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FOREWORD

This report was prepared by the American Institute for Research under Air
Force Contract No., AF33(616)-2986, Project No. 5-(7-7192) entitled "Human
Engineering Analysis of Weapon Systens," and Task No. 71633 entitled
"Development of Procedures for Systematic Inclusion of Human Engineering
Factors in the Development of Weapon Systems." The project was administered
by the Psychology Branch, Aerc Medical Laboratory, Directorate of Research
Wright Air Development Center, with Mr, Julien M, Christensen serving as
Project Engineer, .

Users of this report are imnvited to submit to the Psychology Branch comments
which will be usefill in improvine the material contained in this document.

This report has been released to the Armed Services Technical Inforration
Agency, Knott Building, Dayton 2, Ohio. It has also been released to the
Office of Technical Services, Department of Commerce, Washington 25, D. C.
for sale to the general public.

The authors are grateful to ¥Mr, Julien M. Christensen for his interest in
this work and for his many helpful suggestions throughout the course of its
preparation. Special thanks are due to Mr. Christensen and Mr. Robert McGenee
of the Psychology Branch who provided the authors with an outline of human
engineering procedures which they had developed for use with two weanon
systems currently being developed. Mr. Melvin J. Warrick of the Psychology
Branch also made several sugrestions that significantly improved the final
report. Acknowledgment is also Adue to Dr. Robert B. Miller, Principal
Investigator, for his contribution to this report.

Space precludes individual acknowledgment of the efforts of the many other
persons who contributed to this repart. Very special tharks are due to

members of the Psychology Branch, Aero Medical Laboratory, and to the twenty-
five design engireers and psychologists who gave generously of their experience
and time to criticize and suggest improvements in a vprevious version of the
report,

Information in this report is based on weapon system development procedures
in effect during the course of this contract (1955-1956).
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ABSTRACT

At each stage in the development of a new weapon system appropriate action
must be taken regarding the eventual role which men will play in operating
and maintaining the completed system. The use of systematic procedures for
solving problems and raking decisions with respect to these human engineering
factors,and for articulating them with other aspects of svstem development,
agsures that the weapon system emerges as a maximally effective man-machine
systen,

This report is intended to suggest systematic procedures for the human
engineering of developmental weapon systems, A brief discussion of man-
machine systems and the role of human engineering in their design is followed
by a design schedule. This schedule suggests at what points and in what ways
human engineering should be accomplished. Following the design schedule,
procedures that may be used to assess and solve human engineering problems
are suggested. Finally, human capabilities and limitations are discussed
from the point of view of the man as a system component.

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER:

JACK BOLILERUD

Colonel, USAF (MC)

Chief, Aero Medical Laboratory
Directorate of Research
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CHAPTER 1

content

Intreduction

Evolution of design philosophy

Definition of a system

An overview of human engineering in
weapon system design

THE DESIGN OF MAN-MACHINE SYSTEMS

1 Manuscript released by the authors 31 QOctober 56 for publication as a WADC
Technical Report. _
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Overview

Since World War II a large amount of human engineering
informati on has been available to system designers in

guides, design handbooks and technical reports. This
information has been of oreat value in providing designers
with data on human capabilities and limitations applicable
to such detailed design areas as displays, controls and
work place arrangement,

Many human engineering2 problems, however, cannct be
solved simply by matching a given design problem with
appropriate data, Facts without procedures for their
systematic application are of little wvalue. Often the

designer may not know when a human engineering problem

exists,

Or, he may encounter a problem too late in

development to permit its solution.

This chapter discusses the philosophy and introduces
the application of human engineering rrocedures to the
design of weapon systems,

The term "human engineering® is used throughout this report hecause of its

common acceptance.

Aectually, this report is concerned almost wholly with

engineering psychology-~—the application of the techniques and facts of the
science of psychology to problems of system design. Other aspects of human
engineering such as the application of anthropometry and physiology to the
design of systems have not been discussed here.
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@® THE DESIGN CF MAN-MACHINE SYSTEMS

CHAPTER 1

e Intrcduction

Why Thiz Report Was Written

A survey of the opinions of human
engineers conducted prior to the
preparation of this report, revealed
a need for answers to the following
questicns;

l. At what peint in the develop-
mental progrem should human
englineering first occur?

2. VWhat problems demand needed state-
of-the-~art studies?

3. In what way may man-machine func-
tion allocation and crewmember
assignment bte accomplished?

k. What kinds of information should
be gathered and how can decisions
be mede for determining usable
work areas, establishing control
and display requirements and pre-
paring work procedures?

5. What kinds of considerations
should enter humen engineering
evaluations?

These are more questions of method and

approach than of fact. They oecur
early and remain late in the develop-
mental program.
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Purpose

The purpose of this report is to
suggest procedures for identifying
and methods for solving a number of
human engineering problems. Through
ite use the system designer will be
better able to articulate human
engineering on a new system with other
events occurring during the develop-
ment.

The objectives of this report are based
primarily but not exclusively upon the
responsibility of the Wright Air Develop-
ment Center to provide human engineering
assistance to the Directorate of Systems
Management, Air Research and Development
Command. Considerations falling in
human factors areas such as anthropolqy,
physioclogy and safety, which do not

fall within this area of responsibility,
have been untouched or treated only
superficially. - Procedures for prepar-
ing training and training equipment
requirements, which have been covered
elsevhere (21), have not been included.
Methods for maintainability design may
al;o be found elsevwhere (see especially
).

Major emphasis is placed upon a human
engineering design schedule to which
procedures for functions analysis,
man-machine and crewmember allocation,
work and component design, and human
engineering evaluation may be tied.



® The Design of Man-Machine Systems

® Evolution of Design Philosophy

Who Will Use This Report

This report was prepared for the use
of all perscns who participate in the
human engineering of weapon systems.
Such perscns will include:

1. Ailr Force personnel responsible
for the formulation of system
requirements.

2. Personnel in industrial con-
tracting organizations with
cognizance over design decisions
which will affect the human compo-
nent or human performance in the
system.

3. In-service personnel concerned
with the design and evaluation
of weapon systems: Weapon System
Project Offices, appropriate
Leboratories, and individuals with
subsystem responsibility.

A Word About the "Humen Engineer”

Human engineering is only one of the
many fields of knowledge contributing
to the design of weapon systems.
Reither its relative newness nor the
fact that it is based on specialized
informaticn about human performance
makes human engineering basically 4if-
ferent from other design disciplines.

The human engineer, whether he is
called by that or some other name, is
a member of a design team and must

work closely with other members of

that team. In this report, no distine-
tion is made between the human engineer
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and other members of the design team.
Instead, major emphasis has been given
to human engineering problems and pro-
cedures. The extent to which various
tean members contribute to the solution
of tnese problems and the application
of the procedures will depend upon the
structure of the design team and the
nature of the design problem being
solved.

Some Limitations and Assumptions

Inasmuch as the design process is nec-
essarily a highly complex one, invol-
ving many separate acts of invention
and many different types of scientific
knowledge, each system presents new
problems that require new approaches
and unigue methods for their solution.

It 1s recognized that adequate human
engineering cannot be accomplished
solely through the applicaticn of
already known or established techniques.
However, by following a general set

of procedures, by using them as _
flexible guide lines rather than as firm
prescriptions, & considerable amount of
trial and error can be eliminated.

At the risk of being idealistic,and

at times unrealistic, this report
provides procedures intended for appli-
cation to a wide variety of weapon
systems--missiles, manned aircraft,
ground systems, ete. To obtain this
generality, it was necessary to ignore
many special considerations and con-
tingencies involved in the design of
particular types of systems. This
means that the individual designer must
rely upon his own judgment in modifying
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or short-cutting procedures for a for the attaimment of important
particular system. operational objectives,

Several specific limitations are
worth noting:

l. No attempt has been made to

present human engineering in- ¢ Evolution of Design Philosophy
formation that can readily be

found elsevwhere in usable form.

2. No attention has been given

to methods for modifying these During the past 150 years the philosophy
procedures to fit the needs of system design has been profoundly
of different types of organiza- influenced by advances in the sciences
tions. of engineering and human behavior and
by shifts in the roles of men and
3+ Only a very gross indication of machines as system components.

the sequence in which procedures

should be applied 1s given in this

report. In many cases it is left

to the individusl designer to

decide when previous decisions Machine-orierted Design
should be modified, procedures

should be re-applied, or several

steps should be conducted concur- The first systems were simple man-
rently rather than successively, powered devices built around a single
human operator. Machines replaced
This report is based on the following certain human capabilities, extending
assumptions: their range and precision, but they
_ did not replace man himself. Central
l. Humen engineering cannot be to every man-machine system was the man;
divorced from other aspects of starting and stopping work, controlling
system design. system performance, detecting and cor-

recting errors, and performing maintenance,
2. Acts of invention involved in the

design of g system cannot be re- The philosophy of systems at this time
duced to routines, but best was machine oriented. The designerts
guesses, hunches and timely judg- approach to the human operator was largely
ments are often the best and only subjective. As long as the care, feeding
resource in meeting developmental and operation of machines was relatively
schedules. simple, the average adult could be relied

upon to carry out an assignment.
3. Operational requirements for the

system establish the scope of good With the advent of power machines, the

human englneering. As with the role of the human operator became more
other design specialties, it may peripheral. Machine power replaced man
even be necessary to vioiate commonly power. Machine operations became self-

accepted human engineering principles
WADC TR 56-488 5
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certain maintenance functions could
be performed automatically.

Tt was discovered that the trend
toward rachine-oriented design could
be pushed even further through the
use of systematic techniques for
personnel selection arnd training. By
fitting the human operator to the
demands of existins equipment, work
output could be increased and waste
reduced, Litile emphasis was placed
on simplifying the job by modifying
the machine to fit the man. The
machine rather than the system was
emphasized in design.

Man-oriented Design

Extensive automation in modern equip-
ment has freed man from many manual
tagks, limiting his activities to
these functions not econcmiecal or fea-
sible for machines.

With this shift in roles, the demand
for continuous high gquality operator
performance has incressed. Whereas
previous systems could tolerate large
varietions in component performance
without breakdown, the new demand was
for systems capable of working within
extremely close tolerances. This, in
turn, inereased the accuracy reguire-
ments imposed on man.,

This demand for inereasingly fine
tolerences was accompanied by the
development of more complex equipment.

Some of this equipment was inadvertently

designed so men could not perform
thelr required operating or maintenance
functions easily, quickly, and without

error.
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A new discipline called "human
engineering” assumed a role in the
design of systems compatible with
the capabilities and limitations of
human components.

At first this new philosophy of man-
oriented design waes devolbed primarily
to criticism of machines already in
advanced or protoitype stages of dewvelop-
ment. This effort, while beneficial,
wvas wasteful. Time and money had to be
spent in making changes, or valid recom-
mendations were passed over to meeb
budget or schedule limitations.

System~oriented Design

During the past decade there has been
an increasing tendency to regard the
man and the machine as part of an
over=-all system. Instead of selecting
the man for the machine or designing
the machine around the men, each compo-
nent is planned for the system and the
mission which it is to accomplish.

System-oriented design i8 concerned
primarily with meeting given objec-
tives. The machinery, the men, or
both, which might be used to meet these
objectives are of secondary importance.
The major purpose is to achieve a given
tactical, strategic, logistic or defen-
sive goal in the shortest time by the
most direct developmental route, with
the least amount of money, trial and
error.

This approach differs in emphasis from the
man and machine design approaches dis-
cussed above. It stresses the need to
delineate, w11 In advance of any con-
sideration of the hardware or men Who




will serve as components, conditions
under which a given system will per-
form and the functions needed to ful-
£111 this performance capability.

When this has been done, the design
team works on the development of a
system of components which will fulfill
the requirements that initiated the
developmental process. OQOnly if design
and development proceed in this manner
can there be reasonable assurance that
the completed system will not be a
patchwork of compromise and revisicn,

¢ Definition of a Systen

A weapon system, like any cther man-
machine system may be defined as any
group of activities, invelving men
and machines, directed toward the
solution of a given set of problems.
A system censists of both objects
and processes. The objects of a
system are its operating envircnment,
machines and men. The processes of
a system are the ways in which these
objects interact with one another to
achieve given ends.

In designing systems it 1s convenient
to think of the human being as z com-
ponernt with many of the features of
hardware components. By thinking in
this way it is possible to consider
realistically the selection of human
beings and hardware components in
simiiar terms: as items subject to
stress, and breakdown, and with
limits and capavilities.

WADC TR 56-488

® The Design of Man-Machine Systems
e Definition of a System

Figure 1. Summary of a System
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® An Qverview of Human Engineering in
Weapon System Design

Human engineering is that aspect of
system design concerned with achieving
optimal system performance through
effective utilization of human cap-
ebilities. In order to achieve its
objectives adequately, human engineer-
ing must begin early in the design
sequence and be active throughout each
successive developmental phase.

The developmental history of every
complex system involves a series of
successive approximations. Each
design approximation having implica-
tions for human performance should

be & joint human engineering and
equipment engineering effort. In this
way human engineering can make its
maximum contribution withcut unneces-
sary waste of developmental effort.

Buman engineering is a complex process,
and its description in a report of

this type must necessarily risk over-
simplification if a cumbersome treatise
is tc be avoided. Also, any descrip-
tion of human engineering and systems
procedures on one day will be partially
outmoded on the next. As reguirements
for radicalily new systems emerge, new
procedures must be developed. Despite
these difficulties, an attempt has been
made to provide a unified description
of current human engineering procedures
which will be useful, at least for the
immediate future.

The remainder of this chapter is devoted
to an overview of the various aspecis
of system design to which human engi-

neering can make a contribution. Chapter
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2 presents a design schedule which
suggests appropriate human engineer-
ing activities for each design stage.
Chapters 3-8 describe human engineering
procedures for the various design
stages in detall. Chapter 9 provides
a brief introduction to the capabilities
end limitations of the human as a
system component. In Chapter 10 ref-
erences to detailed sources of human
engineering design data esre provided.

Allocation of Functions to Men and
Machines

Shortly after the formulation of the
General Operational Requirement for

a system, decisions must be made as

to whether therée will be humsn
components in the system, and generally
vhat their roles will be.

To make these decisions four types

of information are needed: a state-
ment of system requirements, a state-
ment of the capabilities needed to meet
these requirements, hypothetical
mission profiles, and ground support

flow charts.

The statement of system requirexents

is a comprehensive list of those

things which the weapon must be able
to do. The statement of capabilities
is a list of avallable or projected
techniques, equipment or subsystems

in each requirement area. Human compo-
nent capabilities as well as instrumented
capabilities are included. The mission
profiles and flow chérts are graphic
descriptions of the missions which the
weapon is expected to perform and the
things which must be done to the system
before and after & mission.



Whén these items have been prepared,
the list of capabilities in each
requirement ares is indexed to the

- mission profiles. In most cases a
number of different capabilities can
be used to satisfy a particular
requirement. By examining the rela-
tive merits of each capability with
respect to the requirements, it will
be possible to select that alternative

wvhich will most adequately fulfill these

requirements,

When it has been determined that one
or more human components will increase
the effectiveness of the system, the
variocus functions assigned to men are
examined to determine which should be
combined in individusl crewmen. Novel
as well as traditional crew assign-
ments should be considered.

Next, general performance desecriptions
must be prepared for the activities to
be carried out by each crewman. These
descriptions should be prepared in

a way which will reveal over- or under-

loading of any individual. The rela-,
tionships among crewmen may be shown
on revised mission profiles and
organizational disgrams.

Design of Equipment, Work Space and
Procedures

In modern weapon systems, the design
of subsystems and equipment, work
gpace, and operational procedures is
a series of successive approximations
and must take place concurrently if
maximum system effectiveness is to

be attained. Although these items
are discussed sequentially below,

that they must taken place concurrently

should be kept in mind throughout the
diseussion.

WADC TR 56-488
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Once the functions of the human operator
have been determined, all equipment

and subsystems should be designed toward
the accurate and reliable execution

of these functions.

The first step in the design of equip-
ment for use by operators is to deter-
mine the regquired man-machine linkages.
These may then be broken down into input
and output requirements. Input require-
ments will include the types of visual,
auditory or other incoming information
needed by the operator or technician for
such activities as controlling, monitor-
ing, or checklng system performance.

Qutput requirements will consist of

the classes of response which must be
made by the operator to contrecl various
aspects of system performance, or to
obtain additiocnal information.

From these general requirements, classes
of controls and displays may be estab-
lished, OQften an entirely new display
or control medium may be indicated.
Compromises are better made later in
the developmental program. Following
these general considerations, second-
ary decisions as to the shape, coding,
location and other characteristics of
the equipment can be made,

The design of work space layouts will
include provisions for seating, physi-
cal movement of the operators, opera-
tional maintenance, and other factors
permitting optimal person-person con-
tact and man-machine interaction.

Such layouts should first be based
primerily on the size and mobility
requirements for operators, including
emergency procedures as well as normal
activity sequences.

It ds 1likely that some compromises
between these factors and system con-
siderations will be necessary. If,
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for example, aerodynamic considers-
tions reguire a small dizmeter air-
frame, upright seating of the operator
may be impossible. Other positions
may affect the location and layout of
equipment, and even the shape, mode of
activation and required force may
require modification,

Another important human engineering
area is the design of optimal work
procedures. In general, procedures
must be developed to cover each
linkage between man and machine. It
is necessary in establishing efficient
work procedures to consider such
Tactors as over-all task load, fatigue
and work environment if variability
and error are to be kept to a minimum.

)

The Preliminary Operational Concepts
and Preliminary Operational Plans,
prepared by using commeands, will pro-
vide useful scurces of data for pre-
paring work procedures. Other useful
data may be found in Technical Orders,
reference manuals, regulations, mili-
tary specifications and Standing
Operating Procedures (S.0.P.'s) from
previous, similar systems.

It is important that the design of
all vwork procedures include pro-
visions for handling the variety of
contingencies which en operator may
encounter but which cannot be stated
as routines.

Checking Operator Performsnce
Descriptiona

Performence descriptions based on pro-
visional operator assignmente must
be continually rechecked as equipment

WADC TR 56-L488 1o

and work procedures become firm.
Consideration should be given to
fulfillment of mission requirements,
duplication of effort, the handling
of emergencies, and task over- or
under-load. A regrouping of equip-
ment or operators or changes in task
sequences may reduce problems of
over- or under-load.

Design of Training Devices

The design of training equipment must
parallel the development of the sys-
tem. From early design drawings and
equipment analysis, a tentative list
of tasks to be trained can be provis-
ionally determined. Often the same

"Information used in the design of

position descriptions or work pro-
cedures may be used to specify
conditions for efficient learning.

From the duties obtained through this
analysls, essential skills and know-
ledges may be abstracted. These are
then translated into a set of practice
exercises and devices. Consideration
should be given to the use of inexpen-
sive demonstrators end practice devices
as well as simuletors in those cases
vwhere either special practice may be
required or it is unnecessary to
simulate the operating environment,

It is often difficult to keep training
devices up to date with all of the
latest modifications of operational
equipment. Consideration of human
factors can aid in deciding when such
modification will actually affect train-
ing and should be incorporated in
training equipment.



Evaluastion

Throughout the entire course of system
development, various products are being
designed and tested. Major evaluetions
oceur at special and final Mockups and
at Development Engineering Inspections,
when either a complete model or a model
of a subsystem is available. Any
product which affects the man or which
is affected by his performance, should
be evaluated for possible errors and
needed changes.,

The use of standardized checklists
during system evaluatlons will help to
insure that important features, such as
error-likely, dangerous, or inefficient
conditions, are not ignored.

Two types of checklists can he used.
The first, is a list of items which
can be checked against parts lists,
blueprints and design drawings. BSuch
8 list can save considerable time at
Mockups, where time is precious, and
at the same time familiarize the
evaluator with the system. It would
contain items against which the
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inclusion and location of a particular
item (e.g., control or display) could
be checked. 1In many cases location
end inclusion are prescribed in military
specifications or in such manusls &s
Handbook of Instructions for Ground
Equipment Designers (HIGED) or Hand-
book of Instructions for Aircraft
Designers (HIAD). Such a list (3)
has bheen prepared for the Wright Air
Development Center.

A second type of checklist is of use

at the Mockup itself, or at Development
Engineering Inspections and Operstionsl
Sultability Tests. It contains more
detailed items on scales and dials,
information presentation, control
forces, and the like, which cannot be
checked except by reference to s mock-
up or actual prototype of the system.

A checklist of this second type has
also been prepared (28).

By using these checklists throughout
the developmental history of a system,
accurate records may be kept which
will be of value at succeeding phases
of development and for the design of
subsequent systems.
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Overview

The development of a weapon system is complex--
requiring numerous interlocking decisions, docu-
ments and activities. The schedule presented in
this chapter is intended to help the designer
systematically incorporate human engineering into
a system during its development. Steps to be
taken at each stage in the developmental cycle
are suggested. Procedures for accomplishing
these steps are to be found in subsequent chapters
of this report. Because the history of each
system is always unique, the cycle presented here
is necessarily asbbreviated and generalized.

WADC TR 56-488 1L
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The extent to which this design
schedule is useful will depend

upon the kind of system being designed
and the point in its development at
which human engineering is begun.
Where possible all of the steps should
be followed, even if they are to serve
only as a check on the sdequacy of
already established decisions.

Some of these steps may be the exclusive
concern of inservice personnel,
especially those which occur early in
the design sequence, Others, particu-
larly those in the design of the devel-
opmental model, will be the primary
concern of contractor personnel. Still
others may invoive the joint particpa-
tion of both inservice and contractor
personnel.

Throughout the entire development cycle
research will be necessary. An attempt
has been made throughout this report to
spell out the requirements for partic-
ularly critical research areas.

e General Human Engineering Principles

More important than any other principle

is the necessity for thorough familiarity
with the mission of the system. The
elements employed must be integrated to
form a complete system. It can no longer
be assumed that a system is to be designed
for the man, or the man molded to the
systen.,
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Only by reappraising each decision
before it has been rendered into
hardware can human engineering require-
ments imposed upon & system be reason-
able. Since design decisions in-
evitably interact with one another,
considerable compromise will almost
always result. But this compromise
can be accomplished without undue
sacrifice to the final effectiveness
of the system if each separate
decision is veviewed and coordinated
with other designers and design
agencies. Major changes incor-
porated after production tooling is
established will be expensive and

time consuming.

e Stages in System Development

The following design schedule is
based upon major stages that usually
occur in the development of a system.
Each stage is initiated and supported
by one or more developmental documents.
These stages and documents are dis-
cussed here in relation to the human
engineering contributions that can

be made in their preparation and the
human engineering activities that
should parallel their appearance.

It should be remembered that the
stages presented in this schedule
are not successive but often overlap
or parallel one another. Each new
system will undoubtedly depart in
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¢ Summery of Steps in the Humen Engineering of a Developmental Weapon System

Stages of System Design

Steps in Human Engineering
(see Chapters 3-8}

Preparation of system _1. Review the requirements for the system
reguirements
Conduct of the Design ~ 2. Study alternative capabilities
Study (Feasibility 3. Prepare mission profiles for the airborne vehicle
Studies) " 4, Prepare flow charts for ground support
5. Perform capabllity research
Development Planning 6. Allocate functions witnin the airborne vehicle
7. Allocate functions within the ground support area
8. Perfcrm a time and link analysis
9. Assign functions to individual crewmembers
10. Initiate research as indicated
Design of the Develop- 1i. Prepare performance descriptions
ment Model 12. Analyze individusl operator work-loads
13. Study operator contacts
14. Perform operator performance research
15. Delineate usable crew station work areas
16. Delineate usable work areas within crew stations
17. Determine the location and installaticn of comporents
18. Perform research on altermative workspace layouts
19. Analyze human information requirements
20. Analyze human response requirements
21. Deslgn displays, controls and operator console
22, Determine auxiliary job supports
23. Prepare procedures
oL, Perform research for the integration and simpli-
fication cof equipment
Evaluetion of the 25. Evaluate drawings, plans and blueprints
Development Model; 26. Evaluate mockup, development and prototype equipment
Testing and Fabrica- 27. Evaluate engineéring change prcposals

tion of the Prototype
Model; Production

WADC TR 56-488

16



some measure from this ideal sequence.
At the end of this chapter (p. 21)

a sample time chart for a hypothetical
developmental cycle of & weapon system
is presented to show the relation
between developmental phases and

human engineering objectives.

Preparation of System Requirements

The General Operational Requirement
(GOR) is the first major document
to be prepared in the developmental
cycle. It provides ecriteria for the
developmental planning of a specific
weapon or support system and contains
statements of an operaticnal need
arising from a described Air Force
mission. Prepared by Headguarters,
USAF, the GOR is written in terms

of an extended time period.

Since the GOR serves as a basis for
specific design plamnning, it is desir-
able that human engineering contribute
to its preparation through providing
advice on the kinds of human engineer-
ing requirements that can reasonably
be made at this stage in development.

At this point in development the GOR
should be used .as & basis for s

review of the requirements of a system,
prior to functions allocation, Pro-
cedures for this review are presented
in Step 1 of Chapter 3 of this

report (p. 25).

Conduct of the Design Study

A Design Study (DS), initiated through
contractors by Headquarters ARDC,
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following Headquarters USAF approval,

is a detailed analysis of the feasibility
of the GOR. Its objective is to specify
what military characteristics and cap-
abilities could be reasonably expected

£o fulfill the requirements presented

in the GOR.

At this stage, human engineering
assistance should be provided to the
Directorate of Systems Management,
ARDC, in the preparation of a Statement
of Work to prospective contractors for
the Design Study.

Before and during the Design Study, an
analysis of alternative existing or
projected human and equipment capabilities
that could be used in the system should
be made. A procedure for analyzing

these capabilities is suggested in

Step 2 of Chapter 3 (p. 26).

When & statement of capabilities has
been prepared, the GOR should be
exXxamined to determine what mission the
weapon system is expected to perform.
Steps 3 and 4 of Chapter 3 (pp 28 and 30)
suggest procedures for preparing
detalled mission profiles for the air-
borne vehicle and flow charts for
ground support eguipment that can later
be used in allocating functions to men
and equipment.

At this time it ia also desirable to
initiate studies on the nature of the
human capabilities expected to be
utilized in the weapon system. This
should include an appraisal of per-
sonnel requirements for manning the
system. The problem of capability
research is discussed in Step 5 of
Chapter 3 (p.31).
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Development Planning

A Development Plan, issued by Head-
quarters ARDC represents a plan for
the development, test and support of
the system reguirement stated in the
GOR. This plan, evolved from the
results of the Design Study, includes
a general description of the system,
design specifications or military
characteristics, and comments upon
personnel requirements, system mainte-
nance and maintainability, humean
factors, training and logistics.

When this plan has been approved by
Headquarters USAF, a Development
Directive authorizes the development
of & system in accordance with the
Plan.

At this point the allocation of
functions within the air vehicle

and ground support areas should be
started. Procedures for funciions
allocation are to be found in Step 6
and 7 of Chapter 4 (pp. 37 and L40).
These steps result in a determination
of the activities to be performed by
humans. It is not until later, how-
ever, that these functions are alloca-
ted to individual operators.

After the Development Directive has
been issued, a Preliminary Operational
Concept is prepared by the Deputy Chief
of Operations presenting a genersal des-
eription of the system, its intended
use, its expected operational capabil-
ities and limitations, detailed
specifications for airfield and base
requirements, expected theater of
employment and turnaround time, Assis-
tance in determining items in the Pre-
liminary Operational Concept affected
by the human component should be pro-
vided to the Deputy Chief of Operations
at this stage.
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In turn, the Preliminary Oper-

ational Plan will provide information
useful in performing a time and link
analysis of human operator activities,
These analyses, which are described in
Step 7 of Chapter & (p. 40), provide
data upon which decisions about the
sssignment of functions to individual
crewmembers can be made.

Shortly after the Preliminary Opera-
tional Concept has been formulated, a
Preliminary Operational Plan is pre-
pared. This Plan indicates the mission,
tacties, unit manning, training require-
ments and lead times, and operational
ready requirements for the weapon
system.

From this Plan information that might
affect later human engineering should

be determined. This may include the
geographic location of the complete
weapon system and related special
environmental problems, wetressed
resulting from the nature of the mission,
and lead times for subsequent human
engineering activities.

As soon as the general classes of
activities required of individual
crewvmembers are known, rather intensive
research on problems affecting opera-
tors in the system can be initiated.
Research of this type is briefly
discussed in Step 10 of Chapter L

(p. M),

Design of the Development Model

After the establishment of a Weapon
System Project Office by ARDC and AMC,
the Design Competition is initiated.
This competition is an invitation to
industyry to submit specific design



proposals which will satisfy the
Development Plan.

Human engineering assistance by con-
tractor personnel in the preparation
of Desipgn Proposals should make use of
prior documents and human engineering
decisions. Such proposals showld pro-
vide guidelines for subsequent human
engineering. Documents useful from
a human engineering standpoint are

| MIL-T-4857, MIL-A-B730, MIL-I-6252C;

E MIL-D-8034, MIL-D-7579, MIL-E-4158,

| MIL-S-9l12, MIL-M-8555, and Mn-s-ghll.ji

Other useful s0urcés of Ihnformation
at this point include ARDC Manuals
80-1 So-h and 80-5 -

R P,

: Proposals by Headqparters USAF, ARDC,
and AMC, a contract is awarded to
industry. From this point development
is a continuing process, consilsting
of successive approximations to that
system which will fulfill a specified
Alr Forece need,

One of the first major items to be
prepared by the contractor will be
operator performance descriptions.
These descriptions indicate along

a time base the activities to be
performed by each operator. Procedures
for making these descriptions are
presented in Steps 11, 12, and 13 of
Chepter 5 {pp. 51, S5k, Sk).

Paralleling these performance descrip-
ticns, a detailed analysis and deline-
ation of usable crew station work

sreas should he made. QGeneral pro-
cedures for this activity are described
in Steps 15 and 16 of Chapter 6 (pp. 61
and 63). Step 17 in Chapter 6 dis-
cusses the problems of locating and
installing components for human use

(p. 63) and Step 18 (p. 64) discusses
research on alternative workspace
layouts.
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Throughout the design of the develop-
ment model it is necessary to conduct
frequent and thorough reviews of
modifications and refinements in var-
ious design areas that may affect the
human operator. This should be
accomplished in close couvrdination
with the various design specialties.
Trailning and training equipment designm,
which is not discussed in this report,
should have been under active consid-
eration for a considerable period of
time, as early as the preparation of
operator performance descriptions,
Frequent consultation with inservice
laboratories will be valuable in
keeping both research and development
conscnant with Air Force human factors
requirements,

While it will bhave been necessary for
some consideration to have been given
to the selection of displays and con-
trols as early as the Design Proposal,
more intensive and detailed control-
display design cannot be accomplished
until somewhat later. Steps 19 to

22 in Chapter 7 (pp. 67-70) discuss
problems in analyzing human information
and response requirements, and dis.
cuss general methods for designing
displays, controls, cperator conmoles,
and auxiliexry job supports. Researck
in the simplification and integration
of equipment, directed principally
toward reducing the number of needed
displays, should be started early in
the design of the developmental model.
A brief discussion of equipment
reseerch is presented in Step 24 of
Chapter 7 (p. T1).

To assure adequate human performance,
maximally useful technical orders,
operating instructions and training
materials, it is necessary that pro-
cedures for the performance of each
operator job be prepared. These should
be based closely upon the operator
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performance descriptions prepared
earlier in development., Suggestions
for preparing these procedures are
outlined in Step 23, Chapter 7 {p. 70).

Evaluation and Testing

As various major subsystems and compo-
nents appear during the course of
system design, it is natural that they
be evaluated from a human factors
standpoint.

A considerable amount of time can be
saved if human engineering evaluation
begins with & study of drawings, plans
and blueprints.

It is essential that changes proposed
as & result of human engineering
evaluations he coordinated with

other leboretories and organlizations
involved.,

These evaluations should be done by
both contractor and lnservice human
engineering personnel, A tool that
may be of use for evaluating paper
plans is discussed in Step 25 of
Chepter 8 (p. T7).

WADC TR 56-48E8
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More formal evaluation will occur at
Mockups, Development Engineering In-
spections, and at the Operational
Suitability Test. It is at such in-
spections that such features as the
adequacy of lighting, workspace lay-
out, and display and control design
will be determined. A second tool
useful in conducting these evaluations
from a humen engineering standpoint
is discussed in Step 26 of Chapter 8
(p. 80).

Inservice human englneering personnel
will provide assistance to the
Directorate of Systems Management with
respect to the results of the variovrs
evaluations occurring throughout
development,

Once the system goes into operational
use, human engineering assistance

is often required in preparing and
evaluating Engineering Change Proposals.
Specific procedures for this stage are
discussed in Step 27, Chapter 8

(p. 80).

Humen engineering should not stop
with the delivery of the system to its
user. Continual close coordination
of the design with using commands
throughout the life of a weapon
system will have valuable payoffs

in suggestion human engineering improve-
ments for the system and for the design
of future systems.
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Sample Time Chart for & Hypothetical Development Cycle

Years Developmental Fhase Humen Engineering Ubjectives
Pre?a.ration of pleaning documents Esteblish the extent snd nature of human
and conduct of design studies perticipation in the system
1
Design znd evaluation of the Design of eguipment and procedures
development model for optimum bumen performence
L 2 Development Engineering end

Mockups Inspectioms

=
Febrication of the prototyps Make final major design modifications based on
modal F humen engine&ging requirements, Only minor
4 changes will be made after this phase
Testing of the prototype Recommend 2llowsble modifications to improve
model huren performemce in the system
2
6
| [
| | Production; engineering changes Correct, where feassible, humen engineering 1
! | deficiencies and review engincering chenges for |
3 l effects on humen enginecering, )
h s
™ J Monitor the weepon system in operetional use, :
\\ / :
N/
Y o e e e e e e e e e e e e e e e e e m e m e e m m e e e o m e —m e e m - - - -t
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QOverview

This chapter describes the initial steps to be
taken in obtaining information necessary for the
human engineering of developmental weapon systems.
These steps include: (a) an examination of the
requirements for the system, (b) a study of alter-
native capabilities which may be used to meet
these requirements, and (c) the preparation of
mission profiles to which capabilities may be
indexed.

Information obtained from this analysis must be

reviewed and revised continuously to keep it up to
date with changes and refinements as they occur
in the developmental program.
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The functions analysis deseribed 1n
this chapter should be completed as
early as possible in the developmental
program and should be based upon the
projected requirements for the system
as they emerge from Headquarters USAF
end Headquarters ARDC.

e« Step 1 - Review the Requirements
for the System

A review of the requirements for a
system is an examination and listing
of those things which the weapon sys-
tem must be able to do and the limits
within which they must be accomplished.
The objective of this review is to
establish guidelines for determining
what kinds of human and instrumented
capabilities are needed for the system.

Sources of Requirement Information

The General QOperational Requirement
(GOR) will be the earliest source of
information for the functions analysts.
In response to the problem presented
in the GOR, Headguarters ARDC pre-
pares the System Requirement and the

greater ‘detail the characteristics
of the system and describe the range

within which its capabilities must
fall.
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Should the functions analysis be made
prior to the time the Development
Plan is available, considerable
reliance will have to be placed on
the GOR and on information obtained
from similar systems.

List the Requirements for the System

Here it is necessary to understand the
particular function of the system in
the command for which it is destined,
and the requirements which the system
must meet to fulfill its major objec-
tive within an operational area.

For systems in which an airborne
vehicle 1is the major element, it is
convenient to group requirements into
two categories: airborne and support.
For systems in which the air vehicle

is not a major component, the break-
dowvn of requirements will usually be
unique to the system, Such regquire-
ments may include speed, load, accuracy,
range, etc. These requirements all
have implications to various subsystems,
such as communication, protection,
navigation, data processing, mainte-
nance and transportation. For each

of these potential subsystems, con-
sideration should be glven toc the
nature and extent of possible human
involvement.

It should be remembered that a functions

- analysis 1s made of the requirements for

a system and not of the equipment T equipment to be
used in the system.
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Subdivide Requirements

Each of the requirements listed for
a system should be further broken
down into subrequirements until a
level of specificity bas been reached
that will later be useful in specify-
ing what subsystems, eguipment or
ways of utilizing men may be pro-
vided to fulfiil them.

Select and Subdivide Representative
Missions

Select at least one mission to
represent each type required of the
wegpon system. Divide the profiles
of these missions into convenient
time segments. These breakdowns pro-
vide a tool for the initial study

of slternative capabilities,

Some typical mission segments are
suggested below,

1. Preflight

2. Take-off or launch
3. Climb to altitude
4, Cruise

5. Attack

6. Return cruise

T. Landing or recovery
8. Postflight

List the implications of reguirements
for mission segments.

Determine or estimate how require-
ments vary for each mission segment.
The precision with which these
estimates should be made depends
upon the extent to vwhich a particular
requirement is a critiecal fector in
mission perfornance.
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Special attention should be given to
the estimation of tolerance and time
limitations which mey be imposed upon
or affect the human operator who may
be expected to perform in a given
requirement area. In some cases
tolerances will be & function of a
particular environmental or mission
condition. Variations in tolerances
with variations in conditions should
be included in this listing,

e Step 2 - Study Alternative Capabilities

The study of capabilities is a
review of the possible contributions

to each system reguirement within

each mission segment which can be

made by men or equipment. This study

should include a review of alternative
available or projected equipment,
alternative ways of utilizing hhumans,
and alternative man-equipment com-
binations. For example, in the naviga-
tion requirement area, a human cap-
gbility might be manual dead reckoning,
an eguipment capability could be an
inertial system, and a man-equipment
capability would be radar dead
reckoning. ZEach of these examples
constitutes an alternative capability
for meeting the navigation requirement.

General Human Cspabilities

While a necessarily complex and dif-
ficult process, the classification
of humsn capabilities becomes more



meaningful when man is projected into
the system as a possible component,
Suggested classes of human capability
are;

1. Data sensing and filtering
{e.g., target detection, scope
interpretation)

2. Data collation and processing
(e.g., emergency diagnosis,
trouble shooting)

3+ Decision making (e.g., whether
to repair or replace a compo-
nent)

4, Amplification and transforma-
tion of signals (e.g., reading
scope signals through ECM noise)

5. Controlling, monitoring and
correcting equipment performance
(e.g., operating flight controls,
assuming manual override on
inertial system)

6. Information transfer (e.g., com-
munication, progremming auto-
pilot)

Within aeny requirement area, the state-

ment of human capability should clearly

identify those activities or activity
sequences that the human must perform
in meeting a given requirement,

Evaluate and Screen Capabilities

As a result of the listing of equip-
ment and human capabilities for each
requirement aresa, it will become
apparent that a number of alternative
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equipments, human activities, and
combinations of both could be con-
sldered for filling a given require-
ment.

In order that either the human or
component efforts can be appropriately
channeled for further research and
development, a number of alternatives
must be eliminated at this point.
Final decisions, however, will not

be made until a later stage.

To the extent that the military
characteristics of the air vehicle
and ground support equipment have
already been determined, certain
assumptions may be made about size,
weight and space limits, particularly
in the air vehicle. These limits
demand that two criteria be exercised
in choosing among alternative capabil-
ities: (a) any component must be
utilized to its optimum capacity, and
(b) duplication of components should
be avolded except where there is good
reason to believe that redundancy

is necessary.

If these two criteria are to be met,

it follows that the automatization

of any function be justified on the
grounds of the operator's inability to
fulfill the function adequately. It

is not sufficient merely to demonstrate
that automatization will result in
superior performance: There must be
good evidence that the system reguire-
ments demand this superior capability

and that its provision does not
seriously compromise other aspects
of system performence (5),

In eddition to these considerations,
each potentisl capability should be
evaluated in terms of the following
basic requirements:



@® Functions Analysis

e Step 3
1. Interchangeability
2. Cost
3. Expendability and avallability
4, Meintainebility
5. Flexibility
6. Reliability
7. Vulperability
It is well to remember that up to

this point capabilities have been
treated as discrete entities that
might be assigned to discrete require-
ment areas. Somewhat later it will
be necessary to exercise more

critical judgment over those capabil-
ities that cut across requirement
areas, and it may be found that a
reassessment or reassignment of
capabilities is necessary. Require-
ments which were earlier specified
separately may now be combined., A
final solution to this problem
depends on mission data which per-
mit one to determine where a glven
capability might effectively cut
aoross or combine two or more separate
functions.

e Step 3 - Prepare Mission Profiles
for the In-Flight Air
Vehicle

The objective of this step is to pro-
vide a basis for determining what
equipment or human capabilities can
be used to fulfill functions for an
airborne system. Since these cap-
abilities may vary for different
mission segments and conditions, an
optimal selection must be based upon
a consideration of mission profiles,
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Mission profiles are representatlons
of the missions which a weapon system
is expected to perform. They contain
three basic elements: (a) a chart
showing terrain and other discrete
events that will be encountered at
fixed points on a mission, {b) graphs
and/or scales depicting factors which
change during the course of a mission,
and (c) requirement areas.

Since there will be considerably less
latitude in the selection of capabilities
and the allocation of functions for

the airborne mission, mission profiles
for the air vehicle should be prepared
in advance of those for ground support.

Mission profiles should be composites
of the most adverse conditions which
the system is likely to encounter.
They should, for example, be drawn to
indicate the most distant target, the
most difficult terrain, and most
vulnerable flight path the system is
likely to encounter, It should be
necessary to prepare only one profile
for each major type of mission.

Construct the Chart

Enter the following on a standard
chart:

1. The locations of departure
(launch or take-off) and target
points.

Location of air refueling
rendezvous, if applicable.

Check points to be used, if
gpplicable.



4. A linear distance scale (super-
imposed upon the flight path).

5. The expected flight path, includ-
ing turning points, ete.

6. Maximum range of various enemy
defenses,

It may be convenient to use separate
maps for each leg or segment of the
mission.

Congtruct Graphs and Scales

Beneath the chart draw a primary scale
of elapsed time, This will be non-
linear, except for periods of cone
stant speed.

Below, and paralleling the time
scale, include the following:

l.- A graph indicating expected
altitude if data are available.

2. A greph indicating the probebility
of encountering enemy defenses.

3. A graph containing anticipated
Mach numbers.

4. Graphs indicating anticipated
transverse and angulsr g!s.

5. A scale indicating the frequency
of comnmmication with ground
control or friendly aircraft,

6. A scale indicating interior
and exterior environmental
conditions.
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Specilal factors, unique to particular
weapon systems, may need to be included
in sddition to the above items.

It is worth pointing out that certain
of the items suggested for inclusion
on the chart, scales or graphs are
based on the assumption that the
nature of the airborne vehicle is
known: 1i.e., whether it is manned

or unmanned. Should this not be the
case at this point in development,
these ifems must be omitted.

Indicate Requirement Areas

In columns beneath the scales and
grephs list each major requirement
area end its subregquirements. Indicate
for each, at points paralleling the
time scale, where critical changes
that will affect the requirement will
occur., These changes can be inferred
from the features marked on the chart
and corresponding graphs and scales.

Indicate Mission Segments

Delineate the mission segments on the
map, graphs, and scales, and each
requirement area. It should be
possible to do this by drawing vertical
lines on the chart.
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s Step b - Prepare Flow Charts for
Ground Support

Like the analysis of functions for

the airborne area, a functions analysis
for ground support is an analysis of
requirements and not of egquipment.

Its primary objective is to estab-
lish the requirements to be fulfilled
by ground support so that the men

and equipment that can be used to
fulfill these reguirements may later
be determined.

Procedures for performing a funetions
analysis for ground support are
similar to those described for the
airborne vehicle.

Ground support is defined as those
operations and equipment necessary
for the inspection, testing, handling,
servicing, maintenance, overhaul,
transport and decontamination of the
major airborne systen.

Construct Flow Charts

Operations and procedures from line

to base levels which are essential

to a weapon should be studied

through the use of flow charts. These
charts should contain the following:

1. A time base marked off into
intervals of not more than ten
minutes,

2. The relative locations of all
fixed or nonportable facilitles
(e.g., electronics shops, testing
facilities, fixed fueling
stations).
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3. The normal pattern of flow of
materiels and procedures from
one facility to another (e.g.,
components, subsystems, testing,
trouble shooting, etc.).

Indicate in the flow chart(s) require-
ments for each aspect of ground support.
Give tolerances for each major require-
ment (e.g., servicing time). Do not
attempt to indicate how many men will
be used or where they will be located.
This can be done when a more complete
picture of ground support has been
obtained (see Step 7, Chapter 4, p. LO).

Attempt to predict those items which
may be major sources of unscheduled
ground support activity, and show
where they may be carried out.

Revise the locations of fixed facilities
to obtain a relatively feol-proof
system, in so far as this is possible
at this time. Minimize distances
between facilities; consider safety;
anticipate likely breakdowns due to
transportation, supply, enemy attack,
and try to develop an arrangement
which will minimize the effects of
these breakdowns. Consider novel
combinations where they may optimize
ground support.

Revise Flow Charts

Revise flow charts as additional

data are avallable. Do not attempt,

at this point, however, to detail

the types of equipment or tools that
will be used or the exact procedures
to be followed by ground support
cperators. Incorporate only sufficient
detail to permit a subsequent indexing
of instrumented and human capabilities
to each ground support requirement.



e Step 5 - Perform Capability Research

Analysis of the mission profiles or
flow charts establish the nature and
limits of conditions under which cap-
abilities will have to be provided.
Equipment capabilities will suggest
the machine components with which the
man will have to work. "State-of-the-
arts" information will provide the
basls for assumptlions concerning the
work environment and personal equip-
ment which can be provided. Given
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the above information, the research
problem becomes one of simulating

the anticipated operational situation,’
measuring human performence and
relating this to system performance,

The outcome of the steps presented
in the chapter will be the following:
Ea; a review of system requirements,
b) a study of capabilities which
may be used@ in meeting these require-
ments and (c) mission profiles and
ground support flow charts. These
items constitute information useful
for allocating functions to men and
equipment and to individual crew-
members described in Chepter L,
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Sample List of System Arecs and Alternstive Capebilities for the Rir Vehicle of a Eonmber*

Hequirements** . S Mission Segments** . -
a, Takeoff or b. Climb ¢, Cruize d, Stteck e, neturn f. Hecovery or

e launch i _ lepding
1. Fropulsicn 1= 1-b =g - l-e i=-f
2. Commniestion _2-a b 2t — 2.8 2-f
2, Fire control 2z 2D 2eg e e 3£ L
4, Nevigstion __Aun A=ty 4 ¢ _4d_e . O
5. Emergency progedures 5-a 5-b 5-c _ - S
6, Flizht control 6=t . £b Bt B.e _B_f .

Tolersnces:

(" 64 Flight control during attack

Fitch #2°, Yaw }1° Roll *2°, iirepeed F2kts,
Must permit pear-simultznecus stteck by up o 3 interceptors,

Pilet control

Aljermative Caprbilities

__..Strong Points

_..JWeak Toints

Good relisbility, few gross deviations,

Evasion seneuvers essy o program.

Good flexibility in meeting contin-
gencies,

Men should be freed of routine
flight contrel to concemtreate on
tectical decisions,

Vulrersble to eneny stteck and
unfevoreble envirenmend

Ground operztor

Performence immme from =ll enemy
defenses except I, Good over-zll
picture of tzctic 1 psttern,

Good fleribility,

Unreliability of target.' informetion
snd control signal,

lzck of scourscy when bomber neers
terget,

Autometic grownd control

Control center not vulnershle %o
enery =tteck,

Fine tolersnces cen be built in,

Repid, recurste date progessing, .

Automatic control within
sir vehicle

Fine tolertnce can be built in.
Rapid, accurste deta-processing,

Relatively invulnersble $o enemy
jeoming,

Poor flexibility in meeting con~
tingencies,

Subject to eculrment melfunctions,

Subject to jamming,

Poor flexibility in meeting con-
tingencies,

Subject to ecuipment melfunction,

Subject to environmental and epemy

\.

damage,
_/

* The top teble shows how requirements ray be rstched to mission segments, The resulting cells, one of
which hes been expended in the bottom teble, vrovide » basis for eveluating which of a nurber of rlternstive

cepebilities will be most =ffective in meeting = requirement for e perticular mirsion se b,

For

exarple, the flight conirol requirement during the attack segment cen be fulfilled by pilot contrel, =
“¥ner moiched against the tolerences for flight condrol during atteck esch of

ground operstor snd sc on,

these possibilities hes shortcomings,
the most effective flight contrel

The final selection is based on that capability which will provide
or the miteck as well as for other segments,

** Cells hsving the same tolerances end alternative capabilities can be combined.
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Sample Mission Profile
SAMPLE MISSION PROFILE
ATTACK SEGMENT FOR A HYPOTHETICAL BOMBER SYSTEM

!

FLIGHT 57
CHART 7
7 &
1 ght
-
/
; [
#3040 50 2400 10
TIME ] } J f
50
{40 Cruiseclish
ALTITUDE =39 Fedme
M10

N\

PROBABILITY S0k

OF ATTACK ot

\

_—— -

System Areas

1. Propulsion

§' §§?§“§i§§§i$“ NOTE: Capabilities will be indexed

L.  Navigstion to these areas according to
5. ‘E;.ng:'ncy procedures presented in Chapter L.

6. Flight control
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CHAPTER &

FUNCTIORS ALLOCATION
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Step 6 - Allocate functions within
the alrborne vehicle
Step T - Allocate functions within
the ground support area
Step 8 - Perform a time and link
analysis
Step 9 - Assign functions to
individual crewmenbers
Step 10~ Initiate research as indicated



Overview

A function of a system is any human or instrumented
capability, or a combination of these, that may be
used to satisfy a system reguirement.

This chapter describes the steps to be taken in
allocating functions to men and equipment and in
assigning functions to individual crewmen. These
steps include: (a) the allocation of functions
within the airborne vehicle, (b) the allocation of
functions for ground support, (c) time and link
analysis, and (d) the assignment of functions to
individual operators, maintenance and ground support
personnel.
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@ FUNCTIONS ALLOCATION

CHAPTER L

In some systems functions will have
been allocated in the preparation of
the Development  Plan without human
engineering consultation. This is
often the case when a new system is
to be a modification of a previous,
similar system. In a few cases the
number of men, especially those in
the airborne vehicle, may also be
specified as a requirement as early
as the GOR or Development Plan.
Ordinarily, it will be necessary to
perform the steps described in this
chapter as a check on the adequacy
of these initial decisions.

e Step 6 - Allocate Functions Within
the Alrborne Vehicle

The purpose of this step is to
decide whether there will be humans
in the airborne vehicle and to
determine what they will do if a
human capability is assigned to it.

Decisions as to whether a given
function will be instrumented or ful-
filled by a human operator should be
based on where that function falls
in the mission, the best available
knowledge concerning the capability,
reliability and maintainability of
equipment that might be incorporated
in the weapon, and the best available
knowledge concerning the capability
of the human operator to perform the
function(s) in question.
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Functions should not be mllocated on
the basis of present AFSC's or current
aircraft manning concepts., A fresh
viewpoint is essential, and when
compromises are necessary they should
be made much later in the devel opment
program, Further, no attempt should
be made to combine functions in a
single individual at this time.

Will There Be a Man?

The inclusion of a human in modern
weapon systems 1s more often a matter
of necessity than choice. There is
little reason to believe that any
weapon of the near future will
wholly dispense with human components
for both operations and maintenance,

"Unless provision can be made to

eliminate the effects of expected
environments, serious considerstion
should be given to ruling out man in
those portions of systems where
environments exist which:

1. are physiologically damaging,
2. are unnecessarily dangerous,
3. are physically uncomfortable,

4. tend to reduce motivation and

alertness,

What Will the Man Do?

Once a decision has been made that
there will be a man in any particular
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portion of the system, his rcle in
fulfilling the required functions
must be considered.

The Ffunctions of the operator in
current systems fall into two

broed categories: intrasystem

and suprasystem (5). As an intra-
system element the operalor may be
treated as a component in a more or
less selfcontained system in which

he serves as a detection and control
element while the equipment provides
pover and a means of actuation. As

a suprasystem element the operator
provides the flexibility of pro-
gramming end decision making required
to meet contingencies lacking in non-
human system elements, and acts as

an intermittent servo in the per-
formance of a number of different
systems or equipments., In this later

capacity, the function of the operator

may cut across several different re-
quirement areas.

Examine the human operator with
respect to each of these categories

of function, comparing him with equip-

ment which could fulfill the same
functions automatically. This
requires & survey of the kinds of
things that men can do better than
present-day machines, and vice versa.

Humans appear to be relatively supe-
rior to machines, in terms of our
present understanding of humen and
equipment capabilities, with respect
to the following (9, 30):

2.

3.

5.

10.

Ability to use perceptual con-
stancies (e.g., to recognize
objects and places despite
varying conditions of perception).

Ability to use sequential depen-
dencies in the real work (i.e.,
may profit from experience).

Sensitivity to a wide variety
of stimuli; range of sensitivity,
however, is restricted.

Originality in putting to use
incidental intelligence picked
up during the course of &
mission.

Detecting signals in an over-
lapping noise spectrum (e.g.
difficult to Jjam through ECMS.

Capability for improvising and
adopting flexible procedures
(esg., can reprogram easily and
quickly; can vary performance
tolerances readily).

Capability for tracking in a
wide variety of situations,
despite relatively poor
tracking ability.

Capability to perform under some
conditions of over-load and
ability to select own inputs.

Ability to reason inductively
(i.e., to make generalizations
from specific observations)

- 1. Ability to handle low probabllity
alternatives (i.e., unexpected
events), but they cannot always
be expected to follow optimum 1.
strategies.

Humans are relatively poor, with
respect to machines, for the following:

Monitoring other msn or machines.

WADC TR 56-488 38



2. Exerting large amounts of
force smoothly and Precisely.

3+ Performing routine, repetitive
tasks.

k. Computing and handling large
amounts of stored information.

5. Ability to reason deductively
(i.e., to use rules for
processing information),

6. Responding quickly to control
signals.

Bunman Limitations

In a subsequent chapter (Chapter 9)
detailed attention is given to the
problems of human capabilities and
limitations, Here we bhave listed a
few of the conditions which are
likely to result in human error and
which may serve as a basis for ex-
cluding man from the performance

of certain functions:

1. Perceptual requirements which
are beyond or near physiolog-
ical limits or which conflict
with established habit patterms.

2. Response requirements which are
physically difficult, conflict
with established habit patterns
or which cannet be readily
checked or monitored for their
adequacy.

3. Decisions which require undue

reliance on memory, must be
preceded by extensive organiza-

tion of information, or must be
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accomplished in too short a
time in view of other necessary
ectivities.

4. Communication requirements which
interfere with other activities.

5+ Tasks which over-losd the human
which result in inadequate work
load distribution during a mission
or do not permit adequate or
timely monitoring of mission
status,

2

Index Capabilities to Requirement
Areas

Examine the strong and weak points of
each human and equipment capability
remaining after the initial screening
conducted in the previous chapter.

Take into account the general princi-
ples for allocating functions. Use
as a basic point of reference the
mission profiles. Supplement these
data with the results of research,
Previous experience with similar
systems, and interviews with training
officials and operational personnel.

Insert under each mission segment
that single set of capabilities most
likely to satisfy each requirement.
Take into account all of the eritical
changes and other conditions likely
to obtain during each mission segment.
This is obviously a critical polint,
and one which cannot be reduced to
formula and should not be prescribed
by fiat. More often than not good

insight into the kinds of problems
that can occur on a mission will be

the best source of information., For
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example, extensive operation over ice
would reduce the usefulness of radar
desd reckoning. It would be neces-
sary to provide an slternative cap-
ability for at least that portion of
the mission.

e Step 7 - Allocate Functions Within
the Ground Support Area

The purpose of this step is %o
decide vhat kinds of activities will
be performed by humans in. the ground

suggcrt area.

Using the mission data obtained in
the previous chapter, allocate func-
tions within the ground support area.
Many of the principles suggested for
the allocation of functicns within

the airborne vehicle will be appli-
cable,

Cconsider the effects of the following
factors on the capabilities provision-
ally allocated to ground support and

to0 their performance:
l, Temperature

2. Moisture

3. Atmospheric pressure
i, Snow and ice

5. Sand and dust

6. Growth potential
7. Training time

8. Safety

9. Interchangeability
0. Manpower resources
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For a detalled discussion of basic
mechanical and human factors require-
ments for ground support equipment,
see ARDC Manual 80-§, Handbook of
Instructions for Aircrafti Ground
Support Equipment Designers.

e Step 8 - Perform a Time and Link
Analysis

A time and link snalysis is an
analysis of the number and duration
of activities assigned to each poten-
EIal element of & SysGem. Lt DIO-
vides an overview of what the crew
component is expected to do at each
point in the mission, an outline of
the process of information exchange
among men and between men and eguip-
ment, and data useful in the deter-
nmination of crew size for each major
component of the system. A major
component of the system is a self-
contained unit, such as the alrboxne
vehicle or air traffic control statiom,
in which & human is expected to per-
form. :

Outline Tentative Control-Display
Needs

Do not be concerned with either the
location or detailed characteristics
of displays and controls. What is



essential 1s the kind, frequency and
duration of the diseriminetions and
responses that will be expected of

the human. These can only be inferred
from an analysis of controls and dis-

plays.

Examine the list of human and equip~
ment capabilities, and list the
classes of displays and controls
needed by the crew. This tentative
list is & natural outgrowth of the
information exchange process dis-
cussed above.

Group the provisional displays and
controls under the requirement or
subrequirement areas to which they
refer.

Prepare Time-Line Charts

For each requirement area prepere a
time -line chart marked off into
intervals not greater than ten
minutes, with shorter intervals used
as required, These time lines are
detailed time bases of the mission
profiles deviged earlier. Index the
control and display operations nec-
essary for each requirement area to
their respective time intervals.

Where computation or decision making
precede or coincide with an operation
and requirz an appreciasble period of
time, attempt to estimate their dura-
tion and code them %o the time-line
chart. It will be necessary to make
some "best guesses" during this pro-
cess because of the lack of detailed
design information.
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Group each requirement area and its
time chart under the major component
of the system to which it refers.
Thus, there may be separate charts
for operation of the airborne vehicle,
for air traffic control, and for
other ground support areas such s&s
maintenance. See p. 47 for a sample
time.lipe chart,

Determine Points of Under- and Qver-
Load

Examine the time-line charts for each
major component of the system and mark
off those portions of the mission
where gignificant under- or over-
loading occurs.

Attempt to estimate the consequences

of these under- and over-loads on the
performance of the human and upon the
total system and mission. Some factors
that should be considered are:

1. Increased human or equipment
error on an immediate or sub-
subsequent task.

2. Conflict of habit patterns.

3« Decreased flexibility of
operator or system,

4. Consequence of over- or under-load
on morale and motivetion.

5. Possibility of redistributing the
over-load activity in time,
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Evaluate Linkage Values for Tentative
Controls and Displays

Evaluate for each control and display
how critical the links between it and
the human operator are. This critical-
ness will be dependent upon at least
the following factors:

1. Apparent difficulty of the
operation involved.

2. Likely effect of errors on system
performance and the likelihood
that errors will occur.

Speed, accuracy and, where appli-
cable, force required of the
cperator.

4, Total time in use,

5. Frequency of use.

Indicate appropriate values for each
of the above factors for each control
and display. In most cases precise
data will not be available, and
reliance must be placed on the best
Judgments that can be made. It may
be useful to provide some type of
over-all rating or ranking, but the
fallibility of these over-all evalu-
ations must be kept in mind during
later use of link-analysis data.

To the extent possible, place the
tentative controls and displays into
groups which represent the operational
modules of the various subsystems
under each requirement area (e.g.,
engine instruments, engine controls).
These groupings are for the conven-
ience of the design team only and
must not be taken as the final
product.
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® Step 9 - Assign Functions to
Individual Crewmembers

Inspection of the revised {ime-line
charts and examination of the nature
and variety of the operational
modules will suggest at least & first
approximation to the crew size
required for each major component of
the system.

This approximation is refined

through the process of assigning
funetions to individual crevwmen.

This estimate should represent the

very minimum, but not necessarily an
optimum crew size,and should be increased
only when it becomes apparent that
system effectiveness will be increased.

If, in any major component of the
system, reducing human requirements
by autcomatization or shifting of
required functions to different points
in the mission would reduce the number
of men required, consideration should
be given to these aliernatives.
Remember that reliability requirements
may demand redundancy, and this may
increase the number of men required.

Major System Components Requiring
Only One Man

Foi major components of the system
requiring only one man the problem
reduces to assigning the controls

and displays tentative spatial positions
in a workplace. This assigmment will

help to answer two very important
questions:



1. Can all of the required operational 2.
modules, controls, and displays be
integrated into a workplace for one
man?

2. Within the workplace provided will
the man be able to do all of the
things required of him? 3.

If the ansver to either of these

questions is "no," it will be neces-

sary to do one or more of the b,
following:

1. Redesign controls and displays.
2. Automatize additionsal functions

or shift their time of perfor-
mance in the mission.

Se
3. Add another man. (This will
require a re-evaluation and
revision of the previous steps,)
Considerations in Assigning Functions
to Crewmembers
6'

Although the paramount consideration
Is the total effectiveness of the sys-
tem, there are certain auxiliary goals
to achieve in assigning functions to
crewmembers. Achievement of some

may, at times, be antagonistic to
achievement of others, so compromises
may be required. Some of these
auxiliary considerations are:

1. Keep skill requirements to a
minimum,
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In major components regquiring

more than one man, distribute

the work load so similar skills

are allocated to the same operator.
This will minimize training require-
ments,

Assign functions in such a
vay as to facilitate crew co-
ordination.,

Make new configurations of dis-
plays and controls as similar to
previous equipments as is com-
patible with good humen engineer-
ing., This will keep difficulties
in transitioning operators to a
minimum,

Assign all of the controls and
displays for a particular sub-
system to the same operator.

This will tend to keep problems

of linkage between equipment and
controls and displays to a minimum,
It will also tend to insure that
closely related functions will be
required of a single operstor.

If an operator has a reduced work
load during certain parts of the
mission, consider assigning
redundant functions to him during
these periods. For example, a
bom-nav man may be assigned moni-
toring of flight instruments during
landing and tekeoff,
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Spatial Allocation of Controls and
Displays :

It will be desirable to assign tenta-
tive workplace positions to modules,
controls, and displays as they are
allocated to the various operators.
Tentative spatial assignments will
have to be revised with the alloca-
tion of additional components to the
workplace. Factors which affect
spatial assignment follow:

1. Modules, controls, or displays
which are not used for much of
the mission but are highly
critical in other respects may
be placed in positions which are
relatively inaccessible, if such
placement does not increase the
likelihood of error.,

2. Previously developed equipment
which will be incorporated into
the new system my already con-
tain controls and displays in a
pre-established configuration.
Redesign of such equipment may
be unnecessary or unfeasible,

3. Linkages between equipment and
controls and displays, particu-
larly mechanical linkages, may
restrict the possible locations
of various control-display items,

4, The general configuration of the
housing within which the work-
place must be leid out may
restrict available space.

It may be useful in this preliminary
allocation of controls and displays to
use & mockup of each crew position.
Since detalled design of work space
layouts cannoct be accomplished until
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later, a simple and inexpensive card-
board mockup of the workplace is
probably adequate at this stage. Such
mockups are recessary to visualize

8 three dimensionel work area and per-
mit easy and rapid shifting of control-
display items from one position to
another.

® Step 10 - Initiate Research as
Indicated

One type of research that can be
initiated at this time is that of
answering the question "how much can

a man do without performsnce decrement?"
It will supplement under- and over-
load analysis with experimental data.

It will not be feasible at this stage
to provide close simulation of the
functional characteristics for each
subsystem. Nevertheless, it may be
desirable to run through a number

of sample missions with the best
mockup available--even if all of the
controls and displays are merely
pictured and entirely nonfunctional.
It will usually be possible to obtain
g falr degree of simwlation by making
use of items from training devices,
simulators, and operational equipment
from similar previous systems.

For simuleted tracking operations it
is necessary that concurrent tasks be
as demanding as they will be in the
operational situation. The most
valuable sort of informstion obtain-
able from this type research is an



indication of performance decrements
due to operator over-losad.

Regardless of the degree of 3zimu-
lation which can be achieved at this
point, the experimenter must care-
fully program experimental missions.
If units are functional, the informa-
tion can be programmed into the dis-
Plays, and control responses can be
measured directly. If a mockup con-
taining nonfunctional units must be
used, the experimenter will have to
provide verbal cues and the subject
will have to simulate the reading

of displays and the making of control
responses,

The experimental missions should V&Iy
from routine and uneventful ones,

to the most difficult mission which
can be anticipated. IFf performance
does not break down under the most
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difficult conditions, the proposed
allocation of functions can probably
be accepted. If performence decrement
does occur under any of the conditions,
modification of the proposed allocation
will be required.

It is also desirable at this point

to obtain information on the standard
times required to perform particular
operations. Where these times can

be obtained from equipment already in
operational use, they will serve as a
basis for determining standard times
for new systems, These times will pro-
vide an indication of how long it
takes to perform particular activity
sequences, and will be especially use-
ful in establishing optimal performance
strategies for critical portions of

& mission,
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SAMPLE MISSION PROFILE
ATTACK SEGMENT FOR A HYPOTHETICAL BOMBER SYOSTEM

FLIGHT 7 3 /

CHART ~
// f,
- f ’
/ /
P ) 2’-
ri 7 {
) Gr f '
V leun J
ighter s misslg/\
H reng
30 40 o
TOE L+‘30-4:0 =5? =2?m=1? :z? ——t——t =?31\°0}3-mwr

£%s
\E
{

J Tetusl ________._.—-—-—"-—

ALTITUDE 20 N

AIR SPEED  f /
i
E: /
1,0
L
0.5E
1ok /
PROBABILITY - __,”,,—“"—
OF ATTACK o E
Areas
1l. Propulsion
2. Communication The set of capabilities judged to be best for
3. Fire control fulfilling each of these areas would be indexed
%. Navigation in a mammer similar to "flight control' below.
5. Emergency procedures
6. Flight control - Flight will be controlled by automatic equipment housed

within the alr vehicle. The operator will be able to override or reprogram
the flight control system. The operator's decision to override will be
based on his conclusicon that the system is not performing adequately.

decision to reprogram will be based on tactical considerations.
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Sample Time-Line Chart

Mission Segment -~ Atteck
Recuirement - Flight Contrel

Operstor Time Chart** Notes
Functions .
Displays ¢ B0 %0 50 2400 10 20 3 40 S0 34000700
Controls i M i M N A
Target
Monitoring "uw
l. Airspeed T T e e e e e e et e e ——-—- I T .
2, Zltimeter o - _ . _ . ___.______°”"°--~ e e e e m-— - - Monitored
3. Gyro harizom T - e — - - intermittently
4. Gyi'o cg :1b ----------- e e m m wm— - I T - - - - ut frequently
5, BRate of Ulimb - — - _ _ _ _ _ o e o e e e . -
6, Reder track = - - - o o e e e - - - e e e e . e . . a— - - —
7. External
environment 0 - - . o o o L L L e e o o - = -
8, Seorch radar Monitored con—
tinucasly
Reprogramming
a, fll-tituda loc o . Meyocccur &t any
b, Pitch trim o veeas time duri flxi;ght
¢s Tum comtrol .. cee s control gie t:
d, Power lock . . . ray be repented,
e. Throttles ) . .. 4 =ingle reprogram-

ming seruence
requires 90 seconds,

Override
f, Autopilot o
disengzge . erride mey occur
E. Control wheel et a.gz peri}ord dur-
- Pudder pedels T ing the segment,
e, Throttles e T T Trapsition from
i. Thrust angmentstion - full automatic to

full menusl control
requires less than
30 =econds,

* Display jtems are numbered end control jtems lettered, These designations are useful in identifying a
congrc{ or display in one function as the same item in znother function,

b Timei scele should conform to the time scale under flight map for the segment.converted to a linesr
scele,

**+ S50lid lines indicate conmtimuous tasks; dashed lines indicate tasks performed freguently but not
continuously; dots indicmte discrete tasks,
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OPERATOR PERFORMANCE DESCRIPTION
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Overview

Operator performance descriptions provide a valuable
source of data for the delineation of usable work areas,
layout of work space, design of controls, displays,
instrument panels, and auxiliary job supports and
preparation of work procedures. Indirectly, these
descriptions also imply a great desl about the skills
and knowledges needed to perform a given job and may
serve as a basis for preparing training and training
equipment characteristics.

This chapter suggests the steps to be taken in:

Ea) preparing useful operator performance descriptions,
b) analyzing individual operator workload, and (c)
studylng the relation of each operator to other opera-
tors. By "operator" is meant any individuel who
participates in the active operation or support of a
weapon system.
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@ OPERATOR PERFORMANCE DESCRIPTION

CHAPTER 5

Incomplete or poor performance des-
criptions may offset the benefits

of otherwise good human engineering.
To be of maximum use, these descrip-
tions should be undertaken as soon
as functions have been assigned to
individual crewmembers. They should
be reviewed and revised as detailed
data become available.

e Step 11 - Prepare Performance
Descriptions

Operator performance descriptions
have the following human engineering
uses: {a) they provide a basis for
identifying difficult or error-
likely situations, (b) they provide
data useful in detecting performance
over- or under-load, (c¢) they serve
as 8 hasls for the preparation of
procedures, (d) they provide data
useful in the design of modules,
controls and displays.

Major sources of information for pre-
varing operator performance descrip-
tions, in the order in which they are
normally avallable, include: (a)
experience with similar systems,

(b) human engineering working papers
resulting from the application of pro-
cedures outlined in Chapters 3 and k4,
(c) blueprints and engineering draw-

ings, (d) mockups, (e} research simu-
lators, and test models.
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In some of the concepts used in this
step new terms or different uses of fa-
miliar terms may be found, It should be
remembered that the function of these
concepts 1s to provide g convenient,
though somewhat arbitrary, basis for
preceding from the general work cycles
to the specific elements of a Jjob.

They do not represent absolute be-
havioral units,

Identify Operator Work Cycles

A work cycle 1s a group of activities,
having a common gosl, performed by

& given operator during a mission or
mission segment. A work cycle represents
the first, most moler item needed in

the preparation of operator performance
descriptions.

Ordinarily a work cycle will coincide
with a mission segment and will

describe the activities performed by
& given operator during that segment.

Use a brief descriptive term or phrase
to describe each operator work cycle.
For example, during preflight mainte-
nance one mechanic may "check out the
weapon." Another may "check out the
fuel and hydraulic system."

A vcrk cyele will often coincide with
an operator function., However, a work
cycle may contain more than one func-
tion. It differs from a funetion in

~that it represents the temporal

Bequence in which activities are to



@ Operator Performance Description
e Step 11

be performed, A function represents

a group of activities having a common
goal but where the activities may not
necessarily be performed consecutively.

Should it become apparent that a
particular work cycle is the same az
a cycle in a previous, similar system,
it may not be necessary to go into
further detail if the following condi-
ticns are met:

1. The activities within the eycle
are the sgme as those on a
previous similar system.

2. The equipment used is the same.

3. No new problems of communica-
tion, supervision or interaction
are anticipated.

4. Cycles preceding and following
the work cycle do not impose new
requirements on activities
within the cycle.

5. No new time-sharing requirements
are to be met.

Identify Operator Tasks

An cperator task designates a group
of related activities performed with-
in & work cycle. A task may occur
more than once during a work cycle

or mission.

Glve each task a brief title to in-
dicate what behaviors must be per-
formed within the task. For example,
the "loading" work cyele for a missile
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support operator might include such
tasks as:

1. Removes weapon from storage.

2. Holsts weapon to transport
vehicle.,

3. Drives transport vehicle to
launch pad.

4, Hoists weapon from transport
vehicle to launcher.

5. Checks for proper seating of
missile in launcher.

The level of detail possible in
designating individual operator tasks
will depend upon the extent to which
tasks can be inferred from available
information.

Again, it should be mentioned that
the extent to which tasks are spelled
out in detail for a given operator
depends on whether or not the tasks
sre ones which are known on the basis
of previous experience with similar
systems,

Identify Job Elements

A Job element is an arblitrary term
used to designate the perceptions,
decisions and responses required

to complete a task. A particular

Jjob element may and usually does occur
more than once during a task,

Job elements are relatively hasic
units of behavior. As such they will



be useful in determining with
considerable precision performance
requirements, equipment design
requirements, and the kinds of
difficulties or errors the operator
is likely to encounter in the
performance of a job.

A complete deseription of job

elements for a particular operator
should contain the exact sequence of
interactions between the operator

and his equipment and between one
operator and other aperators, How-
ever, descriptions of performance

need be carried only tc a level of
detail which will be of value in later

evaluations of operator work load,
in the design of displays and con-
trols, or in the preparation of

technical orders and training require-

ments.

Items which should be considered if
the job elements for s particular
operator are to be described should
include at least the following:

1. Signals or other indications
that inform the operator that a
Jjob element needs to be performed.

2. Temporal relationships to cther
Job elements performed before,
with or after the element.

3. Information needed to initiate
a particular control action, in-
cluding information from recall,
from the envircnment or from
other operators.

L, Decisions or calculations to be
made in selecting a control
action.

5. The controls to be activated and
the actions to be performed.
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6. Indications that tell whether
or not & response was adequate.

T. Time, accuracy or other criteria
imposed upon the job element.,

8. Action to be taken if a response
is inadequate.

Tasks may be arbitrarily divided
into two groups: discontinuous and
continuous. A discontinuous task
involves a series of discrete steps,
€.8., throwing a series of toggle
switches. A continuous task does
not involve discrete steps but target
seeking or tracking (e.g., vehicle
steering)., A sample format for
describing job elements in a dis-
continuous task is presented on

bage 57 . This sample is presented
in somewhat greater detail than will
normally be required except for the
most critical tasks. More detailed
information on deseribing operator
performance may be found in other
sources (19, 20).

Prepare Operator Time-Line Charts

Show the duration of work cycles and
tasks along mission time lines, marked
off into manageable intervals, The
duration of these intervals will vary

depending upon the portion of the mission

being examined, Indicate on this chart
the duration of each work cycle and
task by horizontal lines paralleling
the mission time base line. Indicate
mission segments by vertical lines
cutting through task and work cycle
lines. GSee page 58 for a sample-
operator time-line chart,
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Tasks and work cycles shown on the
time chart should be indexed to
descriptions of work cycles, tasks,
and job elements. The time-line
chart provides a valuable aid to 1.
the analysis of individual operator

work loads when used to supplement
descriptions of work cycles, tasks,

and Jjob elements.

communications among men in the
system. Thnis step should include
at least the following:

Prepare & description of com-
munications between major com-
ponents of the system containing
one oOr more men.

2. Prepare a description of com-
munications within each major
camponent containing two or
were men.

e Step 12 - Analyze Individual 3,
Operator Work Loads

Index messages identified in
communications descriptions to
a time-line chart.

4. Analyze commumications descrip-
tions and time-line charts, in
conjunction with operator per-
formance descriptions, to deter-
mine how communications among
men in the system might be
improved.

At this point, the performance des-
criptions of each operator should

be rechecked to insure that no
operator is over-loaded at any time
during the mission. Design and
subsequent manning considerations
must be aimed at those portions of
the mission where performance demands
are heaviest.

Descriptions of communications, both
between and within major components,
should contain at least the following

for each message:
If a careful analysis of factors, such

as that suggested in Step 6, reveals 1.
that performance requirements are

excessive for any operator at any

time during the mission, modify plans

by redistributing or simplifying 2.
tasks.

A code symbol to be used later
in indexing the message to a
cormunications time-line chart.

An indication of when during the
mission the message is sent.

3., The sgender and the receiver of the
message.

L. Mode of communication; e.g.,
radio, intercom, direct voice,
direct visual,

e 5tep 13 - Study Operator-to-Operator
Contacts

2. DNature of message; e.g.,commend,
request for information, informa-
tion t0 be used immediately or

The study of operator-to-operator
contacts is gimed toward optimizing
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later in making a decision, aid
to recall of procedures.



6. Content of message; wherever pos-
sible use the words or code
signals that will be used.

7. Contingencies which dictate

whether or not the message is
transmitted.,

Preparation of these descripticns
should be more than a simple record-
ing of previous decisions. It pre-
sents an excellent opportunity to
evaluate, revise and supplement
previous decisions concerning man-
man interactions.

The communications time-line chart
provides a convenient summary of
communications load and suggests pos-
gible over-loads for the operator.
When used in conjunction with com-
munications descriptions and operator
performance descriptions, they can

be a valuable aid to the early
diagnosis of inadeguate communications
design.
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e Step 1k - Perform Operator Research

It may become apparent in the prepara-
tion of operator performance descrip-
tions that certain tasks or job
elements impose unusual performance
requirements on the operator., At this
point research should have as its aim
the determination of the factors that
produce performance errors as well as
the study of ways in which errors

may be reduced or eliminated,

Three important factors which must be
considered in designing research
studies at this point are:
(b) experimental controls, and (c)
gpplicability of results. For further
details concerning the conduct of
human engineering studies refer to
Chapanis (6) and to his bibliography.

(a) sampling,
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@ Cperator Performance Deseription
Describing Continuous Task

Sample Formet for Describing Continuous Tasks

‘Cr)_perator: i ol ter:
ork Cycle: Climbing to altitude =s directed by Ground Control
1.1 Accelersting to climb speed {in shortest possible time and in most favormble position to
destroy unidentified sirersfi),

Job Element Varisbles

INFUTS
Feeded input informetion:
1, Positiom, speed, and direction of unidentified aircreft (Provided by Ground Comtrol),
2, Friendly or unfriendly sircraft.
3. Amoupt of fuel,
4, Position,speed, and hesting of interceptor,
Disruiﬁive or irreleveat inputs:
1, Air twbulence,
2, Background chatter from Ground Control,
3, HBadio static,
« Enemy jamming,
Critical time characteristics of inputs:
1. If fuel is limited, intercept mey h=ve to be mede before the most favorsble position for
attack cen be reached, :

IECISIONS
1, Best course to follow in eccelerating to climb speed,
2, When climb speed has been reached,

FEQUIRED CONTROL ACTIGNS

Coptrols: _Actionas:
1, Ceomtrol stick, Stendard-power boost =nd ertificisl beck pressure,
2. DBudder pedals, Stenderd-power boost and ertificisl back pressure,
3, Throttle, Standard,
FEETBACK

Indications of adequecy of wctians;
1, Airspeed indicator reads attained .
2. Direction indicator resds desired heading,
3, Attitude ipdicator shows level flight,
Delay, sction to indication:
1, Airspeed indicator lags about two seconds during repid acceleration,
2, Direction and attitude indicators heve lag of less 5 second,

CHARACTERISTIC ERROES AND MALFUNCTIONS
Clinb may be stzrted later them is efficient becsuse of sirspeed indicator lag,

CONTINGENCTES WHICH WILL AFFECT TASK

Contingencies: Effects opn task;
1, Ground Control loses terget, Filot mist decide whether to attempt wnaided intercept
or return to base,
2, Target changes course, Accelerstion course mey heve to be revised,
3, Ground Control detects escorts, Attack attitude revised, chaz;ging point at which
climb to altitude is started,
4, Malfunction accurs, Must decide whether or not to abort.
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Sample Time-Line Chart

Semple Operator Time-Line Chart¥

Attack Segment for a Hypothetical Bomber System

1+30 40 50 2400 10 20 20 40 50 300

Work Cycles 1 ; il
Pilot Tasks
"« Manual aircraft control
2. Autopilot adjustment — —_
3. Trim actuation —_ = -+ 4+

. Contaect navigation —

. Radar navigation

cedures — _ —_
. Scamning for aireraft
emergencies
. Scanning for enemy
fighter

L
)
6. Fuel management pro-
T
8

9. Bomb arming checkout -—

Bom-nav Work Cycles
Bom-nav Tasks

1. BNS checkout —_—— —

2. Computer programming

3. BNS - autopilet lock

in —p—

4, Bomb drop computations — +—

5. Ordinance arming pro-

cedures - —t—

6. Photographic equipment

checkout o R

T. Bomb run tracking

8. BNS recycle and secure

* Tasks falling in work cycles are plotted along a time base. The duration
of each task is indicated by a solid line. Heavy solid lines indicate
work cycles.
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Overview

This chapter describes the steps to be taken in
determining the optimal allocatlion of space and
arrangement of equipment for human use. These
steps include: (a) the delineation of useble
work areas for crew stations, (b) the delineation
of specific work areas within crew stations, and

(c) the location and installation of subsystems
and components.
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CHAPTER 6

The advantages of effectively
designed modules, controls or dis-
Plays are realized to the extent
that these units are properly located
in the operator's work area,
Although deteiled design of units
may begln simultaneously with the
design of work spaces, final
decisions on control and display
design will be determined by their
location.

® Step 15 - Delineate Usable Crew
Station Work Areas

The objective of this step is to
decide what portions of a system may
be allocated to crew stations. A
usable crew station work area is
defined as that space required by an
individual wearing standard clothing
and personal equipment to perform
the movements demanded by a Job.

It should ineclude:

1. Space for the human component and
his display-control system.

2. Uncbstructed free space for
required hand or leg control
movements.

3. Space for walking and seeing links

between operators and/or equip-
ment, if applicable.

WADC TR 56-488

4. Space or provision for quick
entrance to and exit from the
work area,

In accordance with Air Force policy

on crevw interchangeability, an
operator of any size, wearing standard
clothing and personal equipment,
should be able to operate in any

crev station (18). Exceptions for
speciglized flight categories are
contained in AFM 160-1.

Coneilderations for Allocating Work
Space

Compromise between adeguate space for
human performance and practical limits
imposed upon this space by major
subsystems and components is usually
unavoidable. Where compromise can be
reached without affecting size, weight
and center of gravity factors, the
allocation of work space for the human
component should taske into account
the following factors:

1. The visibility and movement
requirements of a job.

2+ The effects of intense acoustical
noise, vibration and likely
®echanical or toxological hazards.

3. Morale in terms of subjective
feelings of confinement, restric-
tion.
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4, Emergency escape,

5. Human and equipment traffic
flow.

6. Safety.

Specifie requirements for the minimal
allowable dimensions for work areas
may be found in & number of sources
(8, 13). Recent body size data

are also available {12). The Air
Force has suggested that plastic
manikins be used to test the adequacy
of work space allocations. Considera-
tion must also be glven to access
dimensions which permit rapid and
unimpaired removal or insertion of
parts, tools and hands. It should be
noted that work areas may need to be
designed for greatly restricted
movements, such as a pilot wearing

a pressurized pressure sult. This
would require especially well
positioned emergency controls.

The most important consideration in
allocating space for human use is the
Jjob the men is to perform. In air-
craft, for example, the pilot and
copilot require maximum external vis-
ibility. The flight engineer, radio
or -radar operator require little or
no window space. Maximum use should
be made of operator perfomance des-
criptions in determining work space
needs for operators.

Construct Flow Charts

Construct & flow chart for each
gseparatemajor component of the system
involving humen operators as an
integral part. This chart should
contain the following features:
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1. A scale diagram of the component.

2. The location of fixed or non-
portable facilities and the space
occupied by them.

3. Windows, doors and escape exlts,
if applicable and known.

To this chart, add the following,
and consider how each affects the
operation of the man and the total
systemn:

1. Human and eqguipment traffic flow
patterns.

2. Talking and seeing links.

Where snd how much space is required
for each individual operator in the
unit must be considered in the layout
of equipment,

For each alternative arrangement of
equipment and men determine the like-
lihood of breakdowns due to factors
such as dense traffic flow, emergency
escape, and transportation of bulky
items of equipment. Consider any
unique or nonstandard arrangement that
will tend to optimize performance and
reduce breakdowns.

Petermine the space requirements for
each operator, and indicate these by
circles or dotted lines on the charts.

If necessary, construct three dimensional
models (e.g., aircraft interiors, shops,
etc.) to test alternative arrangements.

Revise the work space flow charts as
additional, more detailed information
becomes available or changes take
place in the design of the system.



e Step 16 - Delineate Usable Work
Areas Within Crew
Stations

The objective of this step is to
delineate within those areas alloca-
ted as crewv stations, specific work
areas for individual operators,
Using the flow charts described above,
determine, for a given crew or opera-~
tor station, what portion of the
total space will be usable by the
operator. This space will include
room for components, operator con-
trol movements, and auxiliary equip-
ment. Allowance must be made for
windows, exits and maintensnce and
servieing.,

In an ideal work space the most
frequently used and important displays
and controls would be placed immedi-
ately in front of the operstor. The
less frequently used or less important
displays will be located to the right
and left. This arrangement requires

a minimum amount of reaching and head
turning.

When additional displays and controls
must be added to this ideal work
space, consideration should be given
to placing equipment on the ceiling
but within easy reach and view of the
operator. Controls or displays out

of the visual field or requiring
rotation of the body will be less
readily used in terms of operator time,
accuracy and comfort.

¥n the workplace area, delineate
features required by the operator:
seating, controls, fixed escape
dimensions, windows, displays, light-
ing, ete. 0On the basis of operator
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performance descriptions, place these
ir the most optimal arrengement,
making compromises when necessary.
Consider any unique or novel arrange-
ment, that may increase the efficiency,
speed and accuracy of the operator's
performance., Take into account how
the use of the work space may be
affected by events occurring during
the course of a mission as well as
tasks and job element reguirements
(e.g., loss of cabin pressure, sus-
tained buffeting, lightning).

There will be more freedom in
delineating usable work areas for
ground support than for a manned air
vehicle. 1In either case the detail
contained in work space diagrams should
be sufficient to enable one to deter-
mine if each operator can meet his
berformance requirements within the
work space assigned to him.

e Step 17 - Determine the Location
and Installation of
Components

This step is concerned with the
subsystems and components that have
not previously been located. It
assumes that the usable work space
has already been established but
that final decisions concerning the
location of units have not yet been
made,

Much of the information rertaining
to the location and installation of
particular components is either pre-
scribed in Air Force requirement
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documents (13, 14, 15) or discussed
in the many handbooks and guides
available to system designers (2, 12,
22, 31). This informationmust be
utilized to make sound decisions as
to the location of items in the work
space.

eStep 18 - Perform Research on Alter-
native Work Space Layouts

During the course of the development
program alternative work space lay-
outs may have been suggested. When a
precise evaluation of alternative
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arrangements is required, it may be
necessary to utilize either non-
functional or functional mockups.

A relatively inexpensive way to per-
form work layout research is to con-
struct a single mockup (e.g., &
cockpit) that meets the space
dimensions required by the operator.
Add to this mockup those items that
cannot be chenged., Utilize the re-
maining usable space for alterna-
tive mrrangements. Modular controls
and displays, consisting of either
nonfunctional or function units,
individually packaged, which can be
moved and located at will should be
used.

Performance data should be obtained
in terms of actual or expected
errors, difficulties, safety, etc.
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integration and simplification.
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Qverview

This chapter describes the steps to be taken in

the detailed design and construction of the penels,
controls and displays, and the auxiliary supports
required by human components in weapon systems.

These steps include: (a) the determination of

human information requirements, (b) the determination
of human responses requirements, (c) the detailed
design of controls, displays and operator consoles,
(d) the determination and design of auxiliary job
supports, and (e) the preparation of procedures.
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CHAPTER 7

Inasmuch as the total number of dif-
ferent functions of humans in weapon
systems is extremely large, it is not
possible in this report to present
more than & very general approach to
the problems of equipment design. The
many references containing detailed
design recommendations (see Chapter
10), permit this chapter to concen-
trate on general procedures that may
be helpful in identifying equipment
design problems.

In generel, the steps presented here
will follow those in previous chapters.
If equipment is to be designed for
optimum humen performance, human
engineering consideration must be
given to equipment design throughout
the development program. In allocating
functions to0 men it is necessary to
have at least a rough idea of the
controls and displays they will use

to fulfill these functions. In pre-
paring operator performance descrip-
tions the plans for eqguipment design
will have to be still more detailed.
General configurations of equipment
and control-display panels should be
nearly firalized before work space
layouts are prepared. It will probably
be possible to defer most of the
detailed design of displays, controls,
instrument panels and auxiliary job
supports until the previous steps

have been completed.

Steps 19, 20, and 21 cannot be
accomplished successively, but must
be done simultaneocusly if optimal
equirment design is to result.
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eStep 19 - Analyze Human Informstion
Requirements

These two steps, 19 and 20, lead to

the identification of a set of
requirements which can be translated
into recommendations for displays,

controls and operator comnsoles.

Abstract from each opérator performance
description those items of informa-
tion which are essential to the com-
pletion of presecribed tasks. It is
suggested that consideration of the
following factors will be of help

in describing informetion requirements.

1. Time during the mission during which
information will be used.

2. Work cycle, task and job elements
within which information is to be
used. '

3. Whether or not the operator requires
information to correct a present
condition of the system or to plan
a future course of action.

L. Data processing, decision making and
overt responses which require the
information.

5. How the information is used in the
data processing, decision making
and overt responses.

6. The precision with which the informa-
tion must be presented to the
operator in order to be useful,
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7. The precision with which responses
meking use of the information must
be made.

Consider information originating from
the external environment and from
other operators as well as informa-
tion which is generated by equipment.

When all the information requirements
have been determined, classify them
as follows:

1. Identify and combine as a single
requirement all of the times
essentially the same information
is required in different tasks.

2. Qroup all of the types of infor-
mation which can be combined
effectively in a single display
(e.g., target range, azimuth
and elevation).

3. Group all of the types of infor-
mation which might come over a
single communication channel
(e.g., 8ll verbal cormunications
of aircrew members over intercom).

L., Group all of the types of infor-
mation which might be incorporated
in a single recall aid (e.g.,
chart, table, graph, checklist).

5. Group all of the types of infor-
mation likely to come directly

from a single source in the exter-

nal enviromment (e.g., the various
cues obtained from direct obser-
vation of & landing sirip during
approach).

6. Further classify the above group-
ings according to types of in-
formation which are commonly
used together or in segquence.
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e Step 20 - Analyze Human Response
Requirements

Abstract from each operator performance
description overt responses which the
operator must perform in order to com-
plete his prescribed tasks. Describe
responses vwhich deal with information
transmission (e.g., verbal communica-
tion)}, written responses, movements
from one facility or station to
another, and control activation, con-
sidering the fdllowing:

1. At what times during the mission
the response is made.

2. 1In what work cycle, task and job
elements the response is made.

3. Whether the response can be discrete
and essentially all-or-none or
whether it must be continuously
varied.

4, What information initiates and
controls the response.

5. How the various types of information
control -the response.

6. The precision with which the infor-
mation must be Known.

7. The precision with which the response
must be made.

When response reguirements have been
described, consider the following
factors for their classification.

1. Identify and combine as a single
requirement all of the times
essentially the szme control response
is required in different tasks.



2. Group all of the responses which
can be made effectively on the
same control.

3. Group all of the infomation which
might be transmitted over a single
communication channel,

4. Further classify the above group-
ings according to types of res-
bonses commonly made together or
in sequence.

Incorporate only sufficient detail in
these two analyses (Steps 19 and 20)
to permit a reasonably firm determina-
tion of the number and types of control
and display elements required by the
operator. When a work cycle or a task
contains information and response re-
quirements similar to those for = pre-
vious, similar system it will not be
necessary to list each input and out-
put. Obviously, the extent to which
these steps will be of use in estab-
lishing display and control require-
ments depends upon the extent to

which detailed information is avail-
able from individual operator perfor-
mance descriptions.

e Step 21 - Design Displays, Controls
and QOperator Conscles

The objective of this step is to pro-
vide detalled design rec amendations
lor operator conscles, controls and
displays based upon an analysis of
the operator'Ts information and res-
ponse output requirements,
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Design Displays

Use the information analysis data in the
detailed design of displays. In design-
ing each display aim to provide the
simplest, most direct source for the
information required by the operator.
Use human engineering guides and hand-
books to suggest appropriate types of
displays for the different types of
information requirements.

Design Controls

Use the response requirements analysis
as the primary socurce of data for this
analysis. In designing each control
gim for a device which can be operated
both quickly and accurately without
introducing unnecessary engineering
complications.

Design Operator Consoles

A considerahle amount of console

design will have been accomplished dur-
ing preceding steps. At this point,
however, some final decisions

have to be made. The detailed design

of displays and controls may have caused
integration of items previously planned
and resulted in changes in size or
shape. The analysis of information-
response relationships may suggest
desirable regroupings. This additional
information should be used in preparing
a finalized design of operator consoles.
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e Step 22 - Determine Auxiliary Job
Supports

Review the information and respounse
analyses and the use of the detailed
display-control designs for suggestions
regarding suxiliary supporits. Such
supports may include the following
items:

1. Recall aids such as graphs,
charts, tables, checklists,.

2. Hand-computing devices.

3. Tools.

Lk, Special lights.

5. Magnifying devices:

6, Filters.

7. Writing materials.

8. Signaling devices.

9, Safety and protective equipment.

Panel and other labels.

eStep 23 - Prepare Procedures

This step consists of the develop-
ment of a set of procedures, based
upon operator performance deseription
data, to be used by individual opera-
tors in the performance of a Jjab.
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Adequate procedures should consist of
step-by-step deseriptions of what the
operator is to do. Each step should
include any diagrams, tebles or illustra-
tiong necessary to supplement the
written steps. Care must be taken to
eliminate items of information which are
not needed by the operator (e.g., un-
necessary verbel or pictorial detail).
Since most procedures will be performed
under varying conditions, the contin-
gencies which the operator may face
must be considered.

When procedures have been prepared for
an operator, they should be tested in

a functional simulator. Attention
should be given to correcting procedures
whieh result in the following:

1. Excessive data-processing,
egpecially computations.

2. Large amounts of short- or long-
term recall.

3. Sustained over-load.
4. Error-likely conditions.
5. Hazardous conditions.

It is important, that procedures be
prepared during equipment design and
revised as changes in design details
oceur. Procedures will be of value

in setting up selection requirements,

in establishing maoning tables, and

in preparing operational and maintenance
handbooks. These procedures will

also provide a basis for determining
training and training equipment require-
ments.



® Step 24 - Perform Research for
Integration and Simplifica-
tion of Houipment

It is beyond the scope of this report
to list or describe the many different
techniques which might be used in
performing this research. Even a
partial list would include a variety
of techniques borrowed from experi.-
mental and applied psychology, opera-
tions research, applied statistics,
time and motion analysis, applied
mathematics, and test engineering,

It must be assumed that members of the
design team will be well grounded in
these basic research techniques and
able to pursue the implieations of
advanced techniques that may be re-
quired in the solution of special
problems.

Experimental Comparison of Alternative
Control-Display Items

Even with the most carefully prepared
operator performance deseriptions and
information-response anelysis, it will
often be necessary to resort to
research to determine which of a
mumber of alternative control-display
items will best fulfill) operator
requirements (6). The following cone
ditions must obtain before research of
this type becomes worthwhile,

1. The design team is unable to
predict with confidence, on the
basis of all of the information
available to it, whigh of the
alternatives will optimize the
operator's performance,
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2. The likelihood that the differential
effects of various alternatives
on system performance will be
great enough to warrant the cost,
in terms of development time,

effect on over-all system reliability

or performance,

3. One additional factor which must

be considered here is the possibility

of applying the research findings
to the design of future systenms.

The development of apparatus for this
research is considerably simplified

if the alternative choices are among
available controls and displays. IT
such items are not available, either
simulated or prototype devices will
have to be designed. Since the meeting
of operational requirements is unneces-
sary for purposes of this research,
engineering development should be the
minimum necessary to provide adequate
experimental apparatus.

Determination of the extent -to which
operational tasks and conditions should
be simulated in this type of research
is a major problem.

A curve showing the hypothesized
relationship between cost and simula-
tion is presented in Figure 2.

Figure 2. Hypothesized Tradeoff Curve
for Cost and Degree of Research
Simulation of (perational
Situation,
Increase
Cost

Decraas*

Decreass wg———.3 Increase

Degree of Simulation of Cperatisnal
Tasks and Conditions




Validit
Resear
Results
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A curve showing the hypothesized rela-
tionship between the extent to vwhich
research will agree with results in
the operational situation and the
degree of simulaetion achieved in
research is shown in Figure 3.

Figure 3. Hypothesized Tradeoff

Curve for Valldity of
Research Results When
Applied to the Research
Situation and Degree of
Research Simulation.

Incresase

of

Dscrease

Decrease _(___)_Increase
Degree of Simulation

If the relationships shown in these
curves are valid, it is apparent that
simulation beyond a certain point
reaches a stage of diminishing return
per unit cost.

A high degree of fidelity of simula-
tion may be achieved without duplica-
ting all equipment characteristics.
For example, a preprogrammed photo-
graphic presentation may provide
excellent simulation of a radar scope
et only a fraction of the cost- ine

volved in developing the actual radar
display.

Mission Simulatiocn

Once the detailed design of controls,
displays, and Iinstrument panels has
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been completed, including the research
on alternative control-display items
discussed above, simulated missions can
be run on research simulators or pro-
totype equipment. These will pro-

vide valuable research data. In cases
where & complete simulator is not
available and prototype equipment is
incomplete, gaps might be filled in with
nonfunctional items from other systems.

This alternative will decrease the degree

of simulstion of the operational con-
ditions, but should still permit the
drawing of useful inferences.

The purpose of this research should
be to identify design features which
cause the operator difficulty in
meeting his task requirements. The
following are useful in identifying
such features:

1. Recording devices connected to
each control to provide & per-
manent record of each control
response.

Tape recordings of verbal com-
munication during the mission.

Direct observation and recording
by the experimenter.

4. Post-mission interviews to

obtain evaluations and suggestions
for improvement.

Attempt necessary redesign through
modification of procedures; if this
cannot be accomplished, equipment
may have to be modified.

Evaluation of Proposed Modifications

Modifications to improve unsatisfactory
design features identified during



simulated missions shouwld be fully
evaluated to insure that they are
real improvements. The most pre-
cise evaluation can be made by incor-
porating the proposed modification
in a simulator and running subjects
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through additional missions. Where
this is not feasible, it will probably
8till be possible to obtain useful
data by simulating only a portion of
the equipment and/or mission in the
laboratory.
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Overview

This chapter presents a discussion of evaluation
procedures for various phases of system development.
These procedures are intended for use by inservice

and contractor personnel. At critical phases 1t is
highly desirsble that contractor personnel evaluate
human engineering factors before developmental reports
and hardware are submitied for Ailr Force evaluation.

A second, independent evaluation within the Alr Force
will increase the probability that undesirable features
will be caught and corrected.

WADC TR 56-488 76



@3YSTEM EVALUATION CHAPTER 8
Even within a contracting organization alternatives to the design team.
it may be desirable to have human Evaluation of early documents which
engineering evaluations done by = appear prior to the allocation of
group seperate from the design team, system functions should include at

Such a group is likely to bring a least the following steps:

new perspective to the evaluation
which will be helpful in identifying 1.
problems and suggesting solutions.

®Step 25 - Evaluate Drawings, Plans
and Blueprints
2

Much information about the adeguacy

of humen engineering design character-
istics can be obtained prior to the

time mockups, experimental or devel- 3.
opmental models, or prototype equip-

ment are available. Evaluations can

begin as soon as decisions which

affect the human have been made.

An attempt is made below to suggest

some of the major types of human
engineering information that should

be evaluated from documents prepared

during the developmental sequence, 4.

Evaluation of Functional Analyses Se

The evaluator!s role during the initial
phases of development should be primar-
ily one of providing additionsl infor-
matlon and suggesting additional
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Determine whether any system
requirements have been overlooked
in assessing alternative equip-
ment and human capabilities to
meet these requirements. Point
out the implications of such
requirements to the allocation of
functions.

Determine whether any reasonable
alternative capabilities have
been overlooked. If any have,
state what they are and point out
their desireble and undesirable
characteristics.

Check over the alternative cap-
abilities listed by the design
team and determine in the light
of the best experimental and
operational data available,
whether erroneous conclusions
have been drawn concerning the
strong and weak points of any
capability.

Suggest the elimination of alter-
native capabilities which will
obviously not be satisfactory to
meet the system requirements,

Study mission profiles and ground
support flow charts to determine
whether any important conditions
or ceontingencies have been over-
locked. Suggest the inclusion of
this additional information on the

original profiles and charts. Iirf
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this is not feasible, request
that additional missions be
drawn which include the new
information.

Make a cereful appraisal of
whether the functions analysis
documents that are being produced
are leading in a direction wvhich
will be helpful in later human
engineering of the system. BSug-
gest needed changes in general
methodology to improve the value
of data being evolved.

Evaluation of Funciions Allocations

The evaluator must judge whether or
not planning for utilization of the
man makes effective use of human cap-
abilities and takes account of his
limitations. The evaluator should
include at least the following steps:

1.

Review decisions to use or not

to use men in each major component
of the system. Recommend recon-
sideration of any decisions

which do not seem warranted on

the basis of the information avail-
able.

Eveluate whether plans call for
human capabilities %o be matched
appropriately to system reguire-
ments. Also, check that this
matching is satisfactory for all
phases of all different types of
missions, Make recommendations for
revising plans to improve the use
of human capabilities.
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3. Study time and link analysis
data, checking for errors or
omissions. Identify additional
points of operator over- or
under-load which the design team
may have missed. Point out where
over- or under-locad points have
been wrongly identified.

L. Determine whether the number of
crevmembers planned for major
compcnents of the system and
assignment of duties to each
crevman 1s optimal. Suggest
where the numbers of men used
should be increased or decreased.
Recommend how duties might be
re-assigned.

5. Review the preliminary spatial
allocation of controls and dis-
plays. Suggest needed changes
in the positioning of these
items.

Evaluation of Operstor Performance
Descriptions

The evaluator should determine early

in the preparation of operator per-
formance descriptions, the level and
type of detail included useful in

later design of equipment and work
procedures. Where necessary, in-
adequate efforts should be re-directed.
Techniques for avoiding inelusion of
useless detail, reducing unnecessary
redundancy, and otherwise short-

cutting and improving the preparation
of these descriptions should be sug-

gested, Evaluation of operator



performance degcriptions should also
include at least the following:

l. Review of operstor performance
end communications descriptions
to determine if they accurately
reflect total system planning.
Correct inaccuracies.

2+ Recheck to determine whether or
not any human performance is
reguired which is not described.
Request that deseriptions for
this performence be prepared.

3« Verify analyses of individual
operator work loads.

Evaluation of Work Space Layout
Documents

Review documents, flow charts, and
work space diagrams. Determine
vhether the decisions reflected in
these plans have taken into account
all of the information included in
previously prepared and evaluated
planning for work space layouts is

in sccord with the best available
human engineering and time gnd motion
data. Suggest re-design as required,

Evaluation of Information and Response
Analyses

A small scale tryout of data from
performance descriptions should be
evaluated to determine whether or
not efficient methods are being used.
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When this has been completed, special
attention should be given to the class-
ification of information and responses
to insure that the analyses are com-
prehensive end will provide a satis-
factory basis for detailed design of
displays and controls. Check to

insure that all information and responses
included in a single category can

most effectively be provided for by

a single display or control.

Evaluation of Specifications

Checking through specifications and
drawings for displays, controls, con-
soles, and auxiliary equipment may
indicate items which will not be
adequate for the purposes intended

and thus save apprecilable amounts of
developmental effort. These items
should be evaluated by comparing

the detailed plans with appropriate
information and response analysis data
to reveal where plans are inadequate.
Suggest how changes can most effectively
be made. _

Evaluation of Procedures

Review procedures to insure that all
required tasks will be done in the
most reliable, effective and error
free manner. Give special considera-
tion to the likelihood that perfor-
mance decrement will be caused by
conditions of stress. Check to in-
sure that procedures are dovetailed
to the design of equipment.
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e Step 26 - Evaluate Developmental,
Mockup, and Prototype
Equipment

The purpose of this step is to sug-
gest factors that should be consider-
ed In the evaluation of eguipment for
human use.

Evaluation of Mockups

Evaluation of mockups will be superior
t0o evaluation of plans and drawings
primarily because three dimensional
spatial relationships, anticipated
display realings, control responses,
and equipment integration can be
visualized easily from a mockup. The
evaluator should make full use of this
advantage by actually running through
the task himself and by observing
others.

Evaluation of Development Model

Tevelopment models will provide the
evaluator with his first opportunity
to actually operate or observe the
operation of the equipment. He should
make full use of this opportunity to
clarify any doubtful points that

occur during his evaluation of Socu-
ments.
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Evaluation of Prototype Equipment

Evaluations of prototype equipment
should be based upon & careful
analysis of discrepancies between
actual speed and eccuracy in opera-
ting end meintaining the equipment
and requirements for optimum system
performance. Personnel on which
the measurements are made should be
typical, in skill and training,

of the personnel who will be
availaeble for routine operation and
maintenance of the system. Field
and envirommental conditions should
be simulated as fully as possible.

A major disadvantage with these
evaluations is the expense of design
changes at this stage and the delay
in delivery of the weapon system.

8 Step 27 - Evaluate Engineering
Change Proposals

Unsatisfactory Reports (UR's) should be
examined for their possible human
engineering implications as they
relate to the total system. Solutions
to eonditions which degrade human
performance and result in an adverse
effect on system performance should
appear in Engineering Change Pro-
posals (ECP's).




Even proposals which are not based
on human engineering defects may
affect operator or maintenance per-
formance. ECP's should be screened
to identify those which will affect
human performance so they cen be
given special humen engineering
attention,

Such proposals probably will affect
one or more Of the following;

1. Design or performence character-
istics of controls or displays.

2. Design of work space layouts.

3. Operating or maintenance pro-
cedures,

4. Auxiliary equipments such as
test equipment or other work
supports such as maintenance
diagrams.

Proposals which will affect any of the
above should be reviewed from a human
engineering standpoint to insure that
modifications will not degrade

over-all system and human perftrmance.

WADC TR 56-488

81

@®System Evaluation
eChecklists as Evaluation Tools

®Checklists as Evaluation Tools

Checklists are commonly used as tools
in evaluating the human engineering
adequacy of systems., The assumption
behind their use is that it is possible
to detemmine in advance of an evalu-
ation what categories of items will

be critical to the performance of the
human and the system as a whole. .

Two checklists have recently been
developed for human engineering
evaluations of weapon systems. The
First (3) is a checklist intended for
use in evaluating plans., The second
(28) is a checklist intended for

use at Development Engireering Ip-
spections and Mockup Inspections.
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content

Man as a data-sensing device
HUMAN CAPABILITIES AND Man as a data-processing device

LIMITATIONS Man as a data-transmitting device
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Qverview

The purpose of this chapter is to provide the design
engineer with a general overview of human capabilities
and limitations. This overview should serve as a basis
for considering the humen element as & system component.

In this chapter the human is treated 1n terms of three

basic capabilities: (a) data-sensing, (b) data-processing,
and (c) data-trensmitting.
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@ HUMAN CAPABTLITIES AND LIMITATIONS

CHAPTER 9

It is not within the scope of this
report to present a complete discussion
of human behavior. For those aspects
of behavior which are considered
special emphasis has been placed upon
material not likely to be found in
other sources., Detailed deta avail-
able in other sources are not repeated
here. Some of the material presented
is hypothesis and conjecture; some

is fact, Where data are available,
references have been given. For
detailed information pertaining to
particular design areas, consult the
references given in Chapter 10.

s Man as a Data-Sensing Device

Six factors important to the selection

and use of data-sensing capabilities
are discussed in this section: (a)
sensitivity, (b) capacity, (c) speed,
d) vulnerability, (e) stability, and
f) individual differences.

Sensitivity

Each human sense organ has upper and
lovwer sensitivity limits which define
the range of energies to which the
organ is normally responsive--energies
capable of producing sight, hearing,
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taste, touch, and so on. Near-

limit energies will produce un-
reliable sensing, and those near the
upper limit may result in severe
discomfort and possible physiological
impairment.

The lower sensitivity limit is not

a sharp cut-off point but a statis-
tical region below which the pro-
bability of detecting a stimulus
energy falls off rapidly. Tradition-
ally, a lower sensitivity limit is
defined in terms of that physical
energy that can be detected 50 per
cent of the time.

For the detection of small amounts

of visual or acoustic energy, the

eye and ear respectively are superior
t0 many present day electro-mechanical
data-sensors. For example, the

amount of energy required to cause a
noticeable sensation of light has

been istimated at from 2.2 to 5.7

x 10710 ergs, or between 58 and 1L8
guanta of light.

This represents a sensitivity
300,000 times greater than the most
delicate radiometer (16).

Between its upper and lower sensitivity
limits each sense organ is able to
detect or "discriminate" differences
among energles applled to it, Again,
these "difference thresholds" are
statistical rather than sbsolute.
Depending upon how the measurement

is made, the ear can distinguish
between 300 to 1056 different pitches
within its upper and lower limits
(r0, 2u).
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Both the upper and lower limits and
differential thresholds vary consid-
ergbly from individual to individual
and from time to time. For example,
factors definitely known to affect
visual threshold measurements are the
intensity, size, shape, and mammer of
presenting the stimulus: the back-
ground against which it appears, and
the previous history of stimulation
of the subject being tested.

Because of this large number of com-
plex interacting factors, threshold
data obtained in one context must be
extrapolated to ancther context with
care.

Although differentiel thresholds are
traditionally established in the
laboratory on the basis of a 50%
probability of detecting a stimulus,
to assure adequate data-sensing a
probability of detection approaching
100% is required in the design of
displays.

There is not a one to one relation
between changes in the physical
properties of a stimulus (e.g., its
size, shape or color) and changes in
the sensory or "subjective" experience
of that stimulus. Certain non-
linearities follow & general formula
(26) which may be used to determine
such factors as the physical size of
distances on a scale of equally
appearing (to the viewer) intervals.

In another respect this lack of a one
to one relationship between a stimulus
and the experience of it is a for-
tunate one for the human., It permits
him to identify the same object under
a wide variety of circumstances. For
example, despite the change of the
retinal image due to the spatial
crientation of a cube, the observer
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is still able to preceive the object
as a cube. This phenomena, which is
called "constancy,” applies to a
variety of stimulus characteristics,
including color, form, end size.
This property makes humans superior
+o machines for such tasks as target
identification, reconnaissance, and
the like.

One undesirable characteristic of
human sense organs 1s the tendency
for both upper, lower and discrimina-
tion thresholds to fluctuate greatly
with momentary conditions. Fatigue,
boredom, stress, and previous
stimulation are known to raise
thresholds considerably. This fact
must be taken into account when
designing visusl or aural warning
systems, where even relatively intense
gigrals may be unnoticed.

Another characteristic of sense
organs is that a given stimulus may
be masked by either a previous
stimulus or a more intense stimulus.
This is particularly true of hearing,
where relatively small amounts of noise
within e given frequency spectrum
may mask or obscure needed voice or
mechanical signals. The eye is con-
sidersbly less sensitive to masking.
In fact, it is generally superior
to other data-sensing devices in
reading signals through noise, This
ability has been put to good use in
scope interpretation, where target
images are often obscured by ECM
pips, snow or other interference.

Contrary to some types of electro-
mechanical comparators, however, man
maey form biases about certain types
of information. Whereas a comparator
is able to obtain useful information
from a scan in which as much as 60%
of the presentation is obliterated by



noise, man often relies on only one
given pattern in an entire scan
(such as a femiliar shaped object)
to identify the nature of the scan,
ignoring other patterns. If this
item of information is obliterated
or incorrectly interpreted, he may
not be able to carry out the proper
action to the information presented,

Capacity

In order for a physical stimulus
energy, such as an aural signal or
a visual display, to be useful to
man it must convey information. In-
formation 1s any change which causes
&' change in stimulation.

When there is no change in the environ-
mental energies acting upcon a sense
organ, the operator receives no in-
formation until the environment
changes. When these changes are
completely random (e.g., white or
thermal noise) the operator has
received g maximum of information.
Neither a maximum of information or no
information is of use in telling a men
about his environment or how he must
react to it. They do not permit him
to act in a purposeful way.

Between these two extremes, however,

is a range of organized energy pat-
terns which falls within the range of
sensory sensitivity and which conveys
useful information. Speech sounds,
pictures, pointer movements, are good
examples, This information has utility
because the human has learned to
associate with it particular patterns
of control action which he can or must
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make. Without such learned associastions
incoming stimulus information is mean-
ingless. A traffic light conveys in-
formation to the driver only because
arbitrary assoclations between changes
in color and human control actions have
been established through learning.

When the difference between its upper
and lower thresholds is great and there
are many discriminable differences
between these thresholds, a sense

organ is capable of receiving a large
amount of information. This is
especially true for vision and audition,
where each discriminable difference in
color, brightness, movement, pitch or
loudness, represents a potentially
useful item of informati on.

While 1t is theoretically possible for
& separate response to be established
for each discriminable difference that
& human can detect, performance degra-
dation occurs when either too much or
too little information is presented

at a given time. Although the upper
and lower limits of human information
transmission have not yet been fully
established, men are probably not cap-
able of transmitting more than 26
binary digits of information per
second. The following table indicates
some activities for which transmission
rateg have been determined.

Table 1. Rate of Information Trans-
mission by Man for Sample
Materials (4).
Task Maximum
Transmission
(bits/second)
Pisno playing 22
Impromptu speaking 26
Reading aloud 2k
Mental arithmetic ok
Typing iT



@ Human Capabilities and Limitatlons
e Man as a Data-Sensing Device

Speed

Each sense organ has a characteristic
lag between the onset of stimulation
and the occurrence of a response to
that stimulation. This lag is a funec-
tion of the intensity of the stimulus
energy, the latencies of the sensory
end organs and nerve fibers, and the
decay speeds of photo-chemical and
other energy sensitive substances.

Consequently, the speed with which
data are detected varies greatly under
different conditions and from person
to person. For example, the normal
eye can focus on an cobject in approx-
imately 160810 milliseconds and move
through a 40° lateral arc in 100
milliseconds. From 100 to 500 milli-
seconds may be required to identify
and act upon the simpliest aural
signal or verbal command (27).

Table 2. Perception-to-Action Tab-
ulation Applicable to Any
Craft, Any Speed (25).

Action Time to
Complete, Sec.
Brain perception of 0.1
what eye sees
Brain recognition O.b
Decision b to 5
Physical reaction 0.5
Airplane reaction
(approx. ) 24
Total action time 7 to 8 sec.

It is essential that the speed re-
quirements for information response
by humans be kept well above the lag
of the sense organ being stimulated.
Additional time must alsc be permitted

WADC TR 56-L488 88

for necessary data-processing decision
waking and control action. Decision
time can be reduced by an appropriate
preparatory set.

Vulrerability

Vulnerability is the susceptibility
of a component to deterioration as
a result of normal usage or enemy
action. Like other compcnents, the
human data-sensing deviece is vulner-
able to & number of factors,

The deterioration through usage, of
the eye and ear, are relatively
small. Except for permanent
physiological damage caused by
extremely intense, high frequency
sounds or high intensity light
flashes, human sense orgens are
capable of extremely rapid recovery.
The eye and ear, for example, both
fetigue very slowly. Impairment
during fatigue is but slight.

Considerable temporary deterioration,
however, can result due to possible
ernemy countermeasure techniques.

Many of these techniques, of a
psychological nature, have been used
for centuries in warfare. The use

of loud trumpets, reflected light from
large mirrors, cause temporary hearing
and visual loss as well as rather
acute psychological trauma. Fortunately
their action is limited to short dis~
tances,

In the electronic countermeasures area
somewhat more effective techniques
have been employed. Scope presentations



have been jammed through the use of
chaff, target repeater techniques,
and so on. These have not been
completely effective. In fact, at
the present time most countermeasure
techniques used to jam visual dis-
plays succeed in jamming the display
but not the operator. His ability
to read signals through noise and
detect felse targets, is high.

One solution that has not yet been
tried, however, is to use ECM for
the presentation of scope displays
that produce physiological impair-
ment, such as sleep, hypnotic-like
states, vertigo and nausea. Work
recently done by Walter (29) on
photic driving may have some
practical applications to this
important field.

In summary, human data-sensing
devices are rnot particularly vulner-
able. Their biggest limitation is
their vulnerability to the conditions
inherent in the normal operational
sltuation: shifts in light level
regquiring rather prolonged dark
adaptation, engine noise cutting down
on hearing effieiency, weather con-
ditions cutting down on visibility,
and the like.

Stability

The stability of a component is its
ability to perform consistently or
reliably under normal and unusual
conditions.

Like other data~sensing devices the
human senses are subject to variation
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even under constant conditions. The
reliability of detection, however, is
relatively good. For example, upper
or lower thresholds for hearing,
seeing, and touch remain stable over
long periods of time. Furthermore,

as a result of continued practice,

the stability of performance improves,

It is when the organism is subjected
to severe momentary or prolonged stress
that data-detection becomes unstable.

Stability in perceiving, identifying
or handling complex perceptual pat-
terns is less good, but even here,
with considerable amounts of train-
ing and over-learning, the human can
become a relatively stable data-
sensing device,

Perhaps the major condition resulting
in instability in data-sensing is time.
Humans are relatively poor at monitor-
ing tasks, where the organism plays

a more or less pasgsive role, and

the quality of monjitoring performance
deteriorates rapidly with the length
of the task. 1In this capacity,
machines have proven to be better,
both for monitoring other machines
and men.

Individual Differences

It has already been pointed out that
wide individual differences exist in
data-sensing abilities. Variation
from eye to eye is probably consider-
ably greater than variation from
photo-cell to photo-cell. These
individual differences may be attributed
to age, intelligence, physiological
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condition of the subject, and
especially to amount of training.

In designing = weapon system, vhere
it is desirable to have relatively
standard components capable of
operating within a small range of
tolerances, the problem of individual
differences becomes a major one.
Ideally, it would be desirable to
achieve the same type oi interchange-
gbility of men that can be obtained
with hardware components. Unfor-
tunately with present selection
techniques this does not seem to be
possible.

The assumption must always be made

in designing a new system that it will
be operated and maintained by a wide
variety of individuals. The level of
difficulty of human tasks, therefore,
must always be gauged to the cap-
apilities of the most inferior in-
dividual expected to perform in the
system. It 1s for this reason, for
example, that so many present-day
equipments are comstructed along "go
no-gd' lines.

e, Man as a Data-Processing Device

In this section, eight factors impor-
tant in cconsidering man as a data-
processing device are considered: (a)
human versus automatic computers,

(v) memory storage, (c¢) decision
making, {4) interpreting, (¢) infer-
ring, (f) numerial calculation, (g)
estimating conditions, and (h) imagin-
ing.
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Human Versus Automatic Computers

In many respects the human component
compares favorably with modern com-
puters (1).

The entire brain, with its millions

of nerve fibers, operates on less

than 100 watts, whereas more then

100 million watts would be required

to operate a similar mechanism consist-
ing of transistors.

Although its power reguirements are
small, the speed of data-processing
by humafs is much slower than devices
such as the ENTAC and MANTAC. Com-
parison of nerve fibers and vacuum
tubes suggests the relative speeds of
the brain and a compuier. Whereas a
single nerve fiber can be activated
about 100 times a second, a vacuum
tube can be activated up to a
million times a second. To a certain
extent this loss of speed is offset
by the extremely large storage capacity
of the brain.

The larger the memory storage capacity
of a computer, the less information
needs to be fed into it. Whereas

the humen is capable of storing from
1.5 million to 100 million binary
digits of information, MANIAC's memory
is limited to 40,000 bits. Compared
to the size of most computers, the
MANTAC is large, whereas the average
bom-nav computer has a vastly smaller
memory storage capacity.

In every case where there is an
option between the human and an
automatic computer, these factors
should be taken into account.



As Bredy (5) has indicated, even
though automatic computers have cer-
tain advantages over humans (e.g.,
their ability to erase information
completely) only when this superior
performance is demanded by the system,
should such a device be considered.

Memory Storage

Despite the large storage capacity of
the human, both for long and short-
term recall, the speed and accuracy
of human recall is poor.

Although extensive training is
invaluable in reducing errors of
recall, it may often by necessary to
provide external supports as aids to
recall. It is for this reason that
research is currently being initiated
in the development of aural and visual
warning systems.

Errors of recall are greatest for
information which is obtained during
the performance of one task and must
be applied in another context to an-
other task.

One important area which requires
research is that of checklists. It
is not uncommon for the average opera-
tor to use a checklist for performing
a sequence of actions. While he may
not fail to consult the list and even
read each item, he often fails to
carry out the actions implied by the
list. Thus, while reading the list
becomes automatic, performing the
indicated actions may not. One
possible solution to this problem is

WADC TR 56-488 9l

@®Human Capabilities and Limitations
*Man as a Data~Processing Device

to design checklists in such a manner
that each successive item will not
appear until the action has been
indicated by previous items +that have
been performed.

It is worth mentioning that while

human automaticity is often desirable

in meeting standard or routine con-
ditions, it is a distinct disadvantage
when different conditions call for
different responses. For this reason,
it is often necessary to build into
systems features which prevent the
appearance of automatic human responses.

Decision Meking

The act of selecting from a number of
alternative courses of action that
one most likely to eliminate an out-
of-tolerance condition or maintain

an existing in-tolerance condition,
is probably the least understood

but most important function of the
human in modern weapon systems.

In general, humans are superior to
existing computers in making decisions
for three reasons: (a) they are
capable of inductive reasonirg, (b)
they are able to make inferences

from one set of conditioms to ancther,
and (c) they are capable of making
decisions in situations which they
have not previously encountered.

Whereas the logic of computers is
based almost entirely upon pre-programmed
deductive reasoning, the human is
capable of inductive reasoning. This
gives him comsiderably greater latitude
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in decision making since it permits
him, often without prior training, to
determine when a decision must be made
and what options are open to him.

We have already seen that the memory
storage capacity of machines is
limited. Man, however, is able to
store large amounts of information,
and although his recall is often
imperfect, he is able to make in-
ferences upon the basis of past
experien ce about the likely outcomes
of given courses of action. In sone
cases these inferences are based on
guesses and hunches. This cap-
ability gives him considerable flex-
ibility in dealing with unique situ-
ations for which all the relevant
decision-making factors cannot be
anticipated in advance.

Man's ability to make decisions in
situations which he has not pre-
viocusly encountered, or to general-
ize from one situation to ancther,
is still another asset in his favor
as a decision maker.

Errors may occur in human decision
making through inaccurate or inade-
guate recall of alternatives, through
erroneous evaluation of conditions
which affect their outcomes, or
through inaccurate estimates of the
success of a particular course of
action. Rather than eliminate

these errors through the use of
automatic decision-making devices,

it is often considerably less expen-
sive to provide the man with rela-
tively simple supports which will
facilitate those aspects of decision-
making in which he is weak. It

seems reasonable, however, to pro-
vide simple aids which may be used

in aiding the recall of alternatives,
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devices to aid in the evaluation of
alternative outcomes, and techniques
for speeding up the gathering of
information relevant to particular
decigions.

Numerical Calculation

If long-term computing demands are
placed upon the human component, or
if a large number of high speed come
putations are required, the human
will make more errors and require
more time than computers.

Estimating Condition

Estimating conditions is the process
of assigning quantitative or qualita-
tive values to displayed variables.

The accuracy of these estimations
depends upon the extent to which a
component is able to provide absolute
or relative standards against vhich
a given condition may be evaluated.

Where values of physical energies

must be quickly and accurately
appraised, mechanical devices are
obviously superior to men. When,
however, estimates of conditions
depend upon subjective or unanticipated
factors that cannot be preprogrammed,
men will be superior.

Men use two kinds of standards in
estimating conditions: (a) absolute
and (b) comparative judgments. An



absolute judgment consists of estima-
tions based upon recall, where no
standard other than past experience
1s available. Comparative judgments
meke use of other physical standards,
and are conseguently more relisble
than absolute judgments,

Imegining

Analogies between men and machines
break down at a number of points.

One of these is man's ability to make
vse of recalled images of past events
and to construct images of events that
have not been directly experienced.
These images permit man to manipulate
experience independently of the
physical objects with which this
experience is concerned,

Since man is probably better able to
work with images than with quantities,
the designer should make use of this
imagining capacity by using symbolic
displays which evoke imagery.

® Man as a Data-Transmitting Device

By a data-transmitting device is

meant any component which utilizes
information to control another compo-
nent., Humans act as data-transmitting
devices through direct physical action
on other objects (e.g., controls) or
by communicating information to other
humans.

WADC TR 56-488 93

@ Human Capabilities and Limitations
eMan as a Data-Transmitting Device

In this section, five factors important

in considering man as a data-transmitting

device are considered: (a) reaction
time, (b) rate and accuracy of control
movement, (c¢) shifting from one control
to another, (d) verbal response, and
(e) man as a component subject to
stress.

Reaction Time

Reaction time is @ product of
detection time, decision time, and
muscular response time, In general,
the shorter the allowed reaction time,
the more difficult it is to learn and
perform a task. When the stimulus
input has to be remembered over some
period of time during which other
activities intervene, additional dif-
filculty may arise in the recall of the
earlier stimulus.

Usually the stimuius to action is
preceded by a warning signal. The
absence of distinctive warning signals
preceding a stimulus increases reaction
time.

Rate and Accuracy of Control Movement

Other things being equal, the more
rapid and accurate the movement of
a continuous control must be, the
more difficult the task, This dif-
ficulty will also be a function of
the length of control travel from
one setting to another, and the
required precision of the terminal
adjustment,
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Shifting From One Contrel to Another

Repid shifts from one control to
another increase the possibility for
error, especially if these shifts
must be made when eye movements can-
not precede and guide this shift.
Beyond a certain minimum (depending
on the body member in use) the
further that controls used in rapid
sequence are spaced from each other,
the greater the error likelihood.

Verbal Response

There are few jobs in which verbal

or other symbolic communication (such
as sending code) is not required as a
vital link in man-machine operations.
The determination of job requirements
in aircrew positions, or of inter-
ceptor pilots, must necessarily in-
clude verbal communication. The scope
of this manual makes it impracticable
to do more than mention the topic.

In eny event, the requirement of verbal
or other symbolic communication in
which the operator is a link must be
jdentified as an integral part of
operator performance description,

even though the specific requirements
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mey be dealt with in the context of
training and on-the-job cperations.
Adequate consideration must ve taken
to assure maximmm clarity of com-
munications, the elimination of

noise, and the proper distrivution

of communications to men according

to their funciion as system components.

Man as a Component Subject to Stress

ILike machine components, the per-
formance of human beings is subject

to the effects of environmental
stresses, High and low temperatures,
humidity, g-forces, and physical

shock, may produce performance degra-
dation when above given acceptance
limits. Other factors produce siresses
peculiar only to the human component.
These will include glare, drugs,

toxlc substances, loss of sleep, In-
compatible response demands, and imminent
danger. Although the humen component
may make mistakes under a stressful
situation, certain minimel stress levels
may facilitate and improve performance.
Above this level the effects of stress
are not necessarily cumulative. Where-
as a mechine component may break down
completely under stress, the human has
a high stress tolerance and will often
rapidly recover from its effects.
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@SOURCES OF HUMAN ENGINEERING DESIGN DATA

CHAPTER 10

At the present time a large amount of
human engineering design information

is available to the system designer in
Air Force technical reports. However,
there are also other excellent sources
of design data to which designers may
have convenient access but with which
they may not be familier.

The 1ist below consists of a selected
number of references divided into
human engineering design areas. These
items were selected because they are
easily obtained or contain information
not likely to be found elsewhere.
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GLOSSARY

DESIGN STUDY (DS)-A study to deter-
mine the characteristics of a system
needed to satisfy a particular prob-
lem. The problem is stated in a
General Operational Requirement and
based on an examination of existing
equipment and a review of promising
techniques. (80-4)

DEVELOPMENT PLAN-A document that
proposes an outline of a sclution to
the problem presented in the system
requirement document. (80-4)

FLOW CHART-A chart containing a time
base used in functions analysis for
ground operation. It shows the
location of fixed facilities, and
the pattern of flow of materials

and procedures from one faecility to
another.

FUNCTIONS ALLOCATION-The assigning
or allocating to men and machines
of those functions which they will
fulfill to meet the requirements of
the system.

FUNCTIONS ANALYSIS-An analysis and
determination of those things a pro-
jected weapon system must do, a study
of the alternative capabilities to
meet these requirements, and the
preparation of mission profiles and
flow charts.

FUNCTION OF A SYSTEM-Any human and/or
instrumented activity, or a combina-
tion of these, that may be used to
satisfy a requirement for a system.
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GENERAL OPERATIONAL REQUIREMENT (GOR)-
A document which provides the
criteria for development planning of
specific weapon systems or supporting
systems. General Operational Require-
ments emphasize the operational needs
and not the means by which these needs
will be satisfied. (80-4)

HUMAN ENGINEERING-The application of
the facts, skills and techniques of
the biological and socilal sciences
to equipment design.

JOB ELEMENT-The perceptions, decisions
and responses which the human is
required to perform in the completion
of a task.

MAJOR SYSTEM COMPONENT-A unit of a
system (e.g., the airborne vehicle,
vans, trailers, shops, depots, etc.)
used to house an operator and/or
with which the operator has immediate
functional and physical contact.

MISSION PROFILE-A representation of
the missions which a weapon system

is expected to perform, including

the type of terrain and other dis-
crete events that will be encountered,
points of departure, target areas,
expected enemy defenses, altitudes,
ete.
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MISSICN SEGMENT-A term descriptive of
those activities normally accomplished
by a system within part of a mission,
€.g., preflight, take-off, launch,
etc.

OPERATOR PERFORMANCE DESCRIPTION-A
description of those activities and
the temporal sequences in which they
must be performed by the human as a
component in a system.

PRELIMINARY OPERATIONAL CONCEPT-A
document presenting a general descrip-
tion of a system and outlining its
expected operational capebilities,
limitations, and manner of deployment.
(Air Force Regulation No. 5-47.)

WADC TR 56-L88 - 103

Glossapy

REQUIREMENT-A statement of s goal or.
action which must be achieved by a
System or any of its components,

TASK-A group of related Job elements
performed withirn 2 work cycle,

WEAPON SYSTEM-An instrument of combat,
together with all related equipment,
humans and skills, necessary to support
and cperate the instrument of combat

as a single unit of striking rower,
(80-4)

WORK CYCLE-A group of tasks having
& common goal, performed by a given
operator during a mission or mission
segment.
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INDEX

Absolute judgments, 92
Access dimensions, 62
Accuracy requirements, 6, 93

Allocating
functions to men, 67

Alternative arrangements, 64
Alternative capabilities, 77
Associations, 87

Automatic computers, 9C-91

Automatization, L2
criteria, 27-28

Boredom, 66

Breakdowns,
enticipation, 36, 62

Capabilities, 8
alternative, 27
combining of, 28, 32
Also see human capabilities.

Capability studies, 17, 26-31
definition of, 26

Capacity, human, 87
Center of gravity, 61

Chaff, 89

WADC TR 56-488

107

Changes, 9k
effects of, 43
evaluation of, 80

Checklists, 9, 11, 81
Clothing, 61
Color, 86

Communications, 52, 79, 93, 94
analysis of, 54-55
coding, 5k
descriptions, 54-55
link, o4
load, 55
operator-to-operator, 5k

Comparative judgments, 92

Component

design, 3
location, 63-64

Computing human abilities, 39
Constanecy, 86
Contingencies, 10

Continuous task, 53
sample of, 57

Control-display, 78
accessibility, Lb
analysis, 4
eritical, Lk
design, 19, 61
experimental comparison, T1
frequency of use, Lk
mockup, Lk
needs, L40-41
operator assignment, 43
panels, 67
spatial allocation, Li



Index

Contrels, 53
emergency, 62
linkage values, 42
movements, 93
responses, 45, 80

Co-ordination, 43
Countermeasures, electronic, 88-89

Crewmember allocation, 3, 18
assignments, 9

Crew station
work areas, 61-63

Danger, G4

Data processing, 27, 67, 70
factors, 90-93

Data-sensing capabilities, 85-90
Data-transmitting, 93-9k

Decision making, 27, 39, ki, 34, 67,
91-92

Decision time, 88, 93
Deductive abllity, 39
Deductive reasoning, 91-92

Design
decisions, 15
displays, 69
philosophy, 5-7
process, L
schedule, 13-21
study phases, 17
team, 7T
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Design of

controls, 69

equipment, 9

work space, 9-10

operational procedures, 9, 10
Design operator consoles, 69
Design Proposals, 19
Detection time, 93
Developmental equipment, 80

Development Directive, 18

Development Engineering Inspections,
10, 11, 20, 81

Development Model,
design of, 18-20

Development Plan, 18, 25, 3
Discontinuous task, 53
Discriminations, 41
Display controls,

location of, 63

space for, 61

Also see Control-Displays.
Display design, 20
Displays, linkage values, 42
Distance, 9k
Drugs, 94

Dupliecation, 1C



Ear
vulnerability of, 88

Efficiency, 63
Electronic counterm@asures, 89

Emergency,
controls, 62
escape, 62

Engineering Change Proposals
affect of, 80-81
evaluation of, 80-81

Entrance
space for, 61

Environment
consideration of, 18, 29

Equipment
design) 53) 65‘73
integration, 80
space for, 63

Equipment capability, 26, 28
evaluation of, 27-28, 29

Equipment integration, 80

Errors, 11, 53, 70, 79, 92, 9k
affected by position, bk
affects of, k2
human, 39
likelihood of occurrence L2
result of over-load, Ll

Error situations,
ldentification of, 51

Estimating conditions, 92
Evaluation, 77-81

produect, 11
system design, 20
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Index

Exit space, 63
Experimental missions, 45

Eye,
vulnerability of, 88

Fatigue, 86

Feasibility studies, 17
objective, 17

Filters, 70
Flexibility, L1

Flow charts, 8, 17, 30-31, 77, 79
construciion of, 30, 62-63
sample of, 34

Force, control, L2

Funetions,
antomatization of, 27
intrasystem, 38
suprasystem, 38

Functions allocation, 17, 18, 35-L4
airborne vehicle, 37-40
evaluation of, 78
ground support, 40

Functions analysis, 3, 23-25
composition of, 25
evaluation of, 77
ground support, 30
system, 25

Functions assignment, 18
crewmembers, 42, L3
goals, 43

General Operational Requirements, 37
use of, 17, 25
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General Operational Requirements, 37 Human component, 7, 8-9, 18

use of, 17, 25 allocation of, 8, 37
capabilities, 8
Geographic location, 18 consideration of, 37
determining number, T8
G-force, 29, 94 evaluation, 3
role of, 38-39
Glare, 9k space for, 61
use of, 78
Graphic descriptions
of mission, 8 Human engineering
approach, 2, k-5
Ground support complexity of, 8
defined, 36 defined, L
factors affecting, L0 general principles, 15
functions allocation, 40 limitations, 4-5
functions analysis, 30 objectives, 8
work areas for, 63 operational requirements, 5
role, 6
stage for development, 8
team, T7

Habit patterns, 39
Human engineering information
Handbooks, evaluation of, T7
preparation of, TO
Human engineering integrated in
Hend control movements, 61 equipment design, 8, 15, 17, 19
evaluation and testing, 20
Hardware components
in systems, T Human engineering procedures,
use of, L
Hazards, 61, 70
Human factors, 10
Humen capabilities, 17, 25, 26-27, 28
38-39, 78 Humen functions
evaluation of, 27-28 in weapon system, 67
Also see Capability studles.
Humar information requirements, 67-68
Humans
compared to computers, 90-91, 91-92, Human limitatiomns, 3, 39
93
Human operator
pffects of design upon, 19
functionsg, 9
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Human ope rator-equipment comparisons,

38-39
Humen response requirements, 68-69
Human senses, 85

Idesl work space, 63

Imagining, 93
Individual differences, 89-90
Induetive reasoning, 38, 91
Information

precision of, 67-68

use of, 67
Information requirements, 68

Information-response analysis, 71

Input requirements, 9
definition of, 9

Instrument
capabilities, 8, 25

Integration research, T1-73
Interaction, 52
Interchangeability, 90
Intercom, 5k

Interference, 86 -
Interviews, 72

Intrasystem functions, 38
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Jamming, 89

Job elements, 52-53
temporal relationship, 53

Job procedures, 39
Also see operator performance
descriptions.

Job supports, 70

Latency of sensory orgens, 88

Layout,
work space, 59-6h

Leg control movements, 61
Level of diffieulty, 90
Lighting, 20
Linkage problems, 43
Linkage values, L2
Link analysis, 16, 18
Links, 62

location of, Lk

space for, 61

Machine-oriented design, 5
philosophy of, 5

Maintenance,
space for, 63

Man-capabilities, 25-27
Also see human-capabilities

Men-equipment capabilities, 26
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Index

Man-machine Observation, T2
allocation, 3
linkage, 9 Operating instructions, 19
Man-oriented design, 6 Operational modules, 42
Manning tables, T0 Operetional procedures, 10
Mechanical links, Lk Operational Suitability Test, 20
location of, 1k

‘ Operations research, Tl
Memory storage, 91
Operator function, 51

Mission, and work cycle, 51-52
graphic descriptions of, 8-9
requirements, 10 Operator performence description,
segments, 29, 51 10, 19-20, 49-58, 67, 68, 69, 70, 9k
system, 15, 26 commencement of, 51
evaluation of, 78-79
Mockups, 20, 51 preparation of, 51
control-display, Uk use of, 51

evalustiaon of, 80
functionsal, 6h

QOperator research, 55
nonfunctional, 64 :

use of, 11 Operator tasks, 52
Mockup Inspections, 81 Operator time-line charts, 53
semple of, 58
Models, 62
Operator-to-operator contacts, 5455
Modifications
evaluation of, T72-73 Operator work cycle, 51
Monitoring Operator work load, S5k
human, 38
task, 89 Optimal arrangement, 63
Morale, 41, 61 One man systems, 42-43
Motivation, M1 Organization diegrams, 9
Originality, humen, 38
Noise, 61, 86 Output requirements, 9

definition of, 9
Numerical calculation, 92
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Over learning, 89

Over-load
activities, Ll
capabilities, 38
checking for, Sh
determining, 41, 51
individual, 9, 39
redistribution of, Ul

Perception, 52

Performance
data, 64
decrements, 44, L5, 79
descriptions, 9, Sk
man-oriented design, 6
requirements, 53
research, 64

Personal equipment, 61
Personnel
requirements, 17, 18
training, 6
selection, 6
Photo-cell, 89
Physical ability, 39

Physiological limits, 39

Preliminaery Operational Concepts, 10

18

Probability alternatives, 38

Procedures;
evaluation of, 79
preparation of, 70

Proposals
eveluation of, 80
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Prototype equipment, 80

Radio, Sk
Random changes, 87

Reaction time, 93

Recall, 53, 54, 70, 91, 93
aids, 68, 70

Redzsign of equipment, Lk

Reliability requirements, 42

Requirement areas, 28, 29

Research
conditions, Tl
factors, 55
equipment, 19, T1-73
integration, 71-73
operator, 18, 55
over-load analysis, Lk
purpose of, T2
simulators, 51
under-load analysis, Lk
use of, 4h-45
workspace layout, 19

Response, 41, 52, 67
automatic, 91
lag, 88
precision, 68

Response regquirements
classification of, 68-69

Response time,
muscular, 93

Safety, 30, 62, 70



Index

Sensitivity Stimulus
audio, 85 physical properties of, 86
human, 38, 85
light, 85 Stress, 79, 86, 9k
limits, 85
Supervision, 52
Servicing
space for, 63 Suprasystem functions, 38
Scope displays, 89 System
breakdown of, 25
Shoeck, 9k definition, T
design, 8
Simplification development stages, 15
of equipment, 19 evaluation, 75-81
research, Tl function, 36-37
hardware compcnent, T, 15
Simnlation, T1-T72 human component, 7
major component, LO
Simulators, L4, 73 processes, 7
funetional, 70
track operations, LkL-45 System-~oriented design
use of, 10 approach, 6-7
considerations, 6
Size, 61 purpose, 6
Skill requirements, 43 System requirements, 8, 25
determining, 8-9
Sleep, 9k objective, 25
preparation, 17
Space, allocation of, 60, 61-62 review, 17, 25
Specifications

evaluation of, 79
Tape recordings
Speed, 88 ' use of, 72
requirements, 93

Task
Stability, human, 89 continuous, 53
discontinuous, 53
Standard times, U45 elements, 67

7 sample of, 56
Standing Operating Procedures, 10
Technical orders, 19
State-of-the-arts,
information, 31 Temperature, 94

WADC TR 56-L488 | 11k



Testing
system design, 20

Thresholds,
differential, 86

Time analysis, 16, 18

Time and link analysis, ho-L2, 78

Time chart
sample, 21

Time-line charts, L1-L42
operator, 53-5k4
sample of, 47, 58

Tolerances, 26
system, 30

Tracking ebility, 38
Tradeoff curves, T1l-T2
Traffic flow, 62
Training, 89, 90

devices, 10
materials, 19

Transmission, information, 87

Turnaround times, 18

Usable work areas
crew stations, 61-63
delineating, 63

Under-load, 43
Also see over-load
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Unsatisfactory Reports, 80

Value estimating, 92
Verbal response, 93, 9k
Vibration, 61
visibility

external, 62

requirements, 61

Vulnerability, 88-89

Walking
space for, 61

Weapon system

Operation requirements, 18

Weight, 61

Windows
space for, 63

Work ares

crew_station, 19, 61-63

ground support, 63

Work cycle, 51, 67, 68

and operator functiom, 51-52

example of, 52
similarity of, 52

Work design, 3
Work load, T9

distribution, L3
Also see Over-load.
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Workplace Work space
limitations, Lk allocation of 61-62
ore man system, L3 design, 9-10
limitations, 27
Work procedures, 10 minimal requirements, 62
Also see operational requirements, 9
procedures.,

Work space layout, 59-6k
evaluation of, T9
performance research, 64
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