model allows for 
direct incorporation of sensory submodels , such as that 
j ust mentioned , to provide a multicue model for 
continuous manual control . 

Baron et al . ( 1980a) developed techniques for using 
the OCM to predict the effects on per-formance of certain  
s imulation model design parameters , such as  integration 
scheme , sample rate , data hold device , etc . The model 
was applied to a relatively s imple air-to-air tracking 
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task and showed s ignificant sensitivity to several simu­
lator parameters . Model results were later compared 
(Baron and Mural idharan , 1980 )  with data from an experi-

mental study of Ashworth et al . (1979 ) , and the agreement 
was very encouraging . 

In a series of studies (Baron et al . , 1980b , Baron , 
1981 , Ricard et al . , 1981 ) , the OCM was used to examine 
human per formance whi le hover ing a helicopter , using a 
computer-generated image visual system and a motion 
system with s ix degrees of freedom. The hover task was 
separated into longitudinal and lateral control tasks . 
Per formance/workload effects of these s imulation elements 
were analyzed by incorporating submodels into the OCM . 
The model results suggested that minor simulator defici­
encies could result in substantial performance and/or 
workload deviations from those expected in actual 
fl ight . Unfortunately , there were no corresponding 
exper imental data to confirm or deny these predictions . 

Also of interest are two ongoing exper imental/ 
a nalytical efforts that are aimed at collecting 
additional data on simulator fidelity while further 
r efining the pilot/simulator model . One effor t ,  
sponsored by NASA-Langley Research Center , involves both 
i n-simulator exper iments with various degrees of cueing 
( fixed base , platform motion , g-seat) and actual 
i n-flight duplications of the same flight control task . 
This task involves a high-per formance aircraft (P-14 ) 
tracking a target aircraft that is executing a windup 
turn . Where possible , the same pilots are used for both 
i n-simulator and flight exper iments . Model predictions 
will be used in the exper imental design phase . These 
predictions will then be compared with the data obtained 
in the corresponding simulator exper iments . Parameter s 
of the model that yield the best match to the data will 
be determined to tune the model . These parameters , which 
will also reflect the individual character istics of the 
people involved in the exper iment , will then be used to 
predict results for the flight exper iment . Again , model/ 
data compar isons will be made and parameters yielding a 
best match to the flight data determined . Discrepancies 
between simulator and flight data will be explored , using 
the model , to provide analytical bases for the differences 
in terms of cueing deficiencies and/or changes in pilot 
strategies and to further upgrade and develop the 
analytical models . 

The second effort is  a three-year program sponsored by 
the Air Force Aerospace Medical Research Laboratory to 
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develop further understanding of a pilot ' s  use of visual 
and motion cues so as to aid development of simulator 
requirements . In thi s  work , a s ignificant element is the 
development of models for the processing of v isual stimul i 
to generate estimates of self-motion ( Zachar ias et al . , 
1983) . As in the previously descr ibed work , analytic 
models are being used before simulation for exper imental 
design and after s imulation for analysis . 

Models of human per formance can also be used to hel p  
design algor ithms to compensate for s imulator shortcom­
ings . For example , Crane (198 1 )  has used the crossover 
model of McRuer et al . (1965)  to determine the parameters 
of a lead-lag network to be used to compensate for 
unwanted time delays in the generation of visual cues . 
Baron et al . (1980a )  have shown how the OCM could be used 
to design compensators aimed at restor·ing , a$ closely as 
possible , pilot per formance and behavior to that which 
would be obtained if  there were no s imulator delays . The 
OCM has also been used to der ive a washout scheme for a 
motion platform (Baron et al . ,  1980c) . 

Finally , it  should be mentioned that real-time s imu­
lation models of human operators may be valuable as 
substitutes for some of the operators in multiperson 
systems evaluation , research , or training . Thus , for 
example , in investigating or training the interactions of  
the crew of a s ingle aircraft in dense traffic , s imulating 
the crews of other aircraft by modeling their  per formance 
i s  an attractive alternative to live s imulation of these 
crews both for economic reasons and as a means for reduc­
ing exper imental var iability or maintaining consistency 
in the training environment . 

Research Needs for Human Per formance Model ing 

Of course , the uses of models descr ibed above in 
conjunction with s imulation presuppose the existence of 
appropr iate , validated models . For many problems of 
interest ,  such models do not exist or have not been 
suitably val idated . This is the other side of the model/ 
s imulation synergism ,  in that the development and valida­
tion of the models cannot proceed without the extensive 
input of data from exper iments conducted with s imulators .  

Although fairly advanced models for the use o f  per­
ceptual cues in vehicle control exist , there are still 
significant gaps in the knowledge . For example , modeling 
the use of instruments and of motion cues (as provided by 
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motion platforms ) is well advanced , but much less is 
known about external visual cueing and propr ioceptive 
cueing . In addition , the models are generally suited to 
the prediction of the performance of skilled operators ,  
there has been much less effor t and progress in modeling 
the effects of var ious cues on skill acquisition or 
maintenance . 

The use of models to guide the design of s imulation is 
l ikely to be most important in the near term for 
s imulations in which vehicle control is the major task . 
This is pr incipally because the tpdels for the operator 
are most highly developed for thls task . However , as 
supervisory control models that treat multicue , multitask 
environments are developed , similar roles are envisioned 
for these models . 
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SPECIFIC RESEARCH ISSUES IN SIMULATION 

The work ing group has identified nine major issues 
that deserve research attention or other action to 
improve the design , use , and application of s imulators .  
These issues are concerned with the effective employmen t 
of s imulators that either have not been previously dis­
cussed as issues or have not received the attention they 
deserve . 

In Chapter 4 we noted that most reports on behavioral 
issues in simulation have concentrated on research 
related to physical fidelity and its consequences for 
performance and training , general behavioral subjects 
( i .e . , perception , learning , and memory) as well as 

ver ification of s imulator worth ( i . e . , validity and 
reliability of performance and transfer of learning ) . 
Support requirements for operator or instructor use and 
training features have also been identified as research 
topics , but have not been emphasized to the same degree . 
Most reports have focused on the core of simulation and 
not on the supporting features that make a simulator a 
design tool , research vehicle , or training medium rather 
than simply a bare representation of some system . 

The research recommendations proposed in previous 
repor ts are important and we agree that they should be  
carr ied out .  However , we  do not wish to restate and 
reargue in this chapter the importance of the recommenda­
tions made in the past ;  the or iginal authors do that well 
enough , and most recommendations have been repeated ofte n 
enough . Instead our intent is to focus on research 
issues and other needs that are new or have not received 
sufficient emphasis , are relatively independent of each 
other , and do not presume major advances in understanding 
the fundamental behavioral processes involved in s imula­
tion . Each of the specific issues is a problem of some 
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consequence , and the recommended research and actions 
have signi ficant potential for improving current and 
future applications of simulation . 

In this chapter we therefore discuss nine specific 
issues and their  associated recommendations , which fall 
roughly into three categor ies a design , procedures , and 
applications of simulators .  The first issue , des ign 
guidelines for training s imulators ,  addresses the problem 
of collecting behavioral information , gained through 
research as well as past experiences with s imulators ,  in 
a form that is useful to s imulator designers and aanager s 
of s imulator procurement programs . The second i ssue , 
improving task analysis methods , focuses on the need to 
develop a more formal procedure for translating opera­
tional per formance requirements into requirements for 
s imulator characteristics and , in the case of training 
s imulators ,  into methods for training . The third issue , 
stress in s imulator training and testing , addresses the 
long-standing concern about the performance and learning 
differences that aay occur between any simulated and 
real-life situation . 

The next three i ssues discussed deal with efficient 
and effective use of simulators .  Scenar io construction 
and s imulator control features , exper imental (test) 
design , and performance measurement are all key components 
of the suppor ting structure of s imulation . The seventh 
issue , guides for training s imulator instructors , 
addresses the need to develop the means for educating 
instructors in the capabilities of a simulator and its 
proper use 1 doing so can be an impor tant but relatively 
straightforward means for enhancing the value of training 
s imulators . 

The last two issues , training of cognitive skills and 
training for failures and out-of-tolerance cond itions , 
focus on the application of s imulation to training 
operators of highly automated systems in which the 
pr imary tasks will be assess ing abnormal situations and 
making decisions rather than per forming well-defined 
routine procedures . 

The discussions of the n ine i ssues follow a common 
format. We introduce each issue with a statement of the 
problem and i ts relevance for s imulation . We then present 
recommendations for research or other courses of action 
and state the potential benefits to be der ived . 
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TRAINING SIMULATOR DESIGN GUIDES 

To the extent that the intended use of a s imulator 
requires that it have a close physical correspondence t o  
the system s imulated , s imulator design cr iter ia are 
generally obvious and stra ightforward . To the extent 
that intended use permits a s imulator to deviate from 
physical correspondence as the pr imary design cr iter ion , 
or as technology limitations and funding constraints 
necess itate such deviation , the appropr iate design 
criter ia are less obvious . In the case of a training 
s imulator , for example , cr iter ia for design to facilitate 
the transfer of training or specification of stimuli to 
be provided in the simulator as substitutes for stimul i 
found in the operational system must be based on knowledge 
of human perception and pr inciples of learning as well as 
the engineer ing specialities underlying s imulation tech­
nology . Often , simulator design teams lack the requisite 
knowledge of perceptual and learning concepts , and infor­
mation to overcome this deficiency is not readily avai l­
able to them. 

An additional s imulator design problem relates to the 
s imulator controller interface . As i s  the case in the 
design of any complex human-mach ine interface , the con­
troller pos ition of a s imulator must be designed around 
the process to be controlled . In the case of a training 
s imulator , that process is  the instructional process and 
includes problem setup and control , provision of guidance 
and feedback to the trainee on-line as well as dur ing 
debriefings , and measurement of trainee performance in 
real time . Such processes for most s imulators are often 
poorly defined , and easily applied cr iteria for controller 
pos ition design seldom exist . In fact , the inefficiencies 
in the use of many s imulators can be attr ibuted to the 
limitations imposed on controller s by their  designs . 

Recommendations 

The work ing group recommends that design guides be 
developed for use by personnel involved in the process of 
specifying requirements for , designing , and developing 
s imulators for training . Guides are needed that address 
functional design considerations , the cue value of 
stimuli , and the extent to which realism can be concep­
tual ized to make a s imulator functionally equivalent to 
an operational system. These processes include operator-
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controller interactions , the provision of guidance and 
feedback to operators ,  the measurement and meaningful 
summar ization of per formance to operators and controllers , 
and the development and administration of scenar ios . 

These guides should concentrate on the definition o f  
the objectives for and processes o f  use o f  the intended 
s imulators .  The guides should provide detailed instruc­
t ion for des ign personnel to follow concerning identifica­
t ion of operator tasks to be performed in the s imulator 
and cues relevant to those tasks operationally, descr ip­
t ion of s imulation components and features necessary to 
the practice of those tasks ( including cue substitutions 
where appropr iate ) , and definition of the procedures to 
be employed by the s imulator controller in setting up the 
s imulator for a per iod of use and conducting training , 
per formance measurement , or other activities in i t .  

Benefits 

The benefits to be der ived from the availability of 
s imulator des ign guides are pr imar ily reduced reliance on 
the necessity to use the operational system as the pr in­
c ipal design model , with a consequent reduction in s imu­
lator complexity and cos t ,  and the more efficient and 
productive use o( s imulator s to achieve the purposes for 
which they were developed . 

IMPROVED TASK ANALYSIS METHODOLOGY 

Improvements are needed in task analytic techniques 
and associated inferential methodologies . They are used 
to estimate attr ibutes and parameters of the user-system 
inter face and personnel subsystem . The use of behavioral 
science and technology in the design and support of sys­
tems has led to an expans ion in the scope of applications , 
extension into more detailed levels of data , and the need 
for more power ful techniques .  

Task analysis was introduced or iginally (Miller , 1953 ) 
for the purpose of developing training equipment and 
programs for initial cadres while systems were still in 
engineer ing design and production , it  served those pur­
poses well . The major uses of task analysis have been 
expanded into other applications in the design of 
user-system inter faces , the development of operating 
procedures , the specification of technical suppor t 
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requir..enta , the aasesSIIent of illposed workload , and 
test and evaluation . 

Att�ta at standardization and expansion of task 
analysis in the fora of Instructional Systea Developmen t 
( ISD) have revealed shortcoaings that attenuate the 

efficiency and validity of its uses (Creaa et al . ,  1978) . 
The aanagers of training for a systea have three needs 
that ISD i s  intended to address : to identify needed 
training and training devices ; to design curr iculum, 
course content , and instructional strategy; and to 
provide functional requir..ents and designs for training 
devices and s iaulators .  

ISD procedures provide a systeaatic , structured 
approach to generating and collating task-descr iptive 
data ; however , these procedures provide l ittle assistance 
in mak ing integrative design decisions . The designer and 
program aanager are left to their own intuitions and 
exper ience to design training and trainers .  

Recaamendations 

A long-term research prograa should be initiated to 
provide tools for task analysis encoapassing the descr ip­
tion of operational tasks , the decomposition of task 
descriptions into parameters and attr ibutes relevant to 
the design objectives , and synthesis  of the analytical 
data into requirements or  specifications for system 
design . The research should address the following 
objectives : 

1 .  Codification of the Design Objectives and 
Decisions . Design objectives and decisions to which 
human factors analysis , function analysis , task analys is , 
and test and evaluation results contr ibute should be 
identified and classified .  The data and analyses suf­
ficient to provide the information needed to make design 
recommendations should then be specified for each type of 
decision . Exaaples of  these objectives , decisions , and 
recommendations are requirements for information display , 
training content , instructional strategy , and test plan 
objectives . 

2 .  Identification of Information Sources . Sources 
should be identified from which the required data can be 
obtained as well as the data or attr ibutes of tasks that 
must be extracted or estimated in the subsequent analysis . 
Functional descr iption of how a system will be used 
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r ather than engineer ing design documents tends to provide 
more useful information for task descr iption . This type 
of  data is typically found in doctr inal statements , mis­
s ion concepts , and the documentation of mission analysis , 
eng ineer ing s imulation tests , and failure mode and 
effects analys is . 

3 .  Development of Explicit Procedures and Algor ithms 
for Processing the Input Task Data . Procedures and 
algor ithms to yield the parameters , values , and estimate s  
a r e  required to satisfy the design objectives . Th e  infer­
ential processes , knowledge , and heur istics of qualified , 
successful analysts should be explored as a source of 
standardizable procedures . Emphasis  should be placed on 
the phases of synthesis of elementary task data into 
des ign requirements and speci fications . 

4 .  Development of Automated Processing and Aiding 
Technigues .  Automation should be provided for compiling 
data bases and files on task descr iptions , analyz ing the 
task descr iptions , managing the analysis process , and 
providing •audit trails•  for specific decisions and 
products made dur ing the process . Autoaation is par­
t icularly necessary for these functions because of the 
numerous changes that occur dur ing the system design 
process and after the system becomes operational . 

Benefits 

Achievement of the objectives of such a research 
program will s ignificantly increase the cost-effectiveness 
of simulation use . The validity of the results of s imula­
t ion studies and their  use for training will be increased . 
The increased efficiency of the task analysis  process will 
r educe the work hours required , and the explication of 
analytic procedures will reduce the levels of skill and 
exper ience required . Finally , the products of the task 
analysis  will be germane to the design objectives and 
decisions to be made . 

STRESS IN SIMULATOR TRAINING AND TESTING 

Some have argued that s imulators are not appropr iate 
vehicles for training and testing because they do not 
cause the same levels of participant stress as do real 
operations . In airplanes and nuclear power plants , the 
pilot or operator may feel fear or arousal because of  
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what is actually occurring. The saae e110tions aay not be 
produced in a s t.ulator because there is no physical 
risk. The assuaption underlying such obj ections is that 
the s tress associated with operational perforaance affects 
what is learned and the s trength of the skills that 
develop, particularly those involving ooaplex decision­
aaking tasks. Tha t is, i t  is assu.ed that learning is 
situationally specific, and operational performance will 
be inadequate unless the learning situation includes 
exposure to real stress. 

Psychological stress has been defined as an unpleasan t 
emotional state evoked by threatening environmen tal 
events or stt.uli (Janis and Mann , 1977) . As suggested 
by the Yerkes-Dodson Law, under a highly aroused e110tiona l 
s tate, normal patterns of inforaation processing are upset 
and both perforaance and learning deteriorate. Using 
flight as an example, there are at least three sources of 
s tress that may be identified. The first, environaen tal 
s tress, involves the e110tions brough t on by the fligh t 
i tself due to the fear of injury or death, the fear of 
heigh t, and the exhilaration brought on by the 110tion 
s timuli and g forces. However, 110st experienced pilots 
say that, except for early in one ' s  flying career, this 
source of stress is not very importan t in affect ing 
learning, pilot performance, or decision making. 

The second source of stress, task demand, is the resul t 
of the attention and effort (physical and cognitive work­
load) needed to accomplish the flight problem itself. 
This source may be significant for certain maneuvers such 
as instrument approaches and aerobatics, for which error 
tolerances are saall, but for 110st flying and flight 
training it is not very significant. 

The third source of stress, goal conflict s tress, is 
due to what Brecke (1981 ) has called the conflict between 
the background problem and the flight problem. The 
background problem refers to nonflight-related pressures 

to make fligh t decisions in a certain way. such factors 
as peer pressure, family pressure, economics, company 
goals, and commitment to prior decisions may be very 
important sources of s tress when placed in conflict wi th 
an operational f light problem. The level of stress from 
the conflicting background problem depends on the number 
and importance of goals tha t may go unsatisfied, the 
degree of commi tment to adhere to some course, the amount 
of perceived risk (physical and emotional), and the amount 
of time to make the decision (Janis and Mann , 1977 : 50 )  • 
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Reeo�a�enda tiona 

Although the stress effects occurr ing in real environ­
ments are purported by mil i tary and civilian manager s to 
be an impor tant factor in realistic training , most simu-
1ation specialists would agree that there exists a lack 
of understanding of stress that occurs or can be induced 
in simulators .  very little research has addressed prob-
1ems in this area . The work that has come closest to this 
issue are the studies of workload and divided attention , 
although none has been - performed specifically to assess 
s imulation stress effects . 

Research needed includes a review of the clinical 
research in the area of stress and an analysis  of what 
these findings suggest about the control of vehicles and 
process plants . It  should also include empir ical inves­
tigations of the effects of stress on information proces­
sing , decision mak ing , and vehicle control in both train­
ing and testing . Workload research is being conducted at 
Virg inia Polytechnic Institute and State University by 
Walter Weirwille and Robert Williges , at the University 
of Illinois by Chr is Wickens , at Wr ight-Patterson Ai r 
Force Base by Robert O ' Donnell , and at NASA Ames Research 
Center by Sandra Bar t .  

Benef its 

The ability to create realistic levels of stress in 
s imulators would go a long way in convincing regulators ,  
managers , and exper ienced operator s of th e  validity of 
per formance exhibited in simulators . However useful this 
may be , it  is essential to first determine whether i t  is 
important to induce stress in some or all simulation 
applications . Failure to do so will simply relegate 
s tress to the same status as physical fidelity ,  i . e . , 
uncr itically accepted as an essential requirement . 

SCENARIO CONSTRUCTION 
AND SIMULATION CONTROL SUPPORT FEATURES 

War games and command-and-control simulations are 
somewhat impeded by the difficulty of changing scenar ios 
or scenar io elements . Process and vehicle simulations 
could be used more effectively and efficiently if the 
actions of the par ticipants were less free and more 
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subject to the intentions of the siaulation controller 
t.posed through a structured and easily aanipulated 
scenar io .  CUrrent •tbods for generating and controlling 
scenarios are deficient and overly burdenso.e on the 
st.ulator controller . There are three areas in which 
s iaulation controllers need assistance : (1 )  constructing 
and coapiling scenar ios adequate to achieve the objec­
t ives of the st.ulation , (2 )  running the scenar io, 
coapiling the required performance data , and .:mitor ing 
the s iaulated events for oo.pliance with the objectives 
and plan , and ( 3 )  aanaging and adapting the scenario and 
st.ulated exercises in real ti• to enhance effectiveness .  
This last capability is  especially t.portant i n  training 
when the instructor can use knowledge of the learning 
process and the student ' s  status to select exercises and 
variants of conditions that will aaxiaize the student ' s  
learning . 

One aight wish , for exaaple , to test the robustness of 
a particular finding by running the saae problea with 
variations of so.e paraaeters and collateral var iables . 
Or one might wish to test the generalizability of a 
particular decision process by running probleas amenable 
to the sa. process but involving different situation­
specific details . Such flexibility is  currently liaited 
to minor var iations on standardized scenarios . 

Designing and compiling scenar ios suitable to speci fic 
siaulation objectives and loading these scenar ios into 
the ca.puter are very time-consuming and not well­
structured activities , and therefore must be done by 
persons who are skilled or knowledgeable in the relevant 
technical area , software techniques , and the •thodology 
of s iaulation . Procedures and aiding techniques analogous 
to author ing languages are needed to simpli fy ,  organize , 
and make the activities of scenar io generatio� and s imula­
tion control more aanageable , flexible , and efficient . 

ReCOIIIIIlendations 

A program of research projects should be undertaken 
with the objectives of automating parts of the processes 
of generation , modification , and management of scenar ios 
and providing s imulation controllers with computer aids 
to enhance their  ability to perform these activities . 
These projects should encompass the following topics : 
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1 .  Descr iption of the Activities and Processes of 
Scenar io Generation and Simulation Control . The activi­
t ies of scenar io generation and simulation control should 
be descr ibed at several levels of detail to permit under­
standing of the functional flow of information , the 
identification of the ser ial and parallel sequences of 
decisions , the actions and discr iminations required of  
the controller , and the knowledge and inferences on which 
choices and action depend . The activities descr ibed will 
be allocated to controller , computer , and suppor ting aids . 

Descr iption of these activities will star t with the 
statement of simulation objectives by a user organization 
and the subsequent translation of those objectives into a 
sufficient set of scenar io requirements . These require­
ments will include elements such as organizations , plat­
forms and models needed , events and conditions required 
to provide data relevant to the simulation objectives , 
initial conditions , exercises , data collection , and data 
analysis . They should also include procedures for con­
verting simulation or training objectives into strategies 
for accomplishing these objectives . These requirements 
in turn should be converted into a process for retr ieving 
the necessary model and algor ithms from a library and 
compiling them into the software for the simulated exer­
cises . 

2 .  Development of Explicitly Stated Human-Machine 
Procedures for Qperating a Simulation . These procedures 
should include generating scenar io requirements , compiling 
scenar ios and exercises , conducting exercises , modifying 
exercises , keeping track of key events and participan t 
behaviors ,  and analyzing or interpreting the results in 
relation to the objectives of the simulation . The inter­
face between the controller and computer should be user­
friendly , the user-system dialogue should be based on the 
terminology character istic of the technical domain of the 
simulation and should not assume a more-than-average 
knowledge or understanding of computer technology . 

3 .  Development of Computer Aids to Suppor t  the Con­
troller in Scenar io Generation and Simulation Control . 
The descr iptions of the processes of scenar io generation 
and s imulation control should be revised to identify 
activities that can be simplified or reduced in difficulty 
by automation or supplying aids to assist the controller , 
increase efficiency , and increase the effective use of 
simulation resources . 

4 .  Development of Simulation Controller Training 
Programs and Training Techniques . These programs should 
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espbaaize not only the operation of the simulator but 
also the purposes of a iaulation in design , testing , and 
training . The underlying behavioral processes should be 
taught ,  use of the aiaulation relative to the effect of 
training on these behavioral processes should be covered . 
The need for this training is  baaed on the premise that , 
although some operational or engineer ing knowledge may be 
necessary for the controller position , it is not suffici­
ent to provide adequate and efficient use of the 
s imulator . 

Benefits 

Even aoderate progress on this  project can greatly 
increase the value returned on the aoney invested in the 
development and operation of simulation and simulators .  
Simulators are costly to operate even though they may be 
less expensive than their alternatives , in some cases 
alternative means do not exis t .  However , we fail  to 
retr ieve the data and obtain the information inherent i n  
the capabilities o f  the simulator and its data process ing 
resources . Operating procedures are also inefficient , 
relying too frequently on manual procedures for setup, 
operation , and analysis . This  area of research can pay 
off in terms of greater capability ,  lower operating 
costa , more effective utilization , and higher levels of  
operational proficiency . 

EXPERIMEN'l'AL DESIGN 

Siaulation is increasingly used to assess design and 
performance factors for large , complex systems that often 
involve many interacting human operators . Examples of 
these systems are air traffic control and var ious command , 
control , and communication systems . The scale required 
for these siaulations aggravates existing problems and 
creates new ones . Issues ar ising in all phases of such 
simulations include simulation features and fidelity 
requirements , data collection and analysis procedures , 
and exper imental design and test  structur ing . The simu­
lation features and fidelity problems are the typical 
ones of balancing realism , comprehensiveness , and cost . 
For example , how can realistic scenar ios be generated and 
implemented? Must all subsystems be simulated? Must  
humans play all  suppor ting roles or  can computer-based 

Copyright © National Academy of Sciences. All rights reserved.

Human Factors Aspects of Simulation
http://www.nap.edu/catalog.php?record_id=19273

http://www.nap.edu/catalog.php?record_id=19273


67 

models be used instead? In the data collection and 
analysis area , the questions center on the choice of 
appropriate performance measures and data analysis 
methods . 

Exper imental and teat design concerns the structur ing 
of s imulator character istics , events , and conditions 
efficiently to acquire human per foraance information that 
i s  valid and reliable . Impor tant objectives of exper i­
mental and teat design are to allow inclusion of the 
impor tant var iables , control extraneous factors that aay 
affect per formance , and facilitate analysis and inter­
pretation of per formance data . 

The major problema confronting systems research and 
development are the need to investigate simultaneously 
several relevant factors (often at several levels) and 
the difficulties in maintaining control of the many 
factors (both those to be var ied and those to be •fixed • ) . 
The existence of a large number of interacting var iables 
often makes it economically impractical to per form a 
complete crossed factor ial design , i . e . , every level of 
each factor combined with every level of all other 
factors . 

Recommendations 

The working group recommends three general actions to 
enhance the use of sophisticated exper imental design 
methods in the conduct of simulation-baaed engineer ing 
testa and evaluations of complex ayatems a greater use of 
existing economic , multifactor techniques , training of 
more people in the use of these techniques , and research 
to develop additional procedures for designing exper iments 
and testa for the complex situations that ar ise in the 
system development process . 

1 .  Applications of Existing Techniques . There are 
existing economical exper imental design procedures , 
although rarely used , that are quite appropr iate for 
simulation-based research and engineer ing teat applica­
tions . For example , Siaon (1977 ) and Diamond (1981)  
summar ize the use of procedures baaed on fractional­
factor ial designs as efficient means for screening a 
large set of independent var iables to provide a smaller 
set of the most impor tant,  relevant var iables for sub­
sequent exper imentation . Box et al . (1976 ) provide a 
detailed discussion of the use of complex exper imental 
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design procedures such as central-composite design to 
facilitate the development of empir ical models , which 
can , in turn , be used to predict human per formance in 
complex systems . Recently , Williges and Mills (1982)  
discussed several of the exper imental design and 
methodological issues related to the use of simulation in 
the conduct of complex systems exper imentation . 

Great improvement in both human factors research and 
engineer ing development could be real ized through the 
application of these sophisticated exper imental design 
procedures in simulation environments . Designs dealing 
with procedures for screening independent var iables , 
economical selection of data points , and efficient , 
s imultaneous investigation of multiple factors are 
par ticularly appropr iate for application in s imulation­
based test and evaluation of systems . 

2 .  Skills i n  Using £xper imental Designs . Often 
complex exper imental design procedures are not used in 
simulation-based test and evaluation because these pr o­
cedures are not well known or understood by human factors 
professionals and are even less familiar to the engineer s 
or systems analysts who may be responsible for conducting 
the tests . There is a clear need to institute graduate 
level courses , workshops , and continuing education semi­
nars on advanced exper imental design procedures for human 
factors applications . 

In addition to education there is  also a need for 
automated exper imental design aiding . The availability 
of interactive , computer-based methods for the development 
of various design alternatives would make many of the 
complex exper imental design procedures more readily 
accessible and more easily implemented . Some prototype 
exper imental design aiding systems (System Development 
COrporation , 1980 , 1981)  have been developed for con­
ducting screening studies using fractional factor ials . 
However , additional work is needed to develop a complete 
set of automated des ign aids along the lines of other 
exper t aiding systems . 

3 .  Develop New Research Procedures . A by-product of 
encouraging more applications of advanced exper imental 
design procedures to s imulation environments will be the 
emergence of specific needs for new design procedures . 
These requirements will stimulate methodological research 
and lead to the development of new and improved research 
techniques . 

One research need , for example , is  a more detailed 
procedure for conducting sequential exper imental designs . 
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Due to the extreme complexity of simulation environments , 
even the most economical exper imental design is not suf­
ficient to provide data on all human factor s interface 
and system design questions . Few procedures currently 
exist for developing sophisticated strategies for con­
ducting a sequential set of interrelated behavioral 
exper iments in an efficient manner . Methodological 
research is needed to develop these procedures and test 
them in simulation environments . 

Benefits 

The main benefit of employing economic multifactor 
design techniques will be an increase in the efficiency 
and effectiveness of using simulator s as means for inve s­
t igating human-machine systems at the necessary level of 
complexity .  The results of this  work are likely to lead 
to the development of general , usable design pr inciples . 
Likewise , increased application and development of 
advanced exper imental design procedures also will improve 
the sophistication and timeliness of human factors con­
tr ibutions to the systems development process . 

PERPOmtANCE MEASUREMENT 

Human-system performance is measured in simulators to 
provide information to aid decis ions for system design , 
personnel selection , training , cer tification , and human 
performance research . Each use of simulation requires 
both common and unique per formance measures . 

Measures for system design should provide information 
about human capabilities and l imits and predict human­
system per formance dur ing envisioned operations for g iven 
system configurations . Measures for job sample s imulation 
should augment other personnel selection test  data and 
provide information to predict success in training and 
actual job per formance . Measures for training should 
yield information about the learning process ,  diagnose 
per formance deficiencies , provide feedback to the studen t 
and the instructor , aid decisions for training prescr ip­
tion and management ,  and predict operational performance . 
Measures for cer tification should yield information on 
whether an operator or maintainer can perform all routine 
and emergency tasks to specified levels of proficiency 
and safety . Measures for research should provide informa-
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tion to elucidate cognitive , perceptual , or response 
processes . 

Perforaance measurement, while a problem in many 
settings (e .g . , on the job ,  in training schools , and i n  
behavioral research laborator ies ) is par ticularly relevant 
in simulation applications because of the task complex ity 
and the frequent need for real-time , automated performance 
measurement in aost instances . Although automated mea­
surement subsystems are being specified as a requirement 
of modern simulators ,  there are no universal or fully 
validated measurement methods or measures . The need for 
improved human per formance measure111ent methods is wel l 
documented (Muckler et al . , 1959 7 Pope and Meister , 1977 ) . 
A recent , large-scale study of aircrew simulator training 
effectiveness (Semple , 1981 )  concluded that most existing 
automated training per formance measurement systems are so 
poorly designed as to be useless . 

The pr incipal factors impeding development of simulator 
perforaance measurement systems are : ( 1 )  user information 
requirements are not always defined to the degree of 
precision necessary , ( 2 )  per formance cr iteria are often 
vague , ( 3 )  documentation to guide measurement system 
design is deficient , and ( 4 )  past measurement system 
designs have been oversimplified and are an inadequate 
base for new developments . 

For most uses of simulation a good star t on the 
definition of what to measure can be der ived from a 
front-end analysis  to establish the per formance objectives 
and standards of each task . For procedural tasks for 
which there are a limited number of correct ways to do 
the task and the per formance standards are well known and 
precise , a front-end analysi s  can yield a complete spec i­
f ication o� what to measure .  

As the task domain changes from simple fixed procedures 
requir ing aany specific over t actions to complex dynamic , 
interactive , and cognitive tasks for which the proper 
action is not entirely defined , what to measure tends to 
become more speculative . Consequently , measurement 
systems may include measures that are not certain to be 
useful , that is , researchers and test directors often 
record everything possible . Deciding which measures are 
important and how to combine them into composite perfor­
mance scores or figures of mer it is frequently deferred 
to the point at which the data are reduced and analyzed . 
This process commonly involves cleaning up the data by 
removing unwanted samples after examination , computing a 
var iety of potentially interesting measures such as error 
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in terms of deviation from a desired profile or sequence 
of tasks , and performing several statistical analyses . 
Simple measures showing large differences in per formance 
usually receive more attention than more complex and 
subtle indicators of per formance . Typically , only data 
recording occurs in real time . The remainder of the 
measurement and analysis process requires days to months 
to complete . 

For a real-time automated performance measurement 
system , however , all the judgments that enter into (1 ) 
determining when tasks · star t and end for measurement 
purposes , ( 2 )  cleaning up the data (e .g . removing false  
starts or  selecting data on outside cr iteria ) , (3 )  
selecting measures of interest , and (4 ) weighting severa l 
measures to develop composite figures of mer it have to be 
aade ahead of time and implemented as algor ithms that 
control a real-time measurement system . 

If  automated measurement systems are to provide data 
to assist the j udgments of quali fied instructors or 
evaluators ,  these systems must  incorporate some of the 
knowledge and evaluation rules and assume they are validly 
used by humans who currently per form these functions and 
provide feedback to control training . Moreover , real-time 
measurement systems may have to scale the quality of per­
formance in operational terms , such as the probability of 
mission success for design studies or a grade for 
training . 

In short ,  there are human-system per formance measure­
ment problems that have been known for a long time bu t 
only par tially solved . Some of the issues are development 
of operationally meaningful per formance measures and 
cr iter ia , implementation of some of the knowledge of human 
exper ts by adding intell igence to measurement systems , 
the need for clear and unambiguous rules for sampling the 
performance of interest (and nothing else that might con­
found the data) , and organization of output to character­
ize the quality of per formance in a way that is useful to 
the user . 

Despite d i fficulties , there has been progress on 
per formance measurement issues over the years . some of 
the methods using engineer ing data bases for system design 
stud ies and instructional system development procedures 
for training have provided a basis for defining what to 
measure for many tasks . Studies of empir ical per formance 
measurement have developed methods for finding and 
weighting measures of impor tance in non-real time , and 
there have been several successes in the development and 
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validation of operational per formance measures (Br ictson 
et al . ,  1973 1 Lees et al . ,  1976 1 Ciavarelli , 1980) , and 
training performance measures (Br ictson and Burger , 1976 1 
Waag and Knoop, 1977 1 Vreuls and Wooldr idge , 1977 , 198 1 ; 
Wooldr idge et al . ,  1982) . Solutions to real-time measure­
ment issues have been found as well (Hennessy et al . , 
1979 1 Obermayer et al . , 1982 ) . There is  much promise in 
the approach of integrating ar tificial intelligence tech­
niques into performance measurement systems for training , 
performance measurement systems can be made •smar ter • to 
function in real time with some of the capabilities of  an 
expert observer . Progress has also been made on the k ind 
of architectures and algor ithms that are needed to control 
real-time measurement systems . 

The effor ts to date have been relatively small and 
isolated . A greater amount of coordinated research and 
development effor t would facilitate development of gen­
erally applicable procedures for building useful per for ­
mance measurement systems . 

Recommendations 

For each use of s imulation there are performance 
measurement issues that ar e common across application s 
and other issues unique to each application . The work ing 
group recommends specific research and development to 
advance performance measurement knowledge and practice in 
the design and use of simulators :  

1 .  Operational Per formance Cr iter ia . Operational 
measures and cr iter ia of overall system effectiveness ar e 
needed for representative tasks and operating environments 
(Mixon , 1981 ) . Except for a few tasks , such as weapons 
delivery , quantitative cr iter ia for acceptable and unac­
ceptable job per formance are usually unknown except i n  
very general qualitative ways . Yet operational cr iter ia 
are essential to any s imulator per formance measuremen t 
system. Establishing operational cr iter ia is one of the 
most cr itical needs to improve per formance measurement , 
empir ical data collection efforts are needed for repre­
sentative missions and tasks per formed by exper ienced 
personnel to establish these cr iter ia . 

2 .  Qperator Goals and Strategies . Analysis is  needed 
of the hierarchy of goals and control strategies that 
operators employ in the per formance of real-world tasks . 
Dur ing training , limited goals and s implified strategies 
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are assumed in the solution recommended by the school , 
but these may not be appropr iate as the basis for per for­
mance measurement of exper ienced operators . This issue 
becomes important as s imulators are used to provide 
recurrent training for exper ienced operators or readines s 
training for military combat teams . Research is needed 
to der ive measurement algor ithms that are sensitive to 
which goal an operator is pursuing at any g iven moment 
and the par ticular control strategy being used , COnnelly 
(1977 ) has demonstrated the value of measurement systems 

with this  character istic . 
3 .  Per formance Diagnosis . The development of measure­

ment for performance diagnosi s  is a major research issue 
in i ts own r ight . Diagnosis becomes difficult when 
many minor deviations from expected per formance compound 
into error . Considerable analysis effort would be 
requ ired to provide a measurement system that can recog­
n ize patterns of deviations over time and der ive the 
probable root causes . In addition , the architecture for 
such a system is  l ikely to be very d ifferent from the 
bas ic s imulator control system . The key issue is the 
trade-off between the value of detailed diagnostic 
information and the cost of obtaining it . Research i s  
required to determine the k ind and level of detail of 
diagnostic information required for training and system 
des ign applications of s imulators (Obermayer et al . ,  
1982 ) . 

4 .  Measurement of Team Per formance . Most complex 
systems are composed of teams of individuals who have 
designated functions . Except for highly procedural 
tasks ,  the contr ibution of each person to a team effor t 
often is difficult to define and measure (Crowe et al . , 
1981 ) . Performance measurement of teams has been and 
continues to be one of the most important topics requir­
ing research to improve the use of simulators for design 
evaluation and training of multiperson crews . 

s .  Automated Per formance Measurement .  There are 
reasons for automating per formance measurement .  Automated 
measurement can be based on a greater number of factor s 
than is poss ible through direct observation by humans ,  
precision and reliability can be improved . Data can be 
collected , summar ized , and analyzed in a short per iod of 
time , adaptive feedback and automated training can be 
implemented , personnel requirements and thus cost can be 
reduced . 

A related problem is s imply keeping track of the tasks 
being performed when more than the net outcome of a 
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simulation exercise is of interest . End goals , i . e . , 
outcomes in terms of system parameters or effects , are 
relatively easy to measure . However , if  information 
about the processes by which the goals are reached is 
necessary for the d iagnosi s  of training or the evaluat ion 
of equipment and procedures , then per formance measurement 
becomes much more complicated . The system must know how 
to recognize the star t and the end of a task . This is 
not a tr ivial issue because many real-world operator and 
maintainer tasks do not start or end with easily recog­
nized discrete events , such as alarms sounding . 

Common measures of operator control descr ibe 
operator-system regulator behavior dur ing steady state s 
(e . g . , holding a vehicle on course or in a turn or holding 
a power plant at a given power level ) , but this is only 
one part of the continuous control task . Performance 
dur ing transitions from one steady state to the next i s  
j ust a s  important a s  per formance dur ing the steady states 
(Connelly , 1977 J vreuls and WOOldr idge , 1981 ) but fre­
quently is not measured because the algor ithms may be 
complex and there is little guidance in the literature . 
Research is needed to develop useful algor ithms that 
descr ibe operator behavior dur ing transitions . 

In addition ,  many tasks are per formed in parallel , 
some are executed only once and others may continue for 
long per iods of time . Human instructors or observers 
usually can take these changes into account J  automated 
systems must be programmed to handle task changes . To do 
so demands a substantial amount of built-in knowledge and 
processing capability .  Research is needed to develop and 
validate algor ithms that recognize transitions in task s 
as well as to capture the essential elements of perfor­
mance for concurrently performed and irregularly 
sequenced tasks . 

6 .  Near-Real-Time Measurement.  Research is required 
to develop guidelines and procedures for near-real-time 
performance measurement systems and to develop hardware 
and software architectures necessary to implement these 
systems . Development of an easy-to-use interface to 
allow an exper imenter , test director , or instructor to 
rapidly redirect the scenario or performance measurement 
system is a constituent problem for near-real-time per­
formance measurement that has not been addressed in any 
general way . 

7 .  Observational Performance Assessment. Automated 
instrumentation and performance measurement systems are 
not possible in all simulations or at least for cer tain 
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tasks . There are important behavioral characteristics 
that can be perceived by observers that are very difficult 
to assess by automated systems , such as hesitations , 
smoothness of control , the physical pos ition and movements 
of operators in a control area , such as a ship ' s  br idge 
or a nuclear power plant control room, and subtle cues 
that indicate an operator or controller is prepar ing for 
an oncoming event or consider ing alternative problem 
solutions . In these situations , observers frequently ar e 
r equired to capture the performance of interest as 
objectively as possible . 

Research and guidelines are needed on how best to use 
observational methods and to decide what measurement 
functions should be allocated among machines and humans . 
The value of human observers should not be forgotten in 
the pursuit of automated measurement methods for 
s imulators .  

8 .  Education i n  Simulator Performance Measurement . 
There is no s ingle source (or even a coherent body of 
literature)  to which practitioners can turn to obtain 
useful data on performance measurement methods and 
practice in simulation , some information is contained in 
repor ts on empir ical studies , but this  literature is 
diffuse and much of it is restr icted to highly specific 
problems (Mixon and Moroney , 1982 ) . A very worthy effor t 
would be to collect and descr ibe per formance measurement 
methods in simulator s in a form useful for educational 
purposes as well as a guide for practitioners .  

In summary , the extensive use of s imulator s creates 
both needs and opportunities for improving human per for­
mance measurement and provides the means to automate much 
of the process as well . However , there is much fundamen­
tal wor k to be done . We must make advancements in what 
to aeasure as well as how to measure . Bas ic research is 
needed on general problems such as developing cr i ter ia , 
measureaent when operator goals and strategies change , 
per formance diagnosis , team per formance , automated per­
formance aeasurement , particularly on a near-real-time 
basis , and observational assessment of per formance . 
Education in per formance measurement methods in s imulation 
is also needed . 

Benefits 

Good per formance measurement information is  the 
foundation for improving quality ,  timeliness , and 
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cost-effectiveness of system design , training system 
development ,  cer tification testing , and behavioral 
research . The potential return on investment in per for­
mance measurement systems is vividly demonstrated by the 
results of a study that developed a set of empir ically 
der ived measures to automatically control advancement of 
instrument flight lessons in a training s imulator (Vreuls 
et al . , 1976 ) . The empir ically der ived set , when used in 
place of the or iginal measures , developed analytically 
from j udgmental cr iter ia , r esulted in a 40 percent reduc­
tion in training time to achieve the same standard of 
performance . 

TRAINING SIMULATOR INSTRUCTOR GUIDE 

It is generally recognized that the validity of any 
s imulator training program is dependent on the appropr iate 
use of the simulator . The training program must be 
designed to attain specified performance objectives , and 
the instructor must  be trained to employ the device ' s  
instructional features in a manner responsive to attain­
ment of those per formance objectives . 

The instructor is a key element in the conduct of 
simulator training . Often , his or her qualification for 
the development of the training program to be used and 
for the conduct of that training consists pr imar ily of 
skill at operation of the system s imulated . Such an 
individual may have no training with respect to human 
learning mechanisms or instructional processes and tech­
niques that can facilitate learning . In addition , the 
instructor seldom has information in a usable form about 
the var ious instructional features of the simulator-­
features that make the device a training tool rather than 
simply a less than perfect rendition of the operationa l 
system. 

Logistically and economically it  is not always poss ible 
to provide training of sufficient intensity and duration 
to all s imulator instructors to make them fully qualified 
to perform their job tasks . Even when such training i s  
feasible for a small group o f  instructors , instructional 
resource mater ial often is unavailable or is not in a 
readily usable and understandable form. The absence of 
appropr iate instructional material for use by simulator 
instructors dur ing their training and as job aids dur ing 
their subsequent development and conduct of training 
programs is a s ignificant deterrent to more effective 
simulator training . 
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Recommendations 

We recommend for development two types of 
instructional mater ial and job aids for simulation : 

1 .  General Concepts of Tra ining. This mater ial should 
descr ibe the huaan as a learner and techniques for aiding 
h t.  or her in the acquisition of the required sk ills . 
Topics to be addressed should include guidance , feedback , 
generalization , discr imination , learning set , cue develop­
ment , the difference between stimuli and cues , transfer , 
and other conEepts basic to learning (Spears , 1983 ) . An 
example of a general manual that addresses many of the 
required topics is the Plight Simulator Utilization 
Handbook (U . S .  Air Porce , 1953 ) . This document could 
read ily serve as the model for development of a modern , 
gener ic guidebook for training s imulation utilization . 

2 .  Specific Simulator Features . This mater ial should 
prepare the instructor for the conduct of training in a 
specific simulator . The contents should descr ibe the 
s imulator ' s  var ious instructional features and provide 
specific guidance for their  use dur ing the process of 
training in the s imulator . The mater ial should serve as 
a job aid dur ing the use of the simulator as well as a 
text dur ing the instructor ' s  own training in the methods 
and techniques of simulator instruction . An example of 
an instructor handbook that addresses the required topics 
is the Instructor ' s  Guide for the u . s .  Army' s UB-1 Plight  
Simulator (Seville Research Corporation ,  1979 ) . 

Benefits 

The benefits of better trained s imulator instructors 
will be reflected in the qualifications of the personnel 
they train , the increased efficiency of the training 
process , and , in all likelihood , in the increased morale 
of the instructors themselves .  

COGNITIVE SKILLS 

The role of the operator in modern systems is changing 
in the direction of supervisory control functions and 
away from predominantly . psychomotor tasks (National 
Research council , 1983 ) . The operator in the past served 
as a flexible adaptive link in sensing and control systems 
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for direct operation of a system . His functions have 
become more manager ial , consisting of monitor ing system 
performance for conformity to plan , assessing situations , 
choosing among alternatives in accordance with pre­
established objectives , and evaluating events as they 
occur . These cognitive sk ills are poorly understood and 
not well conceptualized . New think ing in the work o f  
Sternberg ( 197 7 )  and Hunt ( 1983 ) , for example , and on the 
nature of expertise in the area of artificial intelligence 
are only beginning to address this research area . 

The tasks of the human as a direct control link wer e 
pr imar ily s imple procedures with minimal if  any contin­
gencies or branching . The operator had to improvise and 
make decisions if nonstandard or emergency conditions 
occurred , however ,  these conditions received little 
consideration dur ing system design or formal training . 

The cognitive functions and sk ills of the operator ' s  
supervisory role are semistructured activities (Keen and 
Morton , 1978)  in emergent situations (Boguslaw and POrter , 
1962)  for which the sequences of specific actions are 
contingent on events that emerge as the operational 
scenario unfolds . These semistructured tasks cannot be 
descr ibed as fixed ,  invariant , deterministic sequences ,  
rather , they must be represented as a more complex tree 
structure if they can be anticipated or preprogrammed at  
all . Operators cannot be adequately trained on these 
tasks by dr ill on a fixed scenar io , and it is typically 
not feasible to provide training on an adequate sample of 
unplanned conditions . Therefore , research is needed to 
determine the effectiveness of training operators on 
component skills , knowledge , models , and rules that they 
use in real time to analyze specific emergent conditions 
and fashion procedures and actions to counter threats and 
maintain progress toward miss ion objectives . 

Advances in automation and electronics have made i t  
feasible to automate f ixed procedural tasks , and they are 
now beg inning to enter the domain of these semistructured , 
cognitive functions . Paradoxically, automation of these 
tasks tends to increase the interdependence between user 
and machine and to increase the complexity of the oper­
ator ' s  workload . New system interface concepts are 
needed , especially in high-technology weapon systems , if  
they are to provide adequate suppor t for the diversity of  
information processing , speed , and accuracy required for 
operation of these .systems . 

Future systems must be des igned to reduce the oper­
ator ' s  workload and suppor t these cognitive activities . 
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They must provide for the integration of data from 
multiple sensor sources into s ituational information , 
minimize the operator ' s  time and effor t devoted to 
unaided mental processing support or aid tasks requir ing 
continuous close attention in a multitask environment , 
and free the operator of time-consuming , repetitive , 
algor ithmic operations that are subordinate elements of 
cognitive tasks . 

The design of the user-system inter face to be effec­
tive and efficient must also be based on and incorporate 
users ' mental models of the systems and procedures with 
which they are work ing (Stevens and Collins , 197 7 , l980 J 
Gentner and Stevens , 1983) . This is a new area of con­
ceptualization and research , which is  essential to 
maximizing the compatibility between system and user . 

The cr itical deficiency for s imulation in futur e 
systems is the lack of knowledge about how and what to 
s imulate in order to elicit ,  observe , and train cognitive 
skills . An individual practitioner of the s imulation 
arts might have good pragmatic insights into these 
processes , but they are not known in the sense of well­
structured , articulated , and shared bodies of pr inciples , 
rules , and supporting data that are necessary for a 
technology. 

The emphasis in s imulation dur ing the last three 
decades of its growth and acceptance has been psychomotor 
sk ills , especially in s imulation of vehicular operation 
and control .  The emphasis in battle s imulation , however ,  
has been largely in generating a r ealistic scenar io of 
events , updating force movement ,  and calculating the 
outcomes of engagements . A review of force-on-force 
combat models typically employed by the Army analysi s  
community revealed that behavioral processes and human 
factors are considered only implicitly , even though it i s  
well recognized that huaan par ticipation and influence 
pervade land and air combat (Miller and Bonder , 1982) . 

The fundamental issues for simulator training of cog­
nitive sk ills can be broken down into a (1 )  identifying 
the conditions that are necessary or sufficient for 
eliciting cognitive behaviors , ( 2 )  assess ing the quality 
of performance and level of mastery in cognitive sk ills , 
( 3 )  identifying or building a taxonomy and operational 
definitions of cognitive activities and skills that are 
adequate for descr ibing per formance of tasks with cog­
nitive loadings , and ( 4 )  developing task analytic 
techniques for the decomposition of complex , multitask , 
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t ime-shar ing operational activities into their constituent 
cognitive as well as psychomotor components . 

Recommendations 

Research on cognitive sk ills should be initiated to 
provide the fundamental knowledge leading to design of 
adequate user-system interfaces for system development ,  
evaluation , and training . Th is research should include 
the following areas as a minimum . 

1 .  Identify the Qualitatively Different Cognitive 
Functions Performed in Modern Systems . Descr iption of 
the functions should include specific actions taken , 
input knowledge , and output of each action , contingencies , 
and boundary conditions that affect the actions taken and 
the user-machine interaction and dependency involved in 
selecting exemplary systems , e . g . , flight s imulators and 
nuclear power plant s imulators .  

2 .  Develop Qperational Definitions and Measures of 
Performance of Cognitive Sk ills . These measures must 
permi t the evaluation of capability on basic cognitive 
abilities as well as provide an assessment of their 
effect on performance of operational tasks . 

3 .  Identify the Conditions of Simulation That Are 
Necessary to Generate Representative Cognitive Activities . 
A technology adequate for effective use of simulation i n  
system development , evaluation , and training requires 
that the cognitive skills and the conditions necessary 
for their performance must be identified in both gener ic 
form and in the domain-specific context of the system 
application . The sk ills must be formulated in terms of 
the scenar ios and scr ipts typical of the application 
domain . 

4 . Develop Cost-Effective Methods for Training Cog­
nitive Sk ills Using Simulation . Both new methods and 
content will be involved in training appropr iate to 
cognitive skills . Training by drill and memor ization of 
fixed procedures ,  which applies to psychomotor skills , 
does provide adequate training of cognitive sk ills . The 
new emphasis must consist of learning basic perceptua l 
and response components that are combined flexibly and 
adaptively in real time in complex , rapidly changing , 
nondeterministic s ituations . 

s. Develop Concepts and Models Descr ibing the Nature 
and Qperation of the User ' s  Mental Model in the User-
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System Interface . The user ' s  perception , knowledge , and 
concepts of the equipment ' s  operation and the job that he 
or she and the equipment are doing are the stuff of the 
user ' s  mental models , they are cr itical mediators in the 
user ' s  cognitive processes . The models are functionally 
oriented in terms of the job activities that the system 
per forms rather than the technologies of hardware and 
software of the internal mechanics of devices . The mental 
model can be regarded as an extension of the concept of 
•population stereotypes• for control-display relationships 
in psychomotor skills • .  

Benefits 

This research is basic to providing operationally ade­
quate interfaces in high-technology systems and the effec­
tive use of automation in future system concepts and 
designs as well as methods for training and assessing 
cognitive skills . Knowledge of cognitive sk ills and 
their underlying behavioral processes should also enable 
development of adequate operator aiding to reduce com­
plexity and difficulty , reduce ability requirements , and 
increase effectiveness in the use of simulator training 
time . 

TRAINING POR FAILURES AND OUT-oF-TOLERANCE CONDITIONS 

One of the earliest uses of s imulation was for emer­
gency training . Commercial a irline training focused on 
instrument training and accident prevention , while mil i­
tary aviation emphasized accident prevention plus comple­
tion of missions with failed or combat damaged systems . 

The characteristics of emergencies are such that simu­
lator s are essential for training and proficiency assess­
ment for all but the s implest of conditions . Many simu­
lated emergencies are too dangerous to practice in the 
real situation , and the full scope of symptoms and conse­
quences of the failure and out-of-tolerance conditions 
needed for training cannot be reproduced in operational 
equipment (Jones , 1979 ) .  

In some operational cases the consequence of some 
inappropr iate actions can be catastrophic , while other s 
can ser iously degrade the operational effectiveness of a 
system or reduce its revenue-producing potential . Defic i­
encies in provisions for such training in s imulators were 
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identified years ago (Jones and Garrett , 1957) , but many 
still persis t .  

Puture simulator design and use must deal with the 
major changes occurr ing in advanced systems . Por example , 
newer military and commercial aircraft will have program­
mable multifunction controls and displays dr iven by 
computer-multiplex bus architecture that rad ically change 
the nature of subsystems such as fuel management and 
weapons and flight control . They present a different set 
of training issues from the past in that there may be 
thousands of options , many automatically configured , but 
whose operation must be monitored and dealt with appro­
pr iately when failures or out-of-tolerance conditions 
occur . 

There are two aspects to the problem : ( 1 )  the nature 
of the failure or out-of-tolerance cond itions must be 
identified in operator-or iented terms such as cues and 
their patterns , decision processes , and consequences of 
action and ( 2 )  the explicit nature of the decision-mak ing 
process must be identified and reflected in the design of  
the s imulator or  in the related instructional process . 

Recommendations 

A two-pronged research approach is recommended : ( 1 )  
techniques must b e  developed for identifying the charac­
teristics of failures and out-of-tolerance conditions 
dur ing system acquisition , including multiple failures , 
their interactions and the consequences for the operators '  
related decision-making processes and ( 2 )  pr inciples and 
practices for training in decision-mak ing (problem­
solving ) must be developed . Studies on these problems 
need to be developed with particular emphasis on uncer­
tainty and unanticipated failures for the type of 
conditions anticipated in future systems . 

Such a research program would consist of fundamenta l 
research that addresses complex decision processes and 
how they are best represented and taught and applied 
research that takes an integrative approach to the entire 
problem of dealing with failures and out-of-tolerance 
conditions . Special emphasis should be placed on the 
decision-mak ing process that will be required in the 
• layered• computer-dr iven tasks in advanced systems . 

The integrative approach should address the following 
issues : 
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1.  Bow can potential failure situations be bes t 
identified? This includes the range of failures , how 
they are manifest in terms of cues and cue patterns , the 
impact of human error by individuals and teams , the 
consequence of the failure , and the role of engineer ing 
analyses and operating exper ience in identifying these 
situations . 

2 .  Bow can means for creating appropr iate failure 
situations be incorporated into simulators? Des igning 
for this purpose must take into account the necessary 
complexity and interactions , implications for instructor 
station design and aiding techniques , and providing 
procedures for tiaely updating of a device to reflect 
operating exper ience .  

3 .  Bow is training to handle coaplex failures best 
accomplished? This requires research on improved training 
techniques drawing on fundamental research on decision­
mak ing and j udgment training , par ticularly to respond to 
unanticipated events , the impor tant issue of retention of 
decision skills , and its implication for the amount and 
frequency of training . The value of multiple oompleaen­
tary techniques to accomplish this training , such as 
computer-assisted instruction and classroom training , 
should be investigated . 

4 .  Bow is the cap&bility to cope with failures 
assessed? This is related to measures of individual and 
team proficiency in terms of speed , accuracy , and oper a­
tional consequences . This is an especially difficult 
issue when more than one pattern of behavior is appro­
pr iate to solve a problem and the training is directed at 
classes of problems rather than particular problems . 

F inally, documentation of the existing research 
findings and those from the research recommended above i s  
needed to provide design guides for use by those who 
develop simulator s and training guides for those who us e 
s imulators .  

Benefits 

Appropr iate simulator-based training in dealing with 
failures , particularly those that are unanticipated , 
should result in reductions in accident rates , equipment 
damage , aborted missions , equipment shutdowns , and 
tmprovements in rates of missions successfully completed 
with degraded equipment . 
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FUTURE TRENDS IN SYSTEMS AND SIMULATION 

Forecasting is a precar ious business . However ,  we 
attempted to extrapolate some trends that are apparent 
for new systems , the impact of these on the role of 
humans , and their  implications for simulation . 

We expect change to be evolutionary , in that concepts 
and technology that are embryonic now will be exploited 
in the future . I f  one looks back on the progress in 
simulation dur ing the past  three decades , there is littl e  
that is radically new , with the exception o f  digital 
computer technology , which permitted the realization and 
exploitation of earlier ideas . It  might be noted that 
many systems such as aircraft , nuclear power plants , com­
mand and control networks and weapons systems that are 
enter ing the inventory and being simulated today may 
still be in use 20 to 25 years from now . 

SYSTEMS 

I t  is not possible to project the full range of new 
systems and vehicles that might be simulated . We do know 
that the trend has been to apply simulation more broadly . 
We expect that newer systems will have character istics 
such as greater complexity and be more highly automated 
and integrated and involve fewer operators or crew member s 
(National Research Council , 1982 ) . Systems will continue 
to expand the use of more capable computers , and therefore 
be more software-dr iven and have many forms of artificial 
intelligence implemented . 

controls and instruments will be multifunctional , with 
fewer special purpose or dedicated instruments . Informa­
tion will undergo more processing and be integrated in 
pictor ial formats . control devices will affect processes 
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a t  a higher level and will be more for the purpose of 
conveying commands and intentions than continuous psycho­
motor tracking or adjustment of low-level processes . 
Functions such as navigation , systems regulation , and 
target acquisition will be automated to a larger degree . 

Systems will expand to include many levels and widely 
dispersed entities by virtue of multiple voice and data 
communication l inks . Information acquisition , analysis , 
synthesis , and distr ibution will occur with little or no 
direct involvement of humans except as receivers or when 
occas ional direct conversation is necessary . 

Maintenance will also become more automated , with self­
diagnostic and fault identification functions built into 
systems . Systems will be fault tolerant , work ing around 
failed components , and degrading gracefully rather than 
precipitously and catastrophically . 

THE ROLB OF HUMANS IN FtJ'l'URB SYSTEMS 

The role of humans follows from the system design , 
which is a function of operational requirements , avail­
able technology, the cost of the human component ,  and 
whether the system is directly or remotely controlled . 
Ma intenance functions for humans are dr iven by logistical 
concepts as well as system and suppor t equipment tech­
nology . 

The shift in the function of the human from a low-level 
system operator and continuous controller to a system 
supervisor , i . e . , monitor and decision maker , will con­
tinue . Many of these functions might be done remotely 
through some sort of human inter face system, several 
levels above autonomous self-controlling task processes . 
For example , this trend is  apparent in aircraft such as 
the F-18 and its inter face with the Joint Tactical 
Information Distr ibution System (JTIDS) . Some of the 
specific implications for the future role of humans in 
systems are a 

• 

• 

• 

Psychomotor tasks related to vehicle/weapons 
control will be deemphasized . Tasks requir ing 
cognitive sk ills and supervisory control will be 
dominant .  
More system options will increase the var iety and 
complexity of tasks . 
Greater emphasis will be placed on information 
assimilation and decision making . 
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8 6  

Pewer individuals will b e  required and the i r  
placement i n  the total system may be different . 
New technologies such as voice recognition and 
pictorial displays will add new types of tasks . 
Higher levels of operator/controller proficiency 
will be required . 
Operators/controllers will require a broader 
system perspective regarding how they contribute 
to the total operational picture . 
workload will remain high despite automation 
because of the addition of new functions . 

SIMULATORS 

Probably the most important potential for des ign and 
training simulation is its use in the integration of  
complex system elements . Por example , the design of any 
advanced military aircraft must consider not only the 
vehicle , but its interface with other aircraft , the c3 
system, the maintenance logistics system, and the tactical 
environment in which it must operate . The latter includes 
not only the phys ical features of the terrain , but also 
important military elements such as missiles , radar , and 
countermeasures . A federated s imulation system augmented 
with models can duplicate these elements as a par t of the 
design , development , and test and evaluation process . 
Not only can the human-machine elements be considered , 
but software and prototype equipment used in the design 
simulator can be transferred directly to the training 
s imulator . 

I t  is expected that the use of simulators will increase 
as a function of the economics of training and system 
design as well as the need to duplicate s ituations that 
are too r isky or complex in actual practice . HOwever , 
there may well be a proliferation of low-cost ,  portable 
devices made possible by new low-cost computer technology . 
At the same time , high-cost,  integrated simulation systems 
may be developed in which many devices are linked for 
interactive use in real time . Or , i f  there is an increase 
in embedded simulation , existing coamunication links can 
be used for training as well as operational purposes . 

I t  is expected that newer simulators will be more 
compact and reliable and that deliberate design decis ions 
will be made to readily permit the modifications necessary 
to keep the s imulator current with the device it repre­
sents . It might be noted that design s imulators have 
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prov is ions that permit the complete change of conf igura­
t iona in several hours . These mod if icat ion concepts have 
been applied to tra in ing a taulator des ign to a much more 
l imited extent . 

Some of technologies that will have greater emphas is 

in new devices are a 

• 

• 

O perator and Instructor Stat ion Des ign 
- Art if icial intelligence 
- Voice synthe sis and recogn it ion 
- Alphanumer ic � graph ic, and combinat ion d isplays 
COmputer Generated Imagery 
- Deta iled duplication of natural environaenta 
- Art ific ial and augmenting informat ion added to 

scenes 

A lthough the trends in a taulation g iven above will charac­
teriz e  all use s of simulation, ther e may be specia l 
cons iderations for specif ic uses . 

Des ign Use 

Design simulation for human factors purposes has only 
occas ionally used the more complex integrated s imulators 
that include high-f idelity env ironmental and s ituat ional 
cond it ions . Such uses are not only valuable for in it ial 
des ign, but can also extend through teat and evaluation. 
A current example is the extens ive test ing of a new 
m iss ile in a s imulated tactical env ironment with pro jected 
threat a ircraft . We expect to see more examples of th is 
use for •fly offa, • part icularly when the c3 elements 
of the system are included . These uses requ ire ob ject ive 
ind ividual , system , and mission performance measurements . 
We can expect to see improved measurement capab ility with 
data ava ilable to the designer and evaluator on a near­
r eal-time basis. These measures can also serve as a 
source of empir ically derived training requirements as 
by-products of the use of s imulators for design . 

Training Use 

The trend of substitution of simulator time for 
operational pract ice and experience time will accelerate 
both for economic reasons and because many operational 
tasks cannot be duplicated in the real world . The com-
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88rcial airlines and NASA have been leaders in this are a 1  
the Apollo and Shuttle programs are pr i88 examples .  Bow­
ever , the military services prefer to view simulators as · 
a means to augment the value of actual flight rather than 
as a substitute for aircraft training . 

There will be an increased emphasis on training cogni­
tive skills to reflect the changing role of the operators .  
The instructional functions will introduce artificial 
intelligence concepts in areas such as performance assess ­
ment , feedback , and adaptive training to help improve the 
quality of instruction and to reduce the demands on 
instructors . Computer-managed instruction (CMI ) may be 
incorporated either into the bas ic simulator or in sup­
plementary devices as a way of planning and implementing 
the overall training process more effectively . Par t-task 
devices will be used when appropr iate and greater use 
will be made of Computer Aided Instruction (CAI ) with 
improved computer graphics for lead-in or special instruc­
tion not appropr iate in the larger , more expensive simu­
lator s .  Simulators will incorporate better measurement 
systems to measure proficiency in important operational 
tasks . The trend toward maintenance s imulation will 
continue , reflecting to some extent the increased use of 
automatic teat equipment . c3 training will reemerge as 
an important area , with embedded training features an 
integral part of many computer-based systems . 

Research Use 

With some few exceptions , high-fidelity simulator s 
duplicating operational tasks have not been used for 
behavioral science research . HOwever , advancements in 
the technology necessary to support human factors engi­
neer ing is dependent on data der ived from operational 
tasks that consider the complex and interactive effects 
of environ.ental conditions and events . The extensive 
use of human performance models in conjunction with 
simulation involving human participants has untapped 
potential that we hope to see realized in the future . 

Licensing and Certification Use 

There is l ittle doubt that a pr incipal future use of 
simulators will be for licensing and cer tification � At 
present,  the pr incipal appl ication of s imulators for this 
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purpose is for commercial airline pilots . For more than 
10 years , the coast Guard has used simulation in certi­
fication of pilots for instrument flight proficiency . 
The Nuclear Regulatory COmmission is studying requirements 
for s imulator-based teat and licensing of nuclear power 
plant operators (Ranken et al . , 1984 ) . Preliminary steps 
are also being taken for test and licensing of ship 
masters in ship handling simulator s (Hammell et al . , 
1980 ) .  We foresee the use of many military and civilian 
simulators for certifi�ation and licensing of many types 
of systems operators and maintainer& . 
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CONCLUSIONS AND GENERAL RECOMMENDATIONS 

There has been a rapid growth of s imulation dur ing the 
past  quarter of a century in both traditional and new 
areas . Initial uses focused on training , but research 
and design applications have become increasingly impor­
tant . This growth is due to the considerable economic 
advantage and risk avoidance inherent in the use of  
s imulators for training and design . Simulation permits 
s ituations to be reproduced artificially and examined in 
ways that are not practical , feasible , or affordable in 
the real world . There is  no question that simulation i s  
being used effectively , but ,  with cer tain technical · 
advances and more emphas is on behavioral factors ,  it  has 
the potential of mak ing even greater contr ibutions . 

The national investment in the procurement and oper a­
tion of s imulators probably involves several bill ion 
dollars a year . The total spent on s imulator research 
and development approaches $150 million per year . Most 
of this amount suppor ts hardware and software develop­
ments and demonstrations , a small percentage is devoted 
to research on behavioral factors in s imulation . Yet th e  
working group sees behavioral research a s  the pr imary 
basis for improving the design and use of simulation by 
DoD, NASA, their suppor ting academic and industr ial base , 
and other major users of s imulation such as the electr ic 
power and mar itime industr ies . 

Behavioral issues and research recommendations have 
been covered in a number of reports going back almost 3 0  
years . We did not treat these issues i n  detail--the 
authors of those reports made the points well enough--but 
s imply reaffirmed that these issues are still importan t 
and the recommended research still deserves attention . 
We do make specific research recommendations on several 
topics that we think are par ticularly important . Most of 

9 0  
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these topics have either been neglected altogether or 
have not been accorded the emphasis they deserve . 

OUr purpose in this  concluding chapter is not to 
repeat or consolidate the specific research conclusions 
and recommendations found in the literature cited or 
discussed in other sections of this report.  Rather , we 
take a broad view of the concerns that persist in a 
var iety of s imulator types and applications . Prom this 
perspective we try to characterize the nature of the 
fundamental problems that we see to be the roots from 
which stem the many specific issues in simulation . We 
present e ight conclusions that we perceive to be the 
problems that must  be overcome to br ing about general 
improvement in the use and design of s imulators .  These 
conclusions and their interrelationships are br iefly 
descr ibed in the next few paragraphs s ince it  is important 
to understand these relationships to appreciate the 
s ignificance and impl ications of the conclusions as 
problems to be overcome . 

The or igin of many of the current problema is over­
rel iance on the belief that the degree of physical 
fidelity of a s imulator is the pr incipal determinant of 
its capability to serve its intended purpose . At the 
same time , the importance of the relationship between how 
a s imulator is used and its effectiveness i s  not fully 
appreciated . As a consequence of this imbalance of 
emphasis , simulators are often not as cost-effective as 
they could be and the contr ibutions that behavioral 
science and human factors engineer ing can make to the 
design and use of s imulators are relatively neglected . 
Many ser ious issues relevant to stimulator effectiveness 
have persisted because of the failure to recognize that 
solutions to problems common to a var iety of simulator 
applications must come from a better understanding of the 
bas ic behavioral processes involved rather than engineer­
ing improvements or fixes . 

Although s imulators could be improved by better use of 
existing behavioral and human engineer ing pr inciples , the 
potential contr ibution of these fields is limited by the 
lack of adequate performance measurement methods and wel l­
developed human performance models . Both are impediments 
to improving the effectiveness and efficiency of simu­
lators as well as conducting the behavioral research 
necessary to solve many persistent s imulator problems . 
Objective and automated per formance measurement systems 
would greatly facilitate the der ivation of detailed 
quantitative per formance information useful for design , 
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training , and research purposes . Moreover , information 
in this form is necessary for the further development of 
models of human performance that have a var iety of appl i­
cations relevant to simulation . For example , models can 
replace some human participants in system evaluation 
s tudies and training exercises . More fundamentally , 
quantitative human performance models provide a mechanism 
for accumulating and refining behavioral knowledge as 
well as conveying this information to system designe r s  
( including s imulator designers) i n  a form they are 
accustomed to using . 

This latter use of models may br ing about a solution 
to what we see as the fundamental , overr iding problem--the 
lack of an integrated science and technology of simula­
tion . The contr ibutions of eng ineer ing and behavioral 
science to achieving the goals of simulation are uncoor­
dinated at best . The design and use of simulators should 
be based on an integrated multidisciplinary approach that 
draws on knowledge of engineer ing , behavioral science , 
and computer science as well as other fields that br ing 
into balance concerns about phys ical correspondence 
between real systems and simulators and how these factors 
contr ibute to the effectiveness of simulators .  

The work ing group has formulated three key recommenda­
tions that we believe are essential to creating the 
conditions necessary to solve the fundamental problems in 
simulation and thereby attack the roots of the many 
specific problems that we and others have identified . 

CONCLUSIONS 

1 .  Physical Correspondence of Simulation is OVer­
emphasized for Many Purposes , Especially Training . 

A persistent question for simulation has been how 
accurate a reproduction of operational functions is 
needed to achieve the intended purpose . Many concerns 
about physical fidelity or correspondence center on 
emulating system dynamics , visual and motion cueing , and 
representing malfunction or degraded mode characteristics . 
In the past , fidelity tended to be bounded by hardware 
capability.  Recent increases in computer and display 
capabilities have made poss ible simulators with great 
complexity and realism but at high cost . 

OUr knowledge regarding the need for physical cor­
respondence is l imited and fragmented . Determining 
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s imulator requirements to meet behavioral objectives has 
been largely guesswork using analytical frameworks  
augmented by some research results . Most evaluations of 
simulators are global in nature and tell us little about 
the relative contr ibution of specific hardware and use 
var iables . One result of this lack of knowledge has been 
to increase fidelity by building more elaborate equipment 
than may be needed . Because effective use of s imulator s 
depends on achieving the same behavioral outcomes that 
occur in operational situations , the concern with fidelity 
should shift from what . is technically feasible in a hard­
war e  sense toward achieving greater effectiveness and 
efficiency in terms of behavioral objectives . 

2 .  Simulator s  Are Often No t  Used Properly . 

The util ity of a s imulator is  as much a function of 
its method of use as of its physical correspondence to 
the system or equipment simulated . While good utiliza­
tion techniques can compensate for reduced physical 
f idelity ,  a s imulator that is  a high-quality physical 
representation of a system can be relatively ineffective 
i f  i t  is not used properly . In many cases the available 
capabilities of simulators are not used fully or expertly . 

Some components that contr ibute to quality of use are 
scenar ios , training techniques ,  operating and test pro­
cedures , instructor and operator knowledge and sk ills , 
proficiency assessment methods , and suppor t features such 
as properly designed control consoles and instructor/test 
director stations . Design of these components is largely 
based on front-end analysis . This process requires con­
siderable specialized effor t and , for cost reasons and 
lack of appreciation of its ultimate importance , is often 
neglected . This has been the finding of many past studies 
and has been highlighted in a recent Government Accounting 
Office report (U . S .  Government Accounting Office , 1983 ) . 

Phys ical requirements for s imulators cannot be con­
sidered in isolation because they interact with the way a 
device is used . We need to know more about the nature of 
these use factors and their  interactions with equipmen t 
factors as a basis for simulator design . Greater emphasis 
needs to be placed on the systematic der ivation of these 
use factors to establ ish requirements that are more 
directly relevant to the processes of learning and 
per formance elicitation . 
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3 . Simulation could Be More cost-Effective . 

As a consequence of the overreliance on physical cor­
respondence and the relative neglect of use factors , 
s imulators are less cost-effective than they could be .  
Th e  dr ive to technically improve the realism and compr e­
hensiveness of simulators has major cost consequences . 
Simulators could be more cost-effective if  greater 
emphasis is g iven to understanding how factors such as 
physical realism and comprehensiveness , methods of use , 
and user acceptance influence the 
attainment of behavioral objectives . 

4 .  The Role of Behavioral Science and Human Factors 
Engineer ing Simulation is Neglected . 

Behavioral and physical aspects of simulation tend to 
be viewed separately and independently . Considerations 
such as perception , learning , retention of sk ills , per­
formance validity ,  per formance assessment , and human 
factors engineer ing are seldom regarded as consideration s 
integral to the development of simulator hardware and 
software requirements . Equipment and functions are more 
tangible and tractable entities than behavioral processes 
and performance . In addition , costs can be more easily 
and directly associated with hardware products than with 
behavioral outcomes . 

Simulator procurement specialists and users of s imu­
lators who generally are operational system experts shar e 
an understanding of hardware technology, but usually 
neither group is well versed in training , human perfor ­
m ance measurement , or human factors engineer ing . Con­
sequently , when procurement specialists and users coope r ­
ate to establish requirements for a simulator , hardware 
and functional correspondence between the simulator and 
the target system tend to be emphas ized and behavioral 
considerations tend to be neglected . 

Even when the procurement and user personnel are sen­
sitive to behavioral considerations , the design , procur e­
ment , and employment of simulators are separate activities 
performed with little coordination and integration . The 
important connections among the purpose , method of use , 
and design of a simulator are broken . Yet it  is  at these 
connections that behavioral science and human factors 
engineer ing can have a positive impact on simulator 
effectiveness . 
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s. Many Pers istent Simulation Issues are Common Across 
TYpes and Uses . 

An examination of the research literature and repor ts 
of sc ience advisory groups for the past 30 years reveals 
that most problems are common to most s imulation contexts , 
have been identified repeatedly , and have pers isted . Such 
fundamental issues as cue requirements , learning and its 
transfer , validity of per formance , control of s imulation 
and instructional processes , research and test design 
strategies , and performance measurement occur in most 
s imulation contexts . The differences in issues from one 
type of application to another are superficial . That is , 
the system represented , the tasks required , and the pur­
pose ( i . e . , des ign , training , research , or certification) 
do not substantially affect what fundamentally needs to 
be known or the approach necessary to solve the problems . 

These problems pers ist because their solutions depend 
on a better understanding of basic behavioral processes 
relevant to s imulation . The necessary knowledge will 
come largely from research that is dedicated to the 
d iscovery and development of broad pr inciples . This sort 
of research requires the commitment of substantial 
resources over a long per iod of time . To date , no such 
commitment has been made . Most behavioral research for 
simulation has consisted of short-term projects dedicated 
to solving what is perceived to be specific application 
problems . Th is k ind of research does not produce results 
that can be generalized to other simulator types and uses . 

6 .  Our Capability to Measure Qperator Performance is 
Limited . 

Measurement is the keystone for design , research , and 
the assessment of proficiency in s imulation . However , 
adequate capabilities do not exist to obtain objective 
relevant human and human-system performance measures . 
Although this deficiency has been recognized for some 
time , the interdiscipl inary programs necessary to solve 
the problem have not been forthcoming . The lack of 
capability to measure performance , particularly on a 
near-real-time basis , impedes both the current utility of 
s imulators for training , systems des ign , and licens ing 
and the execution of the fundamental behavioral research 
necessary to improve future simulator design and use . 
Recently , the DoD Defense Science Board Summer Study on 
Training and Training Technology (198 2 )  highlighted the 
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importance of the performance measurement problem , and 
the secretary of defense directed the services ' sec­
retar ies to suppor t efforts • • • •  to develop per formance 
measures and cr iter ia for use in determining performance 
levels and cost effectiveness of alternative method­
ologies• (U . S .  Department of Defense , 1983) . 

1 .  The Use of Modeling in Simulation is Not Well 
Developed. 

Ruman per formance models both descr ibe and predict 
behavior under the circumstances encompassed in the 
model . Ruman performance modeling and human-in-the-loop 
simulations can have important complementary relation­
ships for research and system des ign purposes . An impor­
tant consequence of human performance models is that they 
express data on human behavior in a form familiar to and 
usable by engineers and des igners .  The development of 
these models thus offers the potential not only to docu­
ment knowledge of behavior in a r igorous fashion but also 
to provide a communication medium for incorporating this  
knowledge into the s imulator design process . 

Ruman performance models have many applications in the 
use of simulators as well . Modeling can be done . early , 
be relatively economical , consider stressor effects on 
humans that are hazardous , and effect economies in simu­
lation through early sensitivity analyses . 

Training s imulation also can benefit from models . An 
obvious application is to s imulate team members or func­
tions not actually present dur ing the simulation . Model s  
might be used i n  developing training curr icula and para­
digms of performance as well as in specifying s imulator  
des ign requirements regarding dynamic response fidelity 
and cue fidelity . Recent developments in intelligent 
systems and knowledge representation will also permit 
modeling of the instructor ' s  pedagog ical functions , 
student character istics , and the learning process for use 
in instructional strategies and performance assessment . 

Relatively l imited use has been made of these comple­
mentary relationships , especially for training ; however , 
they should be of increas ing importance in the future .  
Fur ther developments needed to enhance these capabilities 
are currently being addressed by the work ing group on 
human performance modeling of the Committee on Human 
Factors .  
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8 .  The Science and Technology of Simulation Are Not Wel l  
Developed or Integrated. 

Perhaps our key finding is that there is not a well­
developed or integrated science and technology of simula­
t ion . Integration applies not only within pertinent 
disciplines but between disciplines , particularly between 
the engineer ing and behavioral sciences . Furthermore , we 
are aware of no academic institution that offer s formal 
integrated eng ineer ing and behavioral science training 
speci f ic to s imulator des ign , development ,  and use . 

The lack of incorporation of behavioral science and 
human factors engineer ing into the technology base of 
s imulation is especially evident . A comprehens ive body 
of behavioral pr inciples and methods relevant to simula­
t ion does not exis t .  Integrative assessments of the 
research and operating exper ience in the form of book s  
and other documents are almost completely lack ing for 
important topics such as f idelity , performance measur e­
ment , and visual and other cueing systems . A result is 
that there is no history of s imulation research and 
utilization technology in a readily accessible form that 
serves as a guide for the future . Much mater ial has been 
lost or neglected and , as a result , many s imulator 
studies have been repeated over the past 30 years .  

The state of knowledge today can best 
·
be character ized 

as fragmented . At present there is not an institutional 
base of significance that deals with the spectrum of 
fundamental issues and application in s imulation . These 
points were emphas ized in the recent review of DoD lab­
orator ies , which states that the fractioning of the effor t 
has resulted in a • • • •  lack of focus on gener ic re­
search , common development ,  maintaining a repos itory of 
information about the state-of-the-ar t ,  and , most impor­
tantly , the development of a community of sk illed profes­
s ionals in the s imulation discipl ine • (Herman , 1982 ) . 

GENERAL RECOMMENDATIONS 

1 .  Long-Range , Comprehens ive , and Forward-Look ing 
Research Plans Should Be Developed to Address Persistent 
and Emerging Simulation Problems . 

OUr study has identified the fact that most of the 
design and utilization issues in s imulation are common to 
the var ious types and appl ications of s imulation . Despite 

Copyright © National Academy of Sciences. All rights reserved.

Human Factors Aspects of Simulation
http://www.nap.edu/catalog.php?record_id=19273

http://www.nap.edu/catalog.php?record_id=19273


98 

this fact , many agencies ' research programs tend to be 
l imited to specific applications because most users feel 
their problems are unique . They have not recognized tha t  
programs of fundamental research can be augmented by 
situation-specific applied research . The result has been 
that research on s imulator issues dur ing the past three 
decades has tended to be relatively narrow in focus with 
many investigations of s imilar problems in different 
contexts . 

Recent progress has been noted in better integration 
and planning of s imulation research within governmen t 
agencies , particular ly DoD and NASA . However ,  further 
improvements are needed along with inclusion of univer­
s ities and the industr ial base with its independent 
research and development ( IRAD) program . Persisten t 
problems should be systematically addressed in long­
range , comprehensive , and forward-look ing research plans 
and should involve all segments of the s imulation com­
munity concerned with advanced hardware technology , the 
roles of humans in future systems , and new training 
practices . 

On a more practical level , planning decisions are bes t  
performed with th e  cooperation o f  representatives from 
the prospective funding agencies and are most likely to 
be implemented when these agencies request such service . 
Moreover , i t  is not l ikely that any single plan would 
meet the needs of all federal agencies concerned with 
s imulation . The best course of action we see is for the 
var ious agencies concerned with s imulation to identify 
their specific needs and then coordinate with each other 
to promote complementary research and avoid duplication 
of effor t .  

A systematic look to the future i s  essential to 
planning simulation research . Too often the approach has 
been to use existing concepts , equipment capability ,  and 
facilities as a basis for behavioral science research i n  
s imulation . Newer roles for humans , anticipated hardware 
capability ,  evolving uses of s imulation , and advanced 
training concepts should be considered so that research 
can be in a better position to influence future needs . 
Although the recommendation that changing roles for humans 
in systems and newer training concepts and equipment 
technology should be identified as a deliberate part of 
research planning may seem obvious , it is not typically 
followed . 

We descr ibe some of the types of projections regarding 
future directions that may be of use in research planning 
below : 
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1 .  The shifting role of the human in systems from 
system operator and continuous controller to supervisor 
can change the fundamental character istics of simulators 
and how they are used . Newer operational roles will 
emphasize high-level decision mak ing as in mult i-operator 
command-and-control systems and advanced computer-dr iven 
aircraft . The operator can be either local or remote as 
well as have d irect or indirect control . 

2 .  Computer science and technology at lower relative 
cost  will continue to influence the character istics of 
simulators .  Par ticular areas in which capabilities will 
increase include high-quality ,  interactive visual scene 
generation , integration of complex system and mission 
elements either as single or federated devices , and 
low-cost stand-alone devices . 

3 .  Concepts such as cognitive skill development , 
ar tificial intelligence , and embedded training as well as 
capabilities such as computer-assisted and computer­
managed training , microprocessor-based par t-task devices , 
and telecommunications for network link ing of s imulators 
should be cons idered in research planning as ways of 
increas ing the utility of simulators .  

Th e  work ing group did not attempt to develop a long­
range comprehens ive research plan dur ing th is study , 
since it  was not within our scope to do so . However , we 
developed an integrated ser ies of specific recommendations 
that constitute the major components of a comprehensive 
plan (see Chapter 5 ) . 

2 .  Long-Range Stable Funding Should Be Provided to 
Encourage the Development of Academic Bases for 
S imulation Research . 

Funding should be provided for long-range programs of 
research on fundamental behavioral issues relevant to 
s imulation . The pr inc ipal object of this funding should 
be to foster the development of a coherent science and 
technology of s imulation at academically based centers of 
excellence . *  A second purpose would be to suppor t 
r esearch in other settings such as government and pr ivate 
laborator ies . 

*Since this recommendation was wr itten , Flor ida Central 
University has established an Institute for Simulation 
and Training . 
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A recent DoD study (Herman , 198 2 )  identified , among 
other things , the need for fundamental research programs 
to improve the des ign and use of s imulators and recom­
mended that defense centers of excellence in the Depart­
ment of Defense be established in several multidiscipl i­
nary areas including simulation . We bel ieve that academic 
bases , complemented by industry and government research , 
are preferable because they fulfill as well the important 
traditional role of educating scientists and engineer s 
and serving as focal points for the accumulation , integra­
tion , and dissemination of knowledge . Academic institu­
tions also are less apt to be subject to rapidly changing 
pr ior ities , thus contr ibuting to long-term stability and 
continuity in the research programs . 

This is not to say that currently existing governmen t 
programs and facilities for simulator research are not 
effective , but rather that they are both limited in 
capacity and scope relative to the amount and k ind of 
research required and adequate to meet the educational or 
information communication needs . These needs are ful­
filled as a matter of course and direct consequence of 
the existence of research programs at academic institu­
tions . 

Ideally , academic bases for s imulation would become 
national multidisciplinary centers for research and 
development in the science and technology of simulation , 
with human resources of h igh quality in the behavioral 
and computer sciences as well as engineer ing . These 
centers would provide a focused research program on 
problems of simulation , encourage formation of inter­
disciplinary groups of research scientists and inter­
disciplinary training programs focused on s imulation , and 
attract qual ified students who are prepared upon gradua­
tion to contr ibute to research on and development of 
simulation and its use . These centers would also be a 
resource for investigators from other institutions to 
visit and collaborate on research and development 
projects . 

The educational role of these academic bases would 
provide training at both undergraduate and graduate 
levels for both practitioners and bas ic researchers . The 
purpose would be to train individuals in simulation 
science to teach in other universities , per form funda­
mental and appl ied research in government ,  industry , and 
univers ities , and apply their knowledge to s imulator 
development and use . 
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However , such programs cannot begin without the incen­
t ive of adequate funding being provided initially and the 
prospect of its continued availability .  The effor t to 
foster a coherent science of s imulation with a strong 
academic base requires a substantial and long-term inves t­
ment that is coordinated to meet the needs of government 
agencies and industry . 

We envis ion the establishment of academic centers 
through the process of competition for research funds 
based on the quality of the institutions , their faculties , 
and the presence and strength of behavioral science , eng i­
neer ing , and computer science departments , which are the 
foundations for the science and technology of s imulation . 
Government agencies should invite university departments 
and interdisciplinary programs to submit proposals for 
grants to support scientific research and development in 
simulation . They also should include suppor t for faculty 
that would enable development of new programs emphas iz ing 
scientific training in s imulation problems and suppor t 
for educational costs of students as well as internships 
and postdoctoral fellowships both for beg inning and 
exper ienced scientists at active s imulator facilities . 

An important outcome of academic bases for s imulation 
r esearch would be the development and dissemination of 
integrated information bases in the form of journal 
articles , collections of review papers ,  and books on 
topics central to simulation . There are currently no 
complete and accessible librar ies of relevant documents . 
Sources are far-flung and many documents have been lost 
or have l imi ted availability.  As a result,  there has 
been much repetition of work in the past three decades . 
There are few s ingle sources of quality information in 
the f ield . One exception is the book Man-Machine System 
ExP!r iments (Parsons , 1972 ) , which documents simulator­
based research on command and control systems . Book s  
that evaluate and integrate existing work are clearly 
needed in areas such as human performance measurement , 
v isual systems , training use , and design use of 
simulators .  

Facilities and equ ipment would be a major consideration 
in the establishment of academic bases for simulation 
research . We have del iberately avoided addressing the 
issue of facilities . Simulation research can be expensive 
and time-consuming and cannot be conducted only in tradi­
tional laboratory settings . While it is important that 
academically based research be directed to the development 
of pr inciples that can be generalized to apecific appl i-
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cation needs , it  is not clear , and by no means uncontr o­
versial , that large-scale s imulation facilities located 
at the academic bases are essential for this purpose . 

On one hand , it  is true that fundamental concepts can 
be explored and developed and educational purposes served 
with reasonably modest equipment;  on the other hand , the 
complexity of operational systems , task requirements , and 
environments and , hence , simulators ,  can have major 
influences on performance and learning . Access to complex 
s imulation equipment as well as to operational systems 
such as nuclear power plants , aircraft , and command and 
control centers will be needed for the development of 
cr iter ia and validation . 

S imple studies have l imited potential . That is , the 
more abstract the research context is relative to the 
application context,  the more uncertain it is that per­
formance and learning effects found in  research settings 
will obtain in the application context .  This impl ies 
that final val idation of research must occur in s imulation 
settings at least approaching the complexity of actual 
systems . 

Large-scale s imulation facilities are expensive not 
only to purchase but also to maintain , change , and up­
grade . And no s ingle type of s imulator will serve all 
purposes . Clearly , a fl ight s imulator cannot be used for 
investigations of all issues relevant to a power plant 
simulator . At some point the unique character of fun­
damentally different systems must be taken into account .  
Whether funding agencies could justify th e  cost o f  main­
taining several large s imulators ,  even if  each is at a 
different location , is questionable . However , jus t  as 
full mission training s imulators need not be used for all 
stages of training , all research need not be conducted in 
complex , expens ive s imulators .  The most expedient 
approach is to fund the development of relatively modes t 
research s imulation facilities at academic bases initially 
and let justification for more expensive devices depend 
on the impor tance of the research product . 

Finally , academic research programs could be enhanced 
by access to the more comprehens ive s imulators that exist 
at government and industr ial facilities . The unique role 
of each type of organization should be recognized . The 
academic institution should focus on fundamental research , 
teaching , and information integration . Government and 
industr ial simulation laborator ies are best  suited to 
per form applications research , validate principles 
developed through academic research , and ultimately do 
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the developmental wor k necessary for final implementation 
in hardware and operations . 

3 . Research to Develop Near-Real-Time Ruman Performance 
Assessment Capability for Simulation is Urgently Needed . 

Effective measurement is the cornerstone for coa t­
e ffective design and better use of simulators .  Further 
progress will be limited without significant advances in 
human performance measurement capability .  A focused , 
well-funded , and long-term effor t is needed to develop 
measurement techniques that are meaningful , quantitative , 
and economical to use and that provide data in a usable 
format on a timely basis . Recent advances in computer 
and software technology make such advances feasible . 

Performance measurement development is a demanding 
activity that should involve several disciplines , 
including systems engineer ing and analysis , exper imental 
psychology , computer science , and statistics . Collection 
of data alone is not per formance measurement . Measurement 
implies a definition of the performance to be measured , 
cr iter ia of good and bad per formance , the selection of 
data sources , weighting and integration of data from these 
var ious sources to form a measure , and interpretation of 
the measures in terms relevant to the simulator applica­
t ion . 

Further development of performance measurement capa­
bilities for simulator applications depends on research 
to develop useful conceptions of the covert behavioral 
processes that lead to over t actions . Such conceptions 
are essential to define sufficient and necessary per­
formance measures but are likely to be a long time in 
coming . More immediate but l imited benefits could be 
realized by research to establ ish systematic methods for 
development of empir ically based performance measures 
that do not depend on conceptions of internal behavioral 
processes but are able to rel iably d istinguish among 
categor ies of performance such as stages of learning or 
levels of proficiency . 

The developments should encompass the multiple uses of 
measurement in s imulation to include : 

1 .  Feedback dur ing training , 
2 .  Proficiency level assessment and per formance 

prediction , 
3 .  Research on fundamental and applied problems , 

including the effects of s imulator character istics 
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on short- and long-term retention proficiency for 
r epresentative tasks , 

4 . Assessment of system capability dur ing des ign , 
development , test ,  and evaluation , and 

5 .  Reliable and valid assessment of capability for 
l icens ing and cer tification purposes . 

Whether theoretically or empir ically based , performance 
measurement for s imulator applications must be implemented 
in a fashion to obtain useful outputs on a near-real-time 
basis . The need for near-real-time measurement is cr iti­
cal . Most of the above uses require data dur ing or soon 
after a simulator session . Even in the case of research , 
data reduction and analysis become so ponderous and 
delayed that they reduce considerably the potential 
utility of the research . Work  is needed on methods to 
automate all phases of the performance measurement process 
from data collection to final summar ization in order to 
take full advantage of s imulator capabilities . 

The approach to development should be interdisciplinary 
and include psychometr ics , software ,  hardware ,  and opera­
tional considerations . Compatibility should be sough t 
with measurement systems planned for comparable opera­
tional equipment to permit cross-val idation and 
follow-through assessments . 

The broad context of measurement systems should be con­
sidered , including the complementary interrelationship o f  
numerical , rating scale , audio/video recording , and 
physiological approaches . In addition ,  operatiQnally 
based performance cr iter ia are necessary and their 
development should be g iven high pr ior ity .  

Research on performance measurement development should 
have both fundamental and application aspects . The basic 
core should consider concepts , techniques , classes of 
tasks , and the relation to modeling . The appl ication 
part should be directed to specific classes of problems 
such as developing cr iter ia , conver ting raw data into 
measures , and implementing the measurement systems into 
simulators and possibly embedding them in operational 
equipment. 
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DISSENT 

Jesse Orlansky 

I do not agree with General Recommendation 1 ,  that 
long-range , comprehens ive and forward-look ing research 
plans should be developed to address persistent and 
emerging simulation problems . The work ing group did ,  in  
fact , recommend research on a number of  specific issues 
that include per formance measurement ,  cognitive sk ills , 
failure and out-of-tolerance conditions , tra ining s imu­
lator des ign guides , a training simulator instructor 
guide , stress in s imulator train ing and testing , and 
improved task analysi s  methodology . I agree with these 
recommendations . I see no reason to recommend , in 
addition ,  that long-range , comprehensive , and forward­
look ing research plans be developed to address persistent 
and emerg ing s imulation problems until we see some of the 
fruits of the research we have already recommended . More­
over , I bel ieve that a general recommendation to develop 
forward-look ing research plans is too vague to be useful 
to any funding agency . It is a fact that our work ing 
group considered the poss ibility of doing this and decided 
that we did not have sufficient time . I personally 
bel ieve that we did not grasp the opportunity because we 
did not have anything useful to say about forward-look ing 
r esearch plans beyond what appears in the repor t .  

I do not agree with General Recommendation 2 ,  tha t 
long-range , stable funding should be provided to encourage 
the development of academic bases for simulation research , 
pr imar ily because we have not addressed , even in general 
terms , what the academic bases should be encouraged to do . 
The recommendation calls for academic bases , joint work 
by several depar tments at more than one school , large­
scale s imulation research facilities , and complementary 
suppor t of industry and government in related areas . 
Th is is an exhilarating prospect . In our vers ion , the 
recommendation proposes to spend large amounts of money 
to achieve obscure ends . There may be a good idea bur ied 
here , but it needs more development . 
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APPENDIX A 

EXAMPLES OF SIMULATORS 

In this appendix we present examples of specific 
s imulator s in each of five categor ies : (1 ) eng ineer ing 
s imulators ,  (2)  training s imulator s ,  (3)  research 
s imulators , (4 )  battle simulators , and ( 5 )  embedded 
s imulation . The speci fic examples of s imulators des­
cr ibed within each category were chosen because they wer e 
good i llustrations of one or more major aspects of 
s imulator character istics . 

In the category of engineer ing s imulators ,  the a ircr aft 
miss ion simulator and the part-task des ign s imulator 
i llustrate the complexity of s imulators , ranging from 
multistation facilities to a functional representation o f  
a specific subsystem . 

In the category of training s imulators ,  three k inds of 
s imulators are descr ibed : a flight  training simulator 
and two k inds of maintenance s imulators .  The descr iption 
of the flight training simulator illustrates that instruc­
tional suppor t features are impor tant components of the 
s imulator . That is , there is more to a training simulator 
than just representation of an item of equipment or sys­
tem . The descr iption of the first type of maintenance 
s imulator (actually two vers ions of a s imulator for the 
same purpose )  illustrates that functional representation s  
o f  a s imulator can be quite disparate i n  cost and degree 
of phys ical similar ity to the actual equipment but equally 
effective for training . The second type of maintenance 
training s imulator descr ibed illustrates that a simulator 
can be a conceptual rather than phys ical representation 
of a system and underscores the point (descr ibed in 
Chapter 3)  that attaining behavioral objectives and not 
physical emulation is the pr incipal purpose of s imulators .  

In the category of research s imulators ,  the ship 
br idge simulator descr ibed illustrates the use of 
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s imulators to per form fundamental research on behavioral 
and human factor s issues and , for research purposes , that 
special capabilities for exper imental control and per­
formance measurement ar e essential to the intended 
purpose . 

In the category of battle s imulation , the examples 
illustrate several di fferent points : the use of multipl e  
small weapons s imulators i n  the context o f  field exer­
cises ,  command-and-control s imulation , in wh ich the 
essence of the s imulation is information flow 1 and the 
fact that scenar ios , rather than representations of  
phys ical equipment , are  the predominant features . 

In the category of embedded s imulation , the two 
examples descr ibed h ighlight the fact that s imulation can 
be par t of operational systems , and training can be 
extended to the operational context . 

In addition to character iz ing the diversity of s imu­
lation types and uses , there is a secondary theme runn ing 
through th is appendix : the character istics of s imulators 
differ according to their behavioral purposes . While 
every s imulator represents a par ticular system or piece 
of equipment ,  the comprehens iveness and form of the 
representation can be very di fferent , not so much as a 
function of the nature of the system as the behavioral 
obj ective--that is , what the participant is supposed to 
do . 

A final point that is impor tant to note is that the 
examples of var ious uses and types of s imulators ar e 
selective , flight s imulators are emphas ized , and ground 
veh icles and environmental s imulators are not included . 
Th is selectiveness reflects the fact that flight s imu­
lation has been and continues to be the major focus for 
design , training , and research uses of s imulators ,  more 
has been wr i tten about them than any other type of 
s imulator . Ground vehicle s imulator s for automobiles , 
trucks ,  tanks , and locomotives , wh ile showing impor tant 
uses for training and research , generally reflect the 
technology used in other simulation applications . 
Environmental s imulators such as centr i fuges , water 
tanks , hot and cold rooms , hyperbar ic and hypobar ic 
chambers ,  and acoustical chambers are more closely 
associated with phys iolog ical uses than behavioral uses 
and we have excluded them from consideration to keep this 
study to manageable propor tions . 

I t  became apparent dur ing our deta iled examination of 
simulation that there were many common human factors 
issues that cut across the var ious types and uses . Table 
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A-1 illustrates this point with the issues specific to 
par ticular uses . 

ENGINEERING SIMULATORS 

Simulators have become an indispensable eng ineer ing 
tool in the design , development ,  and evaluation of complex 
military and civilian systems . Par ticularly in the des ign 
of new computer-dr iven multi function controls and dis­
plays , radical departures in concepts have been achieved . 
Engineer ing s imulators are valuable because quas i­
exper imental data can be obtained on crew per formance for 
complex tasks within the time frame dictated by design 
and development schedules .  They have been used exten­
s ively s ince the 1940s for aircraft systems , in the 1950s 
and 1960s they came into use for other systems such as 
command , control , and communication cc3) , weaponry , and 
space vehicles . The complexity of modern systems and 
•fly befor e buy • approaches to procurement also g ive 
impetus to the use of s imulation for these purposes . 

Some of the best examples of engineer ing simulator s 
are the interactive , h igh-fidelity military aircraft 
s imulator s that allow per formance of cr itical mission 
segments in multicrew , multivehicle environments . They 
can be used dur ing each design stage from early concept 
phases through testing and operations . 

Aircraft engineer ing s imulator s suppor t design in 
several ways , including integration of avionics , devel­
opment of logic , software ,  procedures , and tactics , 
design of controls and displays , and evaluation of sub­
system and system per formance . Pilots serve as �ubjects 
to contr ibute to and ver i fy human engineer ing des ign in 
terms of workload , operational suitability , and estimates 
of training requirements . 

Eng ineer ing development s imulators include part-task 
devices for s ingle cr itical functions that may be isolated 
such as target acquisition , multiple-task devices such as 
procedures trainers for crew station configuration 
s tudies , and full mission devices with visual attachments 
for examining mission tasks such as a ir-to-ground weapon 
delivery . Motion-base devices are used when appropr iate , 
most typically for handling studies in transpor t and 
V/STOL aircraft , catapulting , and adverse vibration or 
oscillation dur ing low-altitude , high-speed flight . 

Simulation has been used very successfully at Bell 
Laborator ies for design and development of human-machine 
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TABLE A-1 Common and Unique Issues for Simulator 
Applications 

Siaulator u.. or Type 

Key Iaauea Bng in .. r tng 

Bconcaic , 
exper t.ental , 

and teat deaign 
IIOdela of huaan 

per for•nce 

Perfor•nce 
Maaur-nt 

X 

X 

X 

Fidelity X 

requir-nta 
control and 

suppor t •thods 
and features 

More refined 
task analys i s  

Selection and 
character isat ion 
of subjects 

Flexible deaigns , X 

procedure• , and 
per foraance 
Maaur-n t 

Efficient acenar io 
oonatruction 

Methods for 
tranalating 
training 
require•nts 
into equi�nt 
and oourae featurea 

Trans ition frca 
operational to 
training atatua 

Level a t  which 

siaulation occurs 
Added hardware 

and software 
requir-nta 

Training 

Deaign 

X 

X 

X 

X 

X 

X 

X 

Battle llllbedded 
ae .. arch Siaulation Siaulation 

X X 

X .  X X 

X X X 

X X X 

X X X 

X 

X 

X 

X 

X 

X 

X 

X 
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systems in equipment related to communication systems 
(BOlt and Stevenson , 197 7 ) . Bell Laborator ies developed 
the concept of functional des ign of an automated direc­
tory ass istance system, including operating procedures 
and operator aids , in s imulation pr ior to initiating 
full-scale engineer ing development . A computer-based 
message-switching system was also designed through 
s imulation concurrently with engineer ing development . 
Both s imulations were successful and , in addition , 
documentation for operating procedures and maintenance 
and training time were reduced . 

We present below examples of engineer ing design and 
development s imulators .  Representative devices are des ­
cr ibed i n  the areas o f  avionics and battle s imulation . 
Avionics systems are used to illustrate the use of 
s imulation in the development of military platforms ; 
descr iptions of s imulator s for systems such as tanks , 
aircraft carr iers , submar ines , and space platforms would 
be quite similar . 

Aircraft Miss ion Simulators 

These devices usually represent the state of the ar t 
in  s imulation technology . Simulator cockpits are like a 
set of building blocks ;  configurations can be modified a s  
system design progresses . Because of their flexibility 
they can be changed readily and allow high-fidelity dupl i­
cation of cr itical crew tasks .  A new cockpit can be put 
in place in several hour s and software changes .made to 
accommodate an evolving des ign . 

One of the most complex simulator s is  the McDonnel l  
Aircraft Company ' s  Flight Simulation Facility ,  shown in 
Figure A-1 (Jones , 1979 ) . This s imulator has been used 
in the development of the F-15 , F/A-18 , and AV-8B air­
craft . It has five domes within which removable cockpit s  
can be placed . These spheres completely enclose the crew 
station and provide a projection sur face for a pictor ial 
image of the ear th and sky . It has been used to define 
preliminary crew functions and operating procedures , to 
examine hardware and d isplay symbology , to develop 
operational doctr ine and tactics , and to establish crew 
per formance and workload levels necessary to meet 
operational requ irements . 

An i terative process is used to develop a new crew 
station . Analytical results are ver ified empir ically i n  
the context o f  mission scenar ios . Normal operations and 
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FIGURE A-1 An example of a h ighly sophisticated s imulator complex . 
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tactical situations are addressed with low and high work­
loads imposed as test conditions . Numer ical and graphic 
data and video recordings and detailed pilot debriefings 
are obtained for each miss ion . Pilots are given detailed 
questionnaires that focus on problem areas and design and 
operating solutions . 

Preliminary studies are conducted with test pilots and 
engineers from the fields of guidance and control , av i­
onics , aerodynamics , flight tes t ,  computer software , 
operations analysis , crew station design , and human 
factors .  Selected service pilots par ticipate a s  test 
subjects and operational exper ts for design ver ification . 

Part-Task Des ign Simulators 

An illustrative use of a part-task s imulator is  the 
s imulation of target acquisition tasks us ing an infrared 
imag ing sensor . A McDonnell Douglas Astronautics Company 
s imulator provides relatively high-fidelity reproductions 
of a missile ' s  infrared target acqu isition system . 
Cathode ray tube (CRT) displays are generated with a 
bench-mounted optical train , television camera , servo­
controlled zoom lens , X-Y transport for movement of the 
target imagery , and a video mixer . Target mater ials ar e 
prepared for var ious ship types and or ientations by 
photographing special models , although real imagery , i f  
available , can be used . Control of star ting range , zoom 
rate , contrast level , and display sequencing are computer 
controlled . Operators register their decisions by 
pressing control buttons . Per formance data are recorded 
and s tored in the computer . 

The par t-task simulation of the imag ing infrared 
( I2R) system for ship target acquisition was used to 

determine feas ibility of the concept , develop design dat a  
to optimize system per formance , and estimate th e  capabil­
ity of the system to acquire des ignated military targets 
under a var iety of operational conditions (Mocharnuk et 
al . ,  1981 ) . Cr iterion measurements were obtained in terms 
of classification , range , and accuracy . Some var iables 
considered included ship type , aspect angle , display con­
trast , frame rate , field of view ,  and the use of cueing 
aids . 
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TRAINING SIMULATORS 

Training is undoubtedly the most common use of s imu­
lators . A training simulator is an interactive device to 
facilitate the acquisition of skills and knowledge . 
Simulator s are used for initial and continuation training 
of operators , maintenance personnel , and command and 
supervisory personnel . Devices duplicating or represen t­
ing all or par t of actual equipment or systems are used 
extensively for such purposes as familiar ization , acquir­
ing procedural and continuous control sk ills , learning 
part- or whole-task per formance , and the practice of seg­
ments of or complete missions . The largest use of simu­
lation is for individual training , although some devices , 
such as a B-52 simulator or MILES , support training of 
crews , teams , and even entire units . 

A s imulator that duplicates the function of an item of 
equipment or system can be used for training purposes in 
much the same way as the actual item . However ,  most 
training s imulators incorporate instructional features to 
facilitate and control the training process . How a s imu­
lator is used and the availabil ity of instructional sup­
port features can be as important as the s imulation 
characteristics of the device . A simulator does not 
instr uct , it  is only a means to implement and support a 
training program. 

Instructional suppor t features usually include , as a 
minimum , a situational context or scenar io , the means for 
instructional control of the s imulation , providing per­
formance feedback to the trainee , and supplying per ­
formance information to the instructor . Implementing 
simulator instructional features may require a small or 
large amount of additional hardware and software . For 
example , a r i fle s imulator may require nothing more than 
a means for displaying the location of target h its . The 
target , representing the enemy , i s  the situational 
context , the instructor observes the per formance of the 
trainee directly ,  both instructor and trainee rece ive 
per formance feedback from the target display , and 
training is controlled by verbal communication . 

For a tactical command-and-control or full-miss ion 
flight training s imulator , the scenar io is resident in a 
rather complex computer program . The instructor may sit  
at  a separate console that allows him to star t and stop 
the scenar io , inject cer tain conditions , and view a dis­
play that provides summary information about the actions 
taken by the student and their effects on the rest of the 
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scenar io . The student may receive feedback about the 
consequences of his actions both directly from a situa­
tion display and from certain display augmentation 
features , which show the ultimate consequences of the 
actions or an immediate evaluation of their appropr iate­
ness . 

We descr ibe three examples of training simulators :  
the first i s  a flight s imulator , and the second two ar e 
maintenance s imulators ,  one for a steam propulsion system 
and the other for avionics electronics maintenance . 

Flight Training Simulators 

Device 2824 is a helicopter s imulator for the training 
of instrument flight for the UB-1 series of utility heli ­
copters .  Th e  device consists o f  four cockpits , each 
mounted on its own five-degrees-of-freedom motion base 
and controlled by a single computer system . The appear­
ance and function of  the cockpit instruments and controls 
are identical to the UB-1 helicopter . 

Device 2824 was designed with emphas is on training 
rather than simply reproducing the relatively inefficien t 
learning environment of an actual helicopter . Its con­
figuration and scope of functions were based on an 
analysis of training objectives and processes . Special 
displays for the instructor , located both in the cab of 
each cockpit and at the central operator station , display 
the position within the gaming area , the location of 
radio navigational aids , and time history profiles of 
altitude and airspeed . 

As an instrument trainer , the s imulator has no external 
visual system but does have a sound system to por tray 
rotor noises that change with speed and load . Simulated 

I 
flight can occur within a 100-by-100-mile gaming area , 
which is a representation of the local environment in 
which the simulator is located . ·  All radio navigational 
a ids that exist in the represented area are included in 
the simulation . 

Partially automated instructor functions include the 
demonstration of maneuvers , sequencing of instruction , 
varying task difficulty , monitor ing per formance , updated 
scenar ios , and extens ive capabilities for reprogramming 
training situations . Feedback to the student dur ing 
training is poss ible via real-time and slow-time playback s 
of the student ' s  control per formance , video and audio 
recording and playback systems , on-line displays sum-
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mar iz ing student per formance over time , and hard copy 
pr intout of per formance data . Provis ion is also made for 
students to exercise control over their own training . 

Device 2B24 may be used in any of three modes , semi­
automatic (SEMI-AUTO) , automatic (AUTO) , and checkr ide 
(CK-RIDE) . In the SEMI-AUTO mode , the aircraft ini tially 
can be placed in any location and altitude within the 
gaming area , flown anywhere within the gaming area us ing 
the flight instruments and radio navigational aids , and 
flown through instrument approaches to several airfields . 
In the AUTO mode , 1 of· 10  preprogrammed instrument fligh t 
maneuvers can be selected for demonstration or practice . 
Computer-controlled voice tapes provide a br iefing on the 
flight profile , descr ibe demonstrated maneuvers as they 
are  flown , and aler t the pilot to check var ious flight  
instruments dur ing practice . In the CK-RIDE mode the pilot 
flies a long cross-country trip without voice alerts and 
bas ic var iables of flight such as altitude and airspeed 
are  recorded for pr intout at the end of the test sess ion . 

Maintenance Training S imulators 

Highly skilled technicians are required to provide 
servicing , troubleshooting , and repair of malfunctions in 
sophisticated equipment such as high pressure steam pro­
pulsion systems in ships , aircraft eng ines , and the wide 
var iety of complex electronic gear in ground , air , and 
sea systems . Maintenance training simulators have been 
developed to meet the need to train the large numbers of 
maintenance technicians requ ired and to provide a capabil­
ity to present a broad range of maintenance problems to 
the trainee . Maintenance trainers frequently cost less 
than actual equipment and are more reliable , therefore 
more available for training than actual equipment .  

Many maintenance s imulators , par ticularly for elec­
tronics , such as the 6883 Converter/Flight Control 
Sys tems Test Station for Air Perce F-111 aircraft , the 
Navy A-7E Bead-Up Display Test Bench , and the Navy MA-3 
aircraft 12 KVA generator Test Bench , have a high degree 
of r esemblance to , and in some cases cannot be distin­
guished superficially from , actual equipment . The 
controls , instruments , displays , and probes for testing 
components perform as i f  they were actual equipment . 
Components under test respond correctly to test probes , 
i . e . , with all the symptoms of a par ticular malfunction . 
I f  any par t of a circuit board is found to be defective , 
the entire board is  removed and replaced . 
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There is , however ,  a real difference inside the 
cabinet , where electronic par ts or circuit boards may 
consist only of photos or engravings of the real parts . 
The cards are connected electr ically to the computer and 
respond correctly according to the s imulated malfunction 
s tate because the computer controls the symptoms . There­
in lies the basis for reduced cost and •ruggedizing •  o f  
the device for training purposes . 

Maintenance simulators have also been developed that 
are  greatly reduced in  physical fidelity .  These rely 
mainly on schematics presented on a panel board togethe r 
with functional controls , switches , test points , and 
instruments . Some very new s imulators consist solely o f  
schematic , functional d iagrams with instruments and 
displays drawn on a cathode ray tube J the controls and 
d isplays are addressable by touch ing the face of the tube 
or through a cursor control and keyboard . As with three­
d imens ional s imulators ,  many different malfunctions can 
be selected by the instructor . The military services 
have procured more than 1 , 100  units of about 200 differ­
ent two-dimensional maintenance s imulators since 1972 . 

Some examples of two-dimens ional s imulators are : F-16 
Maintenance Trainers ( for avionics , electr ical , propul­
s ion , hydraulic , and weapons control systems of the Air 
FOrce F-16 aircraft) , the Navy generalized Electronic 
Equipment Maintenance Trainer (EEMT) , and the 6883 
Converter/Flight Control Systems Test Station for the Ai r 
Force F-111 aircraft . 

We descr ibe two classes of maintenance simulator s :  
the first , the 6883 Maintenance Training System , consis t­
ing of both h igh and low physical fidelity vers ions , is  
an  electronics maintenance simulator used to train people 
in  the use of automated test equipment for troubleshooting 
aircraft avionics components . The second , STEAMER, is a 
computer-based symbolic graphic representation of a steam 
propulsion system, it has little phys ical fidelity in 
terms of appearance but is accurate in i ts functional and 
relational aspects . 

6883 Maintenance Training System ( 6883 MTS) 

The 6883 MTS is a training simulator for the Air Force 
F-lllD aircraft 6883 Converter/Flight Control Test 
Station . This item of automated test equipment is  used 
in intermediate , •shop level • maintenance to tes t ,  
inspect , troubleshoot , and repair faulty line replaceable 
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units (LRUs ) for the F-lllD aircraft multiplexer converter 
and flight control functions . 

The 6883 MTS is  designed to permit hands-on practice 
of  the checkout troubleshooting and repair procedures 
per formed dur ing maintenance of the 6883 itself and three 
associated F-111-D LRUs , the bank and turn assembly , the 
yaw computer , and the multiplexer conver ter . The simu­
lator consists of four pr inciple units : ( 1 )  a central 
control computer ,  ( 2 )  an instructor console , ( 3 )  a 
student station , consisting of a CRT, keyboard , and slide 
projector for instructional and feedback purposes , and 
( 4 )  the s imulated 6883 test station and LRDs . 

Both actual equipment and two versions of the 6883 MTS 
have been used for training . The first vers ion has high 
phys ical f idelity with respect to the actual equipment 
but has l imited function . The second version of the 6883 
MTS has lower physical fidelity than the actual equipment , 
e .g . ,  a flat panel representation of the test station 
console , simplified cables and adapters , and a schematic 
panel representation of the LRUs , but can per form all 
functions of the real test equipment . 

The instructor console permits initial setup of 
lessons , control of lesson flow ,  monitor ing student 
progress , and recording detailed per formance data . The 
student station directs actions of the student at the 
test station , provides immediate feedback on actions 
taken , guides students through technical mater ial , and 
provides information in response to requests for help . 
The test station and LRDs are composites of functional 
components and pictor ial representations of other 
components that are not necessary for the training 
purposes . For example , some of the electronic circuit 
boards in the LRUs are pictures , while others are 
three-dimensional representations of actual circuit 
boards . 

The 6883 MTS was designed to suppor t training objec­
tives but not to duplicate actual equipment . This 
philosophy is exemplified in the emphas is on instruc­
tional suppor t features that facilitate the instructor ' s  
initiation , control , and monitor ing of training and that 
provide the student with easy access to routine informa­
tion ,  guidance , and feedback that would normally require 
the presence of the instructor . Easily understood command 
and feedback statements are provided by the student ' s  CRT. 
Pictor ial information from the slide projector supplements 
technical manual information . At each step in the train­
ing sequence , the student is required to answer a 
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multiple-choice query about what to do next . This forces 
the student to think about each step ahd also provides 
error information to the instructor . 

The overall 6883 MTS was designed with hardware and 
software modular ity to permi t easy maintenance , change , 
or expansion of equipment and instructional software .  A 
special programming language was developed to facilitate 
course changes or additions . In other words , the 6883 
MTS was designed with the inevitable need for change and 
expansion of function in mind . 

STEAMER 

The STEAMER project is an attempt to develop and 
evaluate knowledge-based techniques for use in por table 
computer-based training systems . A prototype version of 
STEAMER has been field tested at the Navy ' s  Sur face 
warfare Officers School . The central idea of the project 
is to provide a detailed , easily inspected simulation an d  
automatic tutor in a desk-top-sized training device . The 
project is developing techniques for displaying and con­
trolling simulation models and for automatically pro­
viding tutor ial advice and explanations . 

The project is focused on naval propuls ion engineer ing 
as a domain in which to investigate these techniques . 
The current STEAMER system consists of a computer-based 
s imulation of the propulsion plant of a 1078 class fas t 
fr igate , a dynamic color graphics display for inspecting 
and controlling the simulated plant , and a black and 
white display for exercis ing other features of the system . 

A device called a mouse is  used to control a cursor to 
designate items on the two STEAMER displays . The student 
manipulates the s imulated steam propulsion plant by 
designating var ious components , such as valves , and then 
causing them to open , shut , or adj ust the steam flow . 
Changes in the state of the components are indicated by 
changes in color or changes on dials , thermometers , and 
d igital readouts (see Figure A-2 ) . 

This approach to training personnel to recognize , 
i nterpret , and adjust to malfunctions and their impact on 
system performance and operating procedures is particu­
larly useful for complex systems such as nuclear power 
plants . It is flexible and readily adaptable to differ ­
ent applications through an appropr iate analysis of the 
job to identify the required skills and knowledge and 
associated training objectives . 
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FIGURE A-2 STEAMER: A simulator with low physical 
fidelty and high training capability .  
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RESEARCH SIMULATORS 

S imulators for r esearch differ from s imulators for 
eng ineer ing des ign and development pr incipally in that 
the former use has the objective of gaining generalizable 
knowledge ( i . e . , discover ing fundamental pr inciples that 
are broadly applicable) ,  while the latter use is to obtain 
specific data for the design of particular items of equip­
ment , systems , or procedures . Research uses of simulator s 
can focus on behavioral or engineer ing issues , although 
these are frequently interrelated . Research simulators 
generally must allow for greater latitude in manipulating 
conditions , events , and fundamental functional character­
istics than eng ineer ing simulators .  For research , 
scenar ios do not necessar ily have to represent actual 
situations , often cer tain features may be highly dis­
torted or abstracted , events may be time compressed , and 
secondary tasks may be created that have no real-world 
counterpar t .  

There are a var iety o f  practical reasons for the use 
of research simulators ,  such as lower system development 
costs , increased safety , improved efficiency in producing 
scenar ios , and the oppor tunity to obtain otherwise 
inaccessible measurements . Simulators have been adapted 
to support research when the necessary conditions for 
exper imentation cannot be created easily in a conven­
tional laboratory or the research intent focuses on an 
important aspect of real-world human behavior , such as 
flying or ship handling . In addition , the availability 
of obsolete training s imulators ,  particularly flight 
simulators ,  has encouraged university and other labor a­
tory investigators to take advantage of these devices as 
convenient tools to suppor t their research . 

The extent of difference between research and engineer ­
ing s imulators  and their  uses depends a great deal o n  how 
basic or applied the research is . Clearly , these uses 
have much in common ,  both have the objective of obtaining 
valid and reliable human per formance data , and the simu­
lator character istics , scenar ios , and performance 
measurement requirements can be the same . All uses of 
simulation become commingled in programs of research to 
develop· design requirements for training s imulators . 

We descr ibe two classes of s imulator facilities : one 
for aviation and one for mar itime research . 
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Aviation Research Simulator Facility 

The Man-Veh icle Systems Research Facility at NASA Ames 
Research Center , Moffett Field , california , is  a good 
example of a government simulation research laboratory . 
This  facility permits work not feasible in other existing 
NASA flight s imulators that are intended pr imar ily for 
aeronautical rather than human factor s research . Its 
general purpose is the suppor t of studies of the inter­
actions among flight crews , their  aircraft , and air 
traffic control . The facility includes a B-727 aircraft 
simulator , a skeletal cockpit for wor k on new display and 
control designs , and an air traffic control center . The 
NASA equipment supports complete simulation of a flight 
mission and includes a visual display capable of depicting 
dusk or night lighting , aircraft , fog , clouds , and other 
weather conditions . Exper imenters can introduce problems 
such as turbulence , air traffic , visual obscurations , and 
mechanical failures to create and control visual condi­
tions as well as operational workloads . 

Much of the research focuses on cockpit instrumenta­
tion , crew procedures , and workload measurement . Topics 
of investigations include how decis ions made in the 
cockpi t  are affected by environmental and hardware dif­
ficulties as well as by the availability of information 
from air traffic control and other aircraft , how error s 
are made , and the effects of automation , fatigue , and 
advanced instrumentation on human per formance . 

Some special measurement devices are necessary for the 
par ticular research applications of a flight simulator . 
Typical per formance data consist of measures such as 
course deviations , touchdown dispersions , and pilot 
control activity .  A great deal o f  human eng ineer ing 
effor t has gone into the design and inclusion of instr u­
ments such as secondary task batter ies , oculometer s ,  and 
television recording systems related to par ticular 
behavioral and life-science research interests . 

The instrument panels in many research simulator s may 
be reconfigured . The controls , for example , may be moved 
from center pedestal to oVerhead location , in order to 
reflect differences between a conventional jet  transpor t 
and a ver t ical or shor t takeoff and landing (V/STOL) 
a ircraft . This flexibility is  achieved at the expense of 
conformity with the anthropometr ic and often the geo­
metr ic designs of operational aircraft . 

Use of general-purpose CRT displays for the study o f  
information d isplay and control requirements i n  advanced 
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avionics systems has become increasingly common over the 
last 10 years . In some cases , panel cutouts with conven­
tional instrument identification mark ings are placed over 
the CRTs to provide an aura of realism , but in many cases 
these identifiers are merely inserted as text information . 
This procedure is consistent with the trend in the use of 
CRTs in transpor t aircraft for area-navigation and 
general-purpose multifunction displays . 

Huff and Nagel ( 1975 ) provide an excellent review of 
the use of flight simulators for research as well as a 
l ist and descr iption of many of these s imulators .  

Mar itime Research Simulator Facility 

S ince 1976 the u . s .  Mar itime Administration has 
operated the Computer-Aided Operations Research Facility 
(CAORP) to per form research and to test and evaluate ship 

operations in harbor confines and open sea . The basic 
long-range research program includes five research areas : 
( 1 )  vessel operations in ports and waterways , ( 2 )  stan­
dards for training and licens ing , ( 3 )  cr iter ia and 
specifications for ship ' s  br idge design , (4 ) standards 
for watch-keeping per formance , and ( 5 )  maneuver ing 
response requirements for ships . 

The core concern in all these research areas has been 
on human factors in mar itime operations . Several 
mar itime advanced technical developments have failed 
because human perceptual and control capabilities have 
been neglected when designing each par ticular system 
(Puglisi , 1981 ) . These capabilities are identified with 
the human limitations in perception , decision mak ing , and 
the control of machinery . The main area in which these  
functions are undertaken on  merchant ships is on the 
br idge . The duplication of the br idge environment and 
the modeling of ship response in the CAORP provide a 
sophisticated human factors laboratory dedicated to 
examining the human element in mar ine operations . 

The simulated br idge consists of a wheelhouse 5 . 1  
meters wide and 4 . 3 meters deep . Th e  equipment on the 
br idge is similar to that normally available in the 
merchant fleet and includes steer ing , controls and 
displays for propuls ion , and bow and stern thrusters . 
The two navigation radars are capable of displaying both 
relative and true motion presentations plus collision 
avoidance information . Future capabilities will include 
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a digital fathometer , a radio direction finder , and Loran 
C and Omega global navigation systems . 

An external visual scene is provided by a full-color 
computer-generated image system , which depicts ships , 
br idges , buoys , l ighthouses , tall buildings , mountains , 
etc . , in a panoramic view cover ing approximately 24 0 
degrees hor izontally . The l ighting of the visual scene 
can be var ied continuously from full sun to moonless 
n ight and with any degree of fog or haze . 

A control station is  the central location from which 
the s imulator exper iment is controlled and monitored . 
The s imulation can be initiated with the ship anywhere 
within the visual gaming area and any traffic configura­
tion des ired . The control station enables the researcher s 
to communicate with the watch standing crew on the br idge , 
to s imulate malfunctions , and to control the operating 
mode of the simulator . It is also possible to control 
the motions of other ships and tugs in the gaming area 
and s imulate telephone , intercom,  radio,  and whistle 
contact with the CAORF br idge crew . A separate human 
factors monitor ing station is designed to allow observa­
tion of crew behavior . Monitor ing is provided by five 
closed-circuit TV cameras and four microphones appro­
pr iately located throughout the wheelhouse to record all 
activities , comments , and commands .  

BATTLE SIMULATORS 

Battle s imulation is one use of s imulators that 
br idges development and training applications : it  is a 
combination of human-in-the-loop s imulation and war 
gaming . Battle s imulator uses range from system 
development and evaluation of systems and tactical 
doctr ine to training and the evaluation of tactical 
strategies and operational capabilities . Br ief 
descr iptions of representative human-in-the-loop battle 
s imulations from each service follow . 

Army Battle Simulation 

The u . s .  Army has developed two k inds of battle 
simulations : ( 1 )  field exercises for troops operating 
over real terrain and ( 2 )  command post exercises for 
command groups using simulated forces . The field 
exercises , generally called engagement s imulation (ES ) . 
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ES is a two-sided war game exercise played in the field . 
I t  provides realistic interactions with an intelligen t 
adversary simulating l ive fire and the r isks and conse­
quences of combat . The recently developed National 
Training Center is an instrumented battlefield in which 
troops of battalion-sized organizations of combined arms 
can exercise with troops over real terrain . Sensor and 
computer systems provide realistic feedback and summary 
data in real-time maneuvers  to the participants and the 
umpire/controller group . A laser-based system called 
MILES (Multiple Integrated Laser Engagement System) 
scores the effects of direct fire from small arms , 
missiles , and guns . 

Simula�ed exercises for command groups at the echelons 
of battalion and above have the objective of exercising 
the planning and fighting sk ills of command staffs rather 
than the maneuver ing of troops in the field . The mos t 
sophisticated of these is the Combined Arms Tactical 
Training Simulator (CATTS) . The activities of Blue and 
Red Forces , tactical events , and tactical outcomes are 
simulated or calculated by computer , company commander s 
are role-played by support personnel . Practice in 
realistic deployment and control of forces is  provided a t  
relatively l ittle cost.  

Air FOrce Battle Simulation 

A major Air Force facility is the Blue Flag exercise 
at Eglin Air FOrce Base , Flor ida . Blue Flag is a 
s imulation of the Tactical Air Warfare Center (TAWC) of 
the Tactical Air Command at Hur lbur t Field , Flor ida . Th e  
elements i n  Blue Flag exercises are multiple organizations 
within the TANC air defense network . They d irect fr iendly 
f ighter aircraft to intercept hostile intruder aircraft . 
Both live and simulated interceptors can be directed 
against live and s imulated tracks of hostile aircraft . 
The Blue Flag exercises are personnel-intens ive , however ,  
computers are being introduced to automate par t of the 
workload of conducting the simulation . 

Other multiunit war games are conducted among units 
subordinate to the TAWC that often include the TAWC for 
h igh-level integration . For example , the Airborne 
warning and Control System (AWACS) ,  an airborne air­
intercept control center , also has embedded facilities 
for simulated air defense exercises . 
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Navy Battle Simulation 

Three s imulation facilities of the u . s .  Navy are the 
Naval Wargaming System at the Naval War COllege , Newport ,  
Rhode Island , the War fare Environment Simulator (WES) at 
the Naval Ocean Systems Center (NOSC) , San Diego , cal i­
fornia , and the TACDEW s imulators used for fleet-level 
training . The TACDEW is a simulation of the COmbat 
Information Center (CIC ) on sur face ships . The facility 
is  reconfigurable to permi t phys ical representation of 
the CICs of the pr incipal destroyers ,  fr igates , and 
aircraft carr ier s of the u. s .  Navy . These simulator s 
have been used for some time and represent an ear lier 
level of computer technology . 

In its maximum configuration the Naval Wargaming 
System is a two-sided interactive task force simulation . 
I ts pr imary purpose is to provide exercises for a task 
force command staff and the commands of pr incipal force 
elements , both Blue and Red . Ships and aircraft of the 
task force are simulated in a computerized scenario . 
Exercises can run five days or more and range ocean-wide . 
Lower-level individual games can also be run , time-shar ing 
the computer among several parallel games . These games 
can be one-on-one or computer-opposed . 

This facility has evolved in stages from manual opera­
tion through progressive augmentations of computer sup­
por t .  A Multics computer system and new gaming software 
have been installed recently . 

The major use of the Newpor t facil ity is war gaming 
exercises for graduate students at the Naval War COllege . 
However ,  it  has also been used by the commander-in-ch ief 
of the Atlant ic Fleet for quar terly exercises with his 
s taff . A s imilar facility exists at the headquarters of 
the commander-in-chief of the Pacific Fleet . This 
s imulation receives computer suppor t from the Advanced 
Command and Control Arch itectural Testbed (ACCAT) , a 
computer system testbed facility at the Naval Ocean 
System Center , San Diego . 

The War fare Environment S imulator (WES ) , based on 
ACCAT , is  another facility for naval battle s imulation . 
WES is a reconfigur able facility for human-in-the-loop 
simulation of command centers in which exper iments in 
tactical communication and strategy are conducted . ACCAT 
is a functional representation of the Navy ' s  COmmand and 
Control structure suppor ting advanced command , control , 
and communication exper iments . 
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ACCAT simulates parts of the Navy ' s  hierarchy of 
d istr ibuted command and control centers on land and at 
sea including command , control , and communication 
information suppor t sites . They are implemented as a 
geographically distr ibuted networ k with var ious fixed 
s ites ashore and mobile site modules for shipboard 
installations . 

WES is a two-sided (Blue versus Orange ) real-time 
interactive computer-aided war gaming system with third 
par ty and neutral forces also represented . Force size 
can range from a s ingle ship to an entire fleet on each 
s ide . The CRT terminals and graphic displays serve as 
command input terminals for issuing directives and 
automatic status board terminals for displaying sensor , 
position , fuel , and other information . 

EMBEDDED SIMULATION 

The presence of computer s as integral elements of many 
complex systems has created the opportunity for including 
a training simulation in the operational system itself a t  
l ittle additional cost . Th i s  approach to s imulation for 
training has several advantages . Little extra equipment 
or software is necessary . The procedural sk ills necessary 
to operate infrequently used equipment such as weapons 
systems can be maintained through practice . And this 
practice can occur in the operational context . For 
example , the operator of a Navy missile system could 
practice tactics and launch procedures while the ship i s  
a t  sea . I n  civil ian fl ight operations the pilot could 
rehearse depar ture and alternative arr ival procedures 
through the flight management system and •fly• them 
through the autopilot while on the ground before starting 
the engines . 

We descr ibe as examples of embedded s imulation the 
Demonstration Advanced Avionics System in a cessna 402  
a ircraft at  NASA Langley Research Center and the 
Integrated Plight and Fire Control system being tested by 
the McDonnell Aircraft Company in an P-158 aircraft . 

The Demonstration Advanced Avionics System 

The Demonstration Advanced Avionics System (DAAS) is 
essentially a computer-based navigation and flight manag e­
ment system. Additional hardware and software are used 
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pr imar ily to test the DAAS by running siaulated flights 
through the autopilot . That is , radio navigation aids 
and aircraft performance para.eters are siaulated to 
dr ive the DAAS . The DAAS displays and controls operate 
on the ground as though the aircraft was actually flying . 
With a few modifications this sa.e test hardware and 
software was found to be an effective .. ana for training 
pilots , participating as test subjects , in the use of the 
DAAS . 

Integrated Plight and Pirecontrol Systea 

The embedded simulation feature in the Integrated 
Plight and Pirecontrol System ( IPPC) for the P-158 
aircraft operates in a similar fashion to allow complete 
pilot interaction in all IPPC weapon delivery modes , both 
on the ground and in flight , without the need for actual 
ground or air targets . The simulation used for the 
development test of the IPPC includes models for dynamic 
targets , target sensing devices , and the P-15 flight 
characteristics . Simulated targets can be placed at any 
altitude and location . Since preliminary maneuver ing to 
approach within engagement range of the target is not 
necessary , repeated encounters can be flown in rapid 
succession and thereby allow for the maximum amount of 
data collection or pilot training with a minimum amount 
of aircraft flight time . 

Aircraft displays and controls operate in the 
simulation mode the same as in flight with the addition 
of a target symbol to the head-up display to simulate a 
visually tracked target . A gunnery scor ing routine , 
usable for both s imulated and actual targets , supports 
gunnery training without the costs of ammunition and tow 
targets or the safety problems associated with live 
fir ing exercises . 
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TABLE B•l COmposition of the Working Group on Simulation 

Me�r , Affiliation Exper tise 

EDWARD R .  JONES (Chair ) ,  Ch ief BliNn Factor s En- Systeas acquisition , 
g ineer , McDonnell Douglas Corporation ,  St . Lou is design sillulation 

SBBLDOH BARON, Vice President , Inforaation Sci­
ences Division , Bolt Beranek and � Inc . , 
CAIIbr idge , Mass . 

PAUL w. CAJIO, Progru Manager , Seville Train­
ing Syste- corporation , Pensacola , Fla . 

JAMES G. GRBBNO , Professor of Psychology, Uni­
ver s i ty of Pittsburgh 

RICHARD s. JBNSBN, Assoc iate Professor , Depar tMnt 
of Aviation Psychology , Ohio State University 

BBRSCBJU. w. LEIBOWITZ , Evan Pugh Professor of 
Psychology , Pennsylvania State Univers i ty 

JOHN A. MODRICK , Senior Research Pellow , Honey­
well , Inc . , Minneapoli s  

JESSE OIUNISKY , Science and Technology Division , 
Institute for Defense Analyses , Alexandr ia , va . 

JOHN B. SINACORI , Pres ident , John B. Sinacor i 
Associates , Hollister , Cal i f .  

DOIIALD VRBULS , Pres ident, Vreuls Research 
CorpOrat ion , Thousand Oaks , CBl i f .  

ROBERT c .  WILLIGBS , Professor o f  Industrial 
Eng ineer ing and Operations Research , Virg inia 
POlytechnic Institute and State Univers i ty 

Control syst- , 
per foraance .. asure­
..nt 

Training' uses , 
asses ... nt of uti l i ty 

Learn ing , cognitive 
psychology 

Dec is ion processes , 
research siaulation 

Perception 

Methodology, aainten­
ance cli sillulators 

Coat-benefit analysis , 
aaintenance s iaulator a 

Sillulation eng ineering 

Per foraance .. aaur ... nt 

Research s i.ulation 
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APPENDIX B 

BIOGRAPHICAL SKETCHES OF WORKING GROUP MEMBERS 

The working group was composed of experts representing 
a balanced team of specialists with broad experience i n  
s imulation . The composition of the working group is 
summar ized in Table B-1 . 

EDWARD R.  JONES (Chair ) is chief human factors engineer 
at McDonnell Douglas Corporation , St . Louis , where he is  
responsible for behavioral science research as  well as 
human factors applications to a var iety of aircraft , 
miss ile spacecraft , and c3 and training systems . Be 
has been at McDonnell Douglas since 1959 . Previously he 
held research positions at washington University ,  North­
western University ,  and the Air Force ' s  Air Research and 
Development Command , where among other activities he was 
responsible for human factors suppor t of the first 
simulators delivered to the Air Force . Be is a fellow of 
the Amer ican Psycholog ical Association and the Human 
Factors Society and an associate fellow of the Amer ican 
Institute of Aeronautics and Astronautics and is cur ­
rently a member of the Advisory Council of the Institute 
of Nuclear Power Operations and of the u. s. Army Science 
Board . Be received an A . B .  in biology and psychology and 
A.M. and Ph . D .  degrees in psychology , all from Washington 
University.  

SHELDON BARON is  vice pres ident and assistant director of 
the Information Sciences Division at Bolt Beranek and 
Newman , Inc . , in Cambr idge , Mass . Be was a pioneer in 
the application of modern control and estimation theory 
to the analysis of person-machine systems and , in par­
ticular , to the development of human per formance models . 
His current research interests are focused on the appli­
cation of such models to supervisory control task s and to 
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the assessment of fligh t simulator requirements . Pr ior 
to joining Bolt , Beranek and Newman , he was employed by 
NASA , where he directed and conducted research in 
advanced a ircraft and spacecraft control and was directly 
involved in s imulation for many person-in-the-loop 
studies ( including studies of the X-15 and the Mercury 
spacecraft) .  Be is a fellow of the Institute of 
Electrical and Electronics Eng ineers and a member of the 
Amer ican Institute of Aeronautics and Astronautics . Be 
was cochairman of the NASA-University Conference on 
Manual Control in 1977 and in 1980 . Be served on the 
Scientific Advisory Group of the Army Missile Command in 
1975 and was president of the Harvard Society of 
Engineers and Scientists from 1976 to 1978 . Currently , 
he is secretary treasurer of the IEEE Control Systems 
Society . Be received a B . s .  degree from Brooklyn College , 
an M.A.  in physics from William and Mary College , and a 
Ph .D .  in applied mathematics from Harvard University .  

PAUL w .  CARO is program manager with Seville Training 
System Corp.  in Pensacola , Flor ida , and a member of the 
u . s .  Air Force Scientific Advisory Board . Previously he 
was a senior s taff scientist with the Human Resources 
Research Organization . Be has directed research . on 
training s imulator design , utilization , and evaluation . 
Be has been responsible for the design of flight simulator 
training systems for the u . s .  Army and the u . s .  Coast 
Guard and has par ticipated in s imulator design and 
evaluation efforts for other u . s .  and foreign agencies 
and industrial organizations . Be is a fellow of the 
Amer ican Psychological Association and a member of the 
Human Factors Society , the Amer ican Institute of Aero­
nautics and Astronautics , the Amer ican Nuclear Society , 
and Sigma Xi . Be received B . A .  and M . A .  degrees from 
Flor ida State University and a PH . D .  degree in industr ial 
psychology and psychometr ics from the University of 
Tennessee . 

JAMES G.  GREENO is a professor of psychology at the 
University of Pittsburgh . Be was a visiting scientist a t  
the University of Oxford in 1974 and a member o f  the 
National Research Council ' s  Committee on Fundamental 
Research Relevant to Education in 1976-1977 . Be is a 
member of the Psychonomic Society and was chairman in 
1980 . Be is a fellow of the Amer ican Psychological 
Association and of the American Association for the 
Advancement of Science . Be was pres ident of the 
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Federation of Behavioral Psychology and Cognitive Science 
in 1982-1983 . His research interests include the 
psychology of learning , problem solving , and think ing , 
mathematical psychology , and the philosophy of psychology . 

RICHARD s. JENSEN is associate professor in the Depart­
ment of Aviation Psychology and the director of the 
Aviation Psychology Laboratory at Ohio State University ;  
he also holds an appointment i n  th e  Department of 
Industr ial and Systems Engineer ing .  Be received a Ph . D .  
i n  engineer ing psycholOgy from the University o f  Illinois 
in 1979 . His pr imary interests are in the development of 
display symbology and dynamic algor ithms for cockpit CRT 
d isplays and in pilot j udgment training and evaluation . 
Be i s  also involved in developing low-cos t s imulation 
techniques for pilot training . 

HERSCHEL w.  LEIBOWITZ is the Evan Pugh professor of 
psychology at Pennsylvania State University ,  a consultant 
with the Veterans Administration , and consulting editor 
of the Journal of Exper imental PsychologY and the 
International Journal of Vision Research . Be has a Ph . D .  
i n  exper imental psychology from Columbia University .  Be 
i s  a member of the National Research Council ' s  Committee 
on Vision and has been a consultant to var ious government 
agencies . His technical interests include behavioral 
psychology , visual perception , visual system and image 
perception and evaluation . 

JOHN A.  MODRICK is senior research fellow in the Man­
Machine Sciences Group at Honeywell ' s  Systems and 
Research Center , Minneapol is . Be has been at Honeywell 
since 1972 . Previously he has held research and teaching 
positions in several academic and industr ial organiza­
tions , including Colorado State University ,  Washburn 
University ,  and the Air Force ' s  Aerospace Medical 
Research Laboratory . His technical interests include 
training , cognitive functions , and system design . Be has 
the degrees of B .A. , M . A .  and Ph . D . , all in psychology 
from the University of Michigan . 

JESSE ORLANSKY is  a member of the technical staff in the 
Science and Technology Divis ion of the Insti tute for 
Defense Analyses . Be received degrees from City Colleg e 
of New York and Columbia University .  
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JOHN B. SINACORI is an aeronautical technologist operating 
as both an engineering consultant and a pr incipal inves­
t igator at John B .  Sinacor i Associates , Hollister , Calif . 
His exper ience in aerospace firms includes flight dynamic 
and aerodynamic analyses , the design of aircraft , rotor­
craft , and spacecraft , research on pilot-�ehicle dynamics 
and all aspects of flight simulation , including their 
conduct for training and vehicle development , simulator 
des ign and s imulator research . As the head of his own 
firm, he has been active in the design and development o f  
advanced simulation equipment , research on simulator 
cueing , and particularly the determination of motion and 
visual cueing needs for training and engineer ing develop­
ment simulation and the design and development of advanced 
astronomical telescopes . He holds a B . s .  in aeronautical 
engineer ing from Rensselaer Polytechnic Institute and has 
per formed numerous additional studies in electronics , 
optics , physics , mathematics , engineer ing . He is also a 
r ated commercial pilot . 

DONALD VREULS is president of Vreuls Research Corpora­
tion , Thousand oaks , Calif . ,  where  he directs applied 
research and development in human-system and team 
performance measurement and assessment , intelligent 
information systems , and instructional technology and 
simulation . He cofounded canyon Research Group , Inc . , i n  
Los Angeles , where h e  directed r esearch and development 
in simulator performance assessment , automated and 
adaptive training , and flight simulator visual system 
requirements . He has performed both flight simulator and 
in-flight exper iments on aircraft control , display , flight 
management and fault warning system design requirements , 
and field studies of human visual per formance with passive 
night vision sensors .  He is a member of the Human Factor s 
Society and has authored over 60  technical reports and 
publications . He received a B . s .  degree from the Univer­
s ity of  Illinois and an M.S.  degree from Tr inity 
University.  

ROBERT c. WILLIGES is professor of industr ial engineer ing 
and operations research as well as professor of psychol­
ogy at Virginia Polytechnic Institute and State Univer­
sity .  He is a fellow of both the Amer ican Psychological 
Association and the Human Factors SOCiety .  B e  is  a 
former editor of � Factors and is a past-president o f  
the Human Factors SOCiety . Be was also president o f  the 
Division of Applied Exper imental and Engineer ing 

Copyright © National Academy of Sciences. All rights reserved.

Human Factors Aspects of Simulation
http://www.nap.edu/catalog.php?record_id=19273

http://www.nap.edu/catalog.php?record_id=19273


133 

Psychologists of the Amer ican Psychological Association . 
He was on the faculty at the University of Illinois with 
appointments in psychology and aviation and served as the 
associate head for research of the Aviation Research 
Laboratory and assistant director of the Highway Traffic 
Safety Center at the University of Illinois . He received 
an A . B .  degree in psychology from Wittenberg University 
in 1964 and M.A.  and Ph .D .  degrees in engineer ing 
psychology from Ohio State Univers ity in 1966 and 196 8 ,  
r espectively . H is research interests include human­
computer interactions , ·computer-based training procedures , 
and human factors research methodology . Be has authored 
or coauthored over 100 technical reports , scientific 
papers ,  book chapters , and journal ar ticles . In 1974 he 
won the Jerome B .  Ely award for the best paper published 
in Volume 15 of Human Factors .  
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the O f f i ce of Naval Research , the Air Fo rce O f f i ce o f  S cient i f i c  Research , 
the National S cience Foundat ion , and the National Aeronaut i cs and Space 
Admin i s t ration 
K I Y  WO"DS (Continuo on ,..,., •• oiH II noco .. .-p .w1 ,.,.,� ., 61•c• n-.•or) 

s imulators Commi t tee on Human Fac tors 
simula t i on human-machine interact ion 
engineering des ign simula tor rese arch 
t raining 

A aST IIIt A C T  (Continuo .. , • .,., .. ot• II necooo.,. •fl lflenfllt .,. .. od ,.... •• ,) 

The in�re as ing importance and pervas iveness o f  simulation are due to several 
factors including cos t  an d  time savings that can be re alized in system des ign 
and t raining , the abili ty to reproduce and examine si tuations that would be 
uns a fe us ing actual equipmen.t , the control and meas urement o f  human-machine 
performan ce in a benign environment , and the capability to inve s t i gate con-
ditions that would be imp racti cal to arrange o therwi s e . Short comings in the 
use of current s imulators are des c ri bed and recommendat ions are made for 

research needed to enhance the value an d  use o f  simul a tors . 
,.o.-• 
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