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ARI! Research. Reports and Technical Reports are intended for sponsors of
R&D tasks and for other research and military agencies. Any findings ready
for impiementation at the time of publication are presented in the last part
of the Brief. Upon completion of a major phase of the task, formal recom-
mendations for official action normally are coneyed to appropriate military
agencies by briefing or Disposition Form. ' '




FOREWORD

The Human Factors Technical Area of the Army Research Institute (ARI) is
concerned with human resource demands of increasingly complex battlefield
systems used to acquire, transmit, process, disseminate, and utilize informa-~
tion. This increased complexity places great demands upon the operatcr inter-
acting with the machine system. Research in this area focuses on human
performance problems related to interactions within command and control centers
‘as well as issues of system development. The research program includes both
tecimology base and advanced development research as well as a limited amount
of technical advisory service (TAS) to Army agencies and activities. The
general purpose of TAS is to provide immediate consulting assistarce in meeting
short-term priority requirements.’

One area of special 1nterest involves the development of estimates for
the contributions of human. factors in military system development. The -
inquiry into the topic resulted from a tri-service committee decision to
investigate the possibility of providing system designers/managers with
evidence of the value of human factors to compare with other pertinent
information from engineers, operations research analysts and system analysts.
This initial report emphasizes the methodoiogical considerations of such an

, .undertaking and creates a foundation for implementation of such an effort

by system personnel.

The following individuals contributed to tiis effort: Dr. Edgar M.
Johnson and Dr. Thomas M. Granda (ARI); Mr. Paul Linton (Naval Air Development
Center) ; Mr. John L. Miles, Jr. (Human Engineering Laboratory) ; Ir. Donald
A. Toomiller (USAF Aerospace Medical Research Laboratory); and dDr. Alfred
R. Fregly (Air Force Office of Scientific Research). : ’
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THE CONTRIBUTION OF HUMAN FACTORS IN MILITARY SYSTEM DEVELOPMENT;
METHODOLOGICAL CONSIDERATIONS.

BRIEF

Requirement:

To determine the conceptual basis for human factors contri- ‘
butions to military system acquisition and developnent. Given
this conceptual basis, to determine a feasible method for
evaluating the contribution of human factors.

Procedure:

Two parallel analytic processes were used to determine a
conceptual basis and feasible methodology for assessing the
contribution of human factors in system development.

e A first analytic process involved the development of

a rationale for human factors in system development,
followed by a determination of the existing basis for
human factors R&D (rengind from formal DOD requirements
to informal documentation). This culminated in a

. determination of the conceptual basis for identifying
human factors, contributions, fhrough analysié of human
factors principal products, system—specxfic efforts,
~and technology base. '

o' A second analytic process was undertaken to determine
a feasible method for evaluating hhnan factors contribu-
tions, including the identification of metrics for .
measuring the value of human factors. Concurrent with
this, a review of cost-benefi; analysia.techniques
was conducted. Out of these efforts, an impact assess-
ment methodology emerged as the most feasible methodology
~ for measuring the value of human factors contributions '
in military syctem development.
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Product:

Several items worthy of note include: the development of a
conceptual basis in which specific human factors efforts and
products for each phase of system development were defined; a
preliminary set of measurement metrics were developed; the
framework of an impact assessment methodology for evaluation of
human factors’ﬁ&D was .developed; and an impaét asseésment
vocabulary hierarchy, tailored to human factbrs, was specified'
(i.e., impact areas, metrics, and empirical measures).

Ctilization:

The conceptual basis for human factors, in conjunction with
the impact assessment methodology, can be used to advantage by
practitioners who wish to determine the contributions of human
factors R&D to military system'devglopment. ‘Although the ‘
methodclogy requires additional refinement, and validation through
case examples, the present approach can be implemented.

- viig
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_1mmediate objective of the project.

CHAPTER 1
INTRODUCTION

Project Objectives

In a sense,»the present project represents an attempt to
confront an irony: while the sophistication of military systems
is increasing, the attention paid to the capabilities and limi-
tations of those people who must operate and meintain them has
not been increasing. The arera in which this irony can be
most effectively confronted is the process of military systen

development

The overriding objective of the present project is to

" enhance the value of all U.S. military systems. The route to

that objective that is peramount for the present effort is the
assurance that ‘the human factors contribution to military system
development is timely, of an appropriate quantity, ano, most
exp11c1t1y, that it is of high quality.

. In another sense, then, we are concerned. with the quality

- control of what is widely regarded as an essential ingredient

in the overall military system deveiopment effort. 'If we follow

‘our own precepts, however, we know that quality assurance depends

on accurate feedhack and that feedback, 'in turn, depends on
evaluatlon. :

Consequently, the key ingredient in achlevxng the broader
objectxve is the establishment of the means to evaluate the .
contribution of hqman factors to military system development.
It is the construction of that key ingredient that has been the

1-1




The Boundaries of hLuwien Factors

In order to identify and measure the contributioh»of human
factors it is necessary to define human factors. It‘is‘also
appropriate not cnly to provide a derinition but also to provide
some classification of human factors K&D and a discussion of‘its.
scope, for reasons that should become clear shortly. Collectively .
these terms will be called the "Boundaries of Human Factors -
Research and Development." Each of these boundaries will be

briefly described below.

Definition of Human Factors

A comprehensive definition of human factors RsD that is used
by DOD and all services does not exist. This is not to suggest
that we do not already know essentially what human faetors is,
but rather to suggest that we are not interested in evprecise,
academic definition of human factors rfor this study. '

For the purposes of this report, we know that human factors
is one of the four categories of people~related researéh funded
as part of the RDT&E brdget of the DOD. These four categories
have been defined by the Military Assistant for Training'and
Personnel Technology'in the Offiée of the Under Secretary of
. Defense for Research and Englneerlng in some recent brleflng
materials. . These definitions are provided in Exhibit 1-1
Another DOD definition of human factors is contained in the
Technology Coordlnatlon Paper for FY 1978 (Department of Defense,
1979)

Human factors technology is concerned with the

design, development, evaluation, and deployment

of manned systems so that human operators wculd

be able to operate and maintain military systems

at their optimum perfcrmance level. This inciudes

the eystematic investigation of how the design of

a person's job and the tools that are provxded
affect his capacity to do a JOb

L 1-2




Exhibit I-1
.DOD Definitions®

HUMAN FACTORS ~
Development of improved methods and technologies for the snalysis, design,
snd evaluation of equipment/systems for safer and more efficient operation
and maintenance.

PERSONNEL & MANPOWER — . )
Development of techniques/methods for utilizing available personnel resources
through improved slection, job assignment, organizational anslysis, snd
mansgement tochmqucs 10 meet eombat available and projected force needs.

EDUCATION & TRAINING - )
Development of educational/trsining methods and media for managing,
designing, and evaluating new generation instructional systems for military
spplications.

SIMULATION & TRAINING DIEVICES—
Development of cost-effective training equipment and technology that

produce the needed performance for operation and mgintenance of military .

systems.

. .
*This chart is from @ brief provided by the Military Assistant for Training and Personnel Technology

(OUSDRAE),

This DOD definition pefhaps'défines,the boundaries of human
factors'in terms of its technical domain; but metrics for deter-
mining the value of human factors and costs for asseSSLng the
affordability of human factors need to be :ore adequately defined.
Concerning these two points, a few statements can be made that

are useful in shaping this important definition:

Metrics for méasuring the value‘of human factors must
include measures of both system capabllity and cost.

We will also define the area of man-system compatibility
as a category of metrics.

Further, human factors efforts
on products must also relate to system performance.



® Affordability of human factors must be assessed not only
in terms of dollars epent'but also in terms of cost
avoidance (through reduced selectlon manpower, or

training requlrements)

® User acceptance must be part of the value of human factors.
Changes in persohnel attitude not only contribute to
more effective use of the equipment or system, but may
have long—tefm effects on issues such as attrition and
retention. | ’ .

In summary, there seems to be a consensus that human factors .
includes effective integration of man's role and performance into
system operation and maintenance.

Classification of Human Factors RDT&E

Another boundary of human factors that is important is the
classification of the work. Again, DOD has standardized this
dimension for RDT&E. Exhibit 1-2 shows the three classifications
for human factors work and gives som2 indication of what is
included in each class' (Fiorello et al. , 1979). A cursory
examlnatlon of ' these classes suggests that they may ccrrespond
roughly to categorles of R&D funding (6.1, 6.2, and 6.3), at
least with respect to the technology base, but this poasxbxllty
must ‘be explored in more deta11 (see Chapter 4).

Scbge of Human Factors

Perhaps the most limiting boundary of Human'factors has been
the scope of its integration into the system development process.
In brief, there has been precious little utilizatxon of human
factors in the early phases of system acqu131tion, partxcularly
in the stsion Analyszs and Concept Development Phases. There
has’ been more utilization 1n the Demonstration/Validatxon Phase;

't




and by far ihe greatest utilizatico nos cocurred in the Fuli-
Scale Develupment Phase, where tie traditional human'engineering‘
or man-machine ‘interface design occiuis. Perhaps the reason for
the lack of human facters in the earlier piases of systemn devel-
opment is the lack of recognitioun thai tére is both a product

and a payoff to be had during these ¢acly 1hases.

Eahibit 12

Classification of Human Factoes KETSE

e Human Relsted Studies

“What sre the capsbilities snd Iummnous of uperaters snd maintainers of systems/subsystems?’”
Emphasis is on increasing our state of knowledge concerning humans’ operations! performance
Inciuded are dats, performance methods 1elevant to Shysica! Lharacteristics, sensory and motor capa
bilities, and human information processing.

o Human-Machine Relsted Studies

“How do we sllocate fu.nctions between people and sqitipment?” This is often termed “subsystem
related because it concerns the design of a specific man-machine relationship. included are etforts
desling with computer-eided methods for human engineering, workiosd measurement techniques,
designing for maintainsbility, conirol end display design, snd workspace layout.

.

o Human-Machine-Mission Related Studies

“How ' are total configurations of people and equipment construted for maximum tactical and
strategic effactiveness?” This concerns the optimum cornbination of individual and team performance.
within the total operstions! system. This combination applies not onty 1o Major ground, sea, aur
and subsurface systems, but to the command and control of these systems as well «

T e

The principal products trom each phase of systeia acquisition
should be a meaningful way to rcpresent the scope of human factofs
in a military system development. . These ghase-products should

vary in spec1f1c1ty from the very conceptual requ1rement level to
the very detailed de 2sign levcl, just as is the case with products
of engxneerxng loglstics, etc., during each phase. After a greatA
deal of analysis and synthesis (discusséd_primarily in Chapters 2,
3, and 4), a set of human factors vroducts has been defined. For
the purposes of this report, the principdl human factors prodﬁcts
from each maJor phase of the system acqulsxtxon process ‘are .
identified below. : ‘ o o {




" MAJOR PHASE

OF SYSTEM ACQUISITION PRINCIPAL HF R&D PRODUCT ,
Misibn Analysis Phase — Development of the Role of Man as a part of a
Mission Element Needs Statement (MENS)
Concept Development Phase — Allocation of System Functions to Man as a
part of the Decision Coordinating Paper (DCP)
DomomationNalid;:tIion — Task Analysis and Determination of Human
Phass Engineering Requirements

Full-Scale Development Phase " — Design of the Optimal Man-Machine Interfaces

A more definitive explanation of these products is offered
in Appendix A. Additionally, the payoff or value that can be
realized at each phase of system acquisition will be explored.
For the moment, the purpose of'identifyinq the principai products
is to bound the scope of what we mean by human factors, and to.
suggest that each product will require some costs and must yield
some benefits. ' '
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The Integration of Human Factors and
Military System Development

. The problem of,prbper integration of the human factors
coni-ibution into thé_deyelbpment of military systems can be
dramatized by asking the question, "What result would occur
if the development process involved zero human factors
participation?® A completely non-controversiai answer to that
question can be cast in a statistical framework. That is, you
would get a distribution'of.outcomes. ‘In faét, the best hypo-
thesis would be that the disf:ibution would be symmetrical and
near-Gaussian because of the multitude of influences at work.
Such a hypothetical distribution is presented in Exhibit 1-3
as the dashed-line curvz. The solid-line curve represents: the
characteristics of the distribution shift (again hypothetical)
when the human factdté contribution is introduced early and
continuously throughout the development process. (One should
probably interpolate d_family of distributions to represent
various degrees of human factors participation at less than
optimum levels.) '

' Exhibit 1.3

Hypothetical Distribution of System Development Outcomes
With and Without Optimum Human Factors Participation

ACCEPTANCE- SYSTEMS DEVELOPED WITHOUT
REJECTION LINE - HUMAN FACTORS PARTICIPATION ' -

N —— SYSTEMS DEVELOPED WITH OPTIMUM
FREQUENCY - MAN FACTORS PARTICIPATION

OF CASES ' 7
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Careful examination of the distributional model presénted
in Exhi»it 1-3 can help in the process of understanaing various
aspects of the‘resis;ance to human factors participation on the
part of some managers of military system development efforts.

It is clear from the diagram, for example, that ggggisystems
could achieve acceptance (in the sense of going into full-scale
production) with little or no formal human factors parﬁicipation.
Thus, if the program manager were "lucky," he could avoid the .
‘cost of that contribution. In the same vein, there are some
systems below the rejection line that 4id have optimum human
factors participation-~-substantiating the poiat that ‘'such
participation does not guarantee ‘success.

However, the diagram also reveals that a rational strétegy
~would be one which always incorporated human factors participation.
The program manager who does otherwise is simply playing against
the odds if the poétulﬁted relationships in Exhibit 1-3 are valid.
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Overview cof the Project

- The present project constitutes very much of a team effort.
At the top, the planning, analysis, and reéiew process was.
~ carefully coordinated among representatives of the three services,
.the COTR, and the contractor. The project was scﬁeduled into
three phases which were intentionally set up to be partially
iterati&e, but with a definite pattern of progression. At the
completion of each phase, a comprehehsive review was made .and
highly specific feedback and orientation was provided by the
review panel to the contractor. Between formal review sessions,
guidance was provided by the COTR and other advisors from the
HFE-TAG.

A useful overview of the component structure of the project
is provided by Exhibit 1-4. To a degree, each box corresponds
to a major effort of the project, but does not correspond to a
chapter in the report. Those boxes on the left side of the chart
represent the efforts to identify the contribution of human
factors in system developmeﬁt.' The results of these efforts
are reported in Chepters 2, 3, and 4. Those boxes on the right
.side of the chart represent the efforts to identify a framework
for evaluating human factors conﬁributions. The results of
.these efforts are reported in Chapters 5 and 6. The finel box
corresponds to the final chapter in the report. ‘

The main ‘message that' should be drawn from Exhibit 1-4 1s
'the intricacy of the relationship between the efforts and the
essential symmetry of that relationship. These attributes are,
at the same time, both the cause and the result of the teamwork
- within the working level of the project. Human factors content,
human factors research methods, military system development
.procedures, program management practices,land the philosophy
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and methodoleogy of cost-benefit analysis and rela-ed approaches
~all had to be brought into the work effort and made to be
mutually constructive. The diversity is representeé in the
diagram. The constructive aspect is symbolized by the symmetry
of the links. |

Specific examples of particular applications of human
factors to particular systems and instances of various attempts
to evaluate the impact of such applications are scattered -
throughout the narrative, but examples of the linkage between
human factors products and impact analysis criteria as mediated
by system metrics are also contained in an appendix (Appendix C).
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Human Factors in Military Systems

In Chapter 2, the question of the contribution of human
factors to the development .of military systems is considered
in historical context. The evaluation of the'speciality is
shown to have been based on tangible results. It is also
revealéd that while the content of the contribution was often
based on quite riéorous scientific procedures, the evaluation
of the éontribution, in the 'sense of establishing human factors
as an essential ingredient in military system development, was
either neglected or handled by anecdotal evidence.

The anecdotal evidence is persuasive as far as it goes.
Moreover, the philosophical base upon which both human factors
specialists andvsystem engineers and the other disciplines were
working tended to be an increasingly integrated one during the
period from the late 1940s to the late 1960s.

During thié same period, the formalization of the role of
human ractors in military system development was accomplished.
The first generation of official directives has since been
revised many times, but the most recent versions contain clear

reiterations of the recognition of the requirement for contri-

butions from human factors sources that was first officially
articulated in the'l9503. A summary of the formal basis for
human factors part1c1patlon in military system development

is presented in the first section of Chapter 3. The formal
1netzgatlons are seen to be linked to the structured chronology
"of the 3ystem dgvelopment process. This very structure sets
the stage for the further cohceptualizati¢n of the mode of
contribution'that‘is the subject of the balance of Chapter 3.
In these sections, the key message isjthat,the contribution of
human factors can be characterized as specific products, each
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of which is tied to a stage in military system development.

Further, a simple model has been prepered.which identifies

specific human factors efforts that make up the. products of

each system development phase. Finally, in Chapter 4, there is

a brief treatment of how human factors R&L from the technology

base can also contribute to the principal human factors products
- of each system development phase.

This conceptualization of human factors contributions
reinstates the condition of the tangible consequence that
characterized the eariy development of the speciality. As such,
the stage is further set for the possibility of a rigorous evalu-
ation approach, one'thet represents a clear advance over the
retrospective and anecdotal approeches of the past.

The Measurement of
Human Factors Contributions

The: concern for a feasible“ﬁethod to measure and evaluate
the human factors contrlbutlon to military system development d1d
not suddenly arxse as part of an attempt to rescue human factors
from oblivion. The concern is primarily a manifestation of two
parallel trends in the much larger arena of publlc admlnlstratlon.
These trends can be brlefly characterlzed as a. ‘growing sense of
a need for stricter accountablllty in the expendlture of gbvern-
mental resources and the evolution of ratzonalzstlc procedures

.for providing such accountab;llty. '

Military-systems‘deﬁelopmentlis unquestionably an area of
. expenditure of government’reeources.5'The~mejor publicApolicy
' issues that are associated with these processes have to do with
“allocation~-of-resources decisions. Should pubiic funds be
- invested in system X or system Y or system 2? ‘Such allocation
decisions presumably should be guided by ehalytic results in
the form of estimations of relative returns on investment (ROI);t




Below the level of choice between X, Y, and Z are a series
- of subordinate choices. Having decided on X as the best poten-
- tial system, what should be the proportional investment in-
technology A, B, and C? When either A, B, or C might make a
crucial contributién to the effectiveness of. system X, what mix
will yield the best potential payoff? '

At the most basic level, these questions are technical
questions for the political economist. And, indeed, it has
been from that source and from disciplines such as Operations

Research and others that have an intellectual affiliation with
' politicai economics that the evolution of rationalistic proce- -
dures has come. A central contribution of this evolutionary
effort has been the formal methodologies under the rubric of
cost-benefit analysis. Cohséquently,'the cost-benefit approach
is used as a starting point for the specific tailoring of a
methodqlogy to meet the objectives of the present4projgct.

As it turns out, the strict monetary criteria required in
formal cost-benefit analysis make it awkward to apply in its pure
form to our central problem. However, the basic logic of the '
methodology and its inherent emphasis on quarntification do pro-‘
vide a productive orientation. This orientation is reflected in
Chapters's and 6, which cover measurement metrics and methodology,
respectively. ' ‘

The 'point is that' the work reported here is wgil within a -
conceptual movement that might, by . this time, be called a tradition.

Of specific ptecedents, howevef, there have been precious
few,. There are so few,;in fact, that to achieve same pefspeﬁtive
on the present enterprise, it is necessary to examine another
parallel literature: that of evaluation in education and training.'
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Tﬁe specific application of approaches resembling those of‘
cost-benefit analysis had its own broad history in the general
movement toward treating education in a more sc1ent1f1c way (see,
e.g., Campbell’ and Stanley, 1963). The lift-off .pcint came,
however, in the mid-to-late 1960s with the work of Suchman (1967)
énd, more particularly, Stufflebeam (1962). The past decade has
witressed the production of many hundreds of articles and reports,
most of which were focused on the actual evaluation of some par-
ticular educational or training program or a partiéular training
technology, and a few of which were focused on méthodologiéal
advances, as such, or what might be called the "management of
evaluation.” An up-to-date example of the former is provided by
the recent works of Orlansky and String (1977 and 1979) in their
summary evaluations of the cost-effectiveness of flight simulators
and computer-based instruction in military training. An example
of the latter mode is provided by the work of Conley et ai.
(1979), in their review of six major government-sponsored training
programs. Conley and his group, who work for the U.S. Office of
Personnel Management (formerly the Civil Service Commission),
were conce:rned with the very issues central to this effort: . the
need for evaluation, its fecasibility, and the prOcedures for
doing it in such a way that the outcome can be used to guide
management decisions.

~ The kej point is that, again, a substantial precedent exists
for the general approach and, in these instances,vtﬁe approach .
has beén more or less successfully aﬁplied to an activity that
is considefed to be somewhat "soft" in the sense of its being
"exclusive of rigorous, quantxtatlve measurement. ‘

- To return to the ptecious few direct antecedents, three
examples can be cited. Each is of quite a different sort.
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One such case is the work of Geer (1979). In a sense, it
is the more remote precedent because the document as a whoie
is devoted to the problem of how to conduct human engineering
analyses. Only a few rages (out of 220) are devoted to the
evaluation of the human ehgineering contribution (pp. 24-25).
The approach is built on a brief review of the TMI-2 incident
and is affirmative and non-quantitative in character.

‘A second case is represented by the work of Price et al.
(1979). 1In this case, evaluation is the central objective but
the substance to be evaluated is the human factors effort in
research rather than scientific system develupment. The approach
- taken, however, is to relate research (technology base) outputs
to such achievements as cost avoidance in both military operations
and training. In short,‘the benefit side of the cost-~benefit
ratio is stressed.

The third case is represented by a report compiled by the
BDM Corporation (1980) that focuses on the human factors aspects
of aircraft accidents. As such, the focus is much narrower than
that of the present effort. However, it is closely akin frcm a
methodological point of 'view, in that an attempt is made to
evaluate the human factors contributicn to aircraft accident
prevention using an'analysis of peturn'on investment.

In a sense, then, we have come full circle. . The present

© work, particularly as reflected by the contents of Chapters's

and 6, represents an extenSion and focusing from three sources:
the general source of allocation analysis in the public policy
domain typified by the methodology of formal cost-benefit
analyszs, the parallel source exemplified by attempts to apply

. such rigorous methods to the evaluation of the elusive processes
' of education and training; and the very restricted source of
specific attempts to evaluate human factors contributions through
a linkage-tq some aspect'of system effectiveness.
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Chapter 5 reveals how the focus can be realizad by means
of quantitative measures that fit into the broader fra=awork
of system engineeringt Chapter 6 describes how the measurement
operations can be made and how they can be interpreted through'
the use of a conceptual model adapted from the basic structure
of formal cost-benefit analysis.

The Concept of Impact Areas

A specific case is made»in Chapter 6 that strict cost-
benefit procedures are not appropriate for the evaluation of
the contribution of human factors to military system development.
The central reason is that strict cost-benefit models require a
single ultimate criterion: monetary value. It turns out to be
not only awkward but occasionally ludicrous to reduce the human
factor aspect .to a dollar measure.

Consequently, a compromise was sought. The goai became
that of deriving a methodology that would be as close to strict
cost-benefit methods as possible while covering the full soope
of the human factors contribution. The existing derivation of .
. cost—benefit methods that met that goal was policy/xmpact
assessment.

The adoption of impact assessment as an exemplary procedure
opened the door to another crucial adaptation. That is, it was
discerned that the scope issue could best be met by adding a
criterion factor called compatibility to the basic two, already
labeled cost and capability.

Thus,'a triad of criteria were edopted: cost, capability,
. and compatibility, and the members'of the triad were designeted
‘as impact areas to directly connote that the proposed methodologyl
~ was to be a ‘'version of policy/impact assessment.
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The cost criterion is used in essentially the same way as it
is in the cost-benefit methodology. It is expressed in dollars
and pertains to the total 'life cycle costs of a system.

The capability criterion is very close to the benefit com-
ponent of the cost-benefit .iethodology except that it pertains.
ultimately to system—mission'performance and is not reduced to
dollar value in the impact assessment version of the methqdoiogy.i’

The compatibility criterion is uniquely responsive to the
substance of the human factors contribution. As a concept in
its own right, it links logically to the consensuai goél of
human engineering, which is to achieve an’ optimum match among
.human, machine, and mission. »

Becéuse compatibility is something of an innovation in the
lexicon of evaluation methodologies, it seems useful to give it
aliittle extra attention. Specifically, we can break it down
into its constituent partsi :physical compatibility, physio-
logical compatibility, and psychological cohpatibility. Physical
.compatibility refers to the human as a physical object having’
certain'dimensions of size, weight, reach, etc. The design of
workplaces such as the cockpit of an aircraft must provxde for
,these phy51cal attributes.

Physiological compatibility refers to the human as a func-
tioning organism. Thus, metabolic processés such as respiration
must be taken into account in design.. Also, factoré'such as
vxsual acuity under differing conditiona of illumination are
‘ physiologically based and the designer errs if he or she specifies
~a display that cannot be ‘read under operational conditions.

i ._;_f,i 1“ l 8
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Psychological compatibility is the most complicated of the
constituents. It breaks down further into behavioral and atti-
tudinal components. . Behaviors relate primarily to established
habits such as the habit of turding a knob clockwise to increase
some effect and counterclockwise to decrease. Design should. be
responsive. to such habits. '

The attitudinal component is manifest mainly in the
phenomenon of user acceptance. Even under strict military
discipline, users can reject involvement with a particular
system. - The reasons might not be entirely logical but can be
nonetheless powerful. The prediction of such reactions or even
their measurement after-the-fact goes well beyond coriventional
engineering considerations but lies well withih the province
of human engineering. It is 1n this domain that the need for
spec1a1 observational methods and measurement techniques becomes
‘most obvious and where some of the particular justifications for
adaptationslor extensions of strict cost~benefit models derive.
It is reconciling these variants with the mainstream of system .
engineering—-bringing these aspects back into the family, so to
speak--that constitutes one of the major contrxbutxons of the
-present project. '

Summary and Synthesié

The total effort involved in the present project has already
‘been revealed to be complex in the sense of being a compoaite of
several different topics and orientations. This point is made
-even more dramatically in Exhibit 175, which represents an attempt
' to characterize the intended outco@e in a composite summary format.

-The central core of the representation is tﬁe system devel-

opment process itself. It is shown as consisting of four phases
denoted by Roman numerals.
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The lower portion of the diagram stresses the role of the
technology as provider of the problem-solving resources. In
particular, the engineering disciplines are specified, including
human factors. '

In a similar way, the role of technology base activities is
shown: to support the evolution of the problem-solving resources.

' The upper part of'the'diagram emphasizes the feedback mech-
anism introduced at the beginning of this chapter. The function
of the impact analysis, in the first instance, is to provide
techniques for data gathering. The convention used is intended
to show that different techniques can be used under different
circumstances and that some choice must be made.

The outcome of impact assessment is .then shown to feed back
primarily to the problem-sblving.tesourcgs box because that box
is also the locus of the management decisions in military system
development. That box, indeed, is the ultinmate térget of the |
project reported here. : |
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CHAPTER 2

A RATIONALE FOR THE VALUE OF HUMAN FACTOnb
IN SYSTEM DEVELOPMENT -

The substance of this chapter includes a brief feview of the

. " historical evolution of human factors 'in military system develop-
ment and a compilation of the established arguments in favor of

the utilization of the human factors resource by program managers.

One conclusion is that those involved in one or another
aspect of military system development--particularly dur.ng the
past ten years or so--have allowed what should be a strong
collaboration-type relationship to take on some of the features
of an adversafy relationship. The present project constitutes
an attempt at "rapprochement® by expanding'upon the established
rationales for the use of human factors resources through the
elucidation of methods permitting a more explicitly objective
assessment of their value.

For those readers who are already convinced of the value of
human faétors in military system development,'this chapter can
serve only as a quick ref:esher course with some special emphasis
on the constraints involved in achieving timely participation.-
For the more skeptical, the chapter should reveal. that the effort
to promote human factors in military system deveIOpment does
'indeed have an established rationale that is substantial, even

though its powers of petsuasion have not been overwhelming in
recent times,




‘Historical Background of
Military Human Factors

The hisfory of human factors in the military has been:
reviewed many times (see Meister & Rabideau, 1965; Christensen,
1976; and Chaikin, 1978) and will not be dwelt upon here.
Essentially, there is a copsensus'that the major reguirement
for human factors contributions to system design occurred during
World wWar II and grew out of earlier work in aercmedical research,
industrial psychology, and industrial engineering. As expressed
by Meister and Rabideau (1965):

With World War II a new factor entered which had

tremendous consequences for human factors. This was

a period of increases in technological complexity,

involwving such new systems as radar and sonar and

highly complicated fighter and bomber aircraft,

designed to be used in new .environments and under

highly demanding conditions. These conditions, under

which the operator could not function as readily as

he had before, complicated medical, physiological,
and psychological requirements for design.

In the lore of human factors, the oral tradition asserts
that in the early stages of mobiliiation,'the Arhy in particqlar
had a surplus of psychologisﬁs. For lack of a better assignment,
two or three of these individuals were given the "detail® of
reviewing a rash of P-47 accidents. Several of these aircraft
had crashed when the flaps had been lowered on takeoff when the .
. wheels were still down. The problem turned out to be a confusion
of two controls (flaps and wheel retraction) by pilots who hHad
been trained on an aircraft in which the flap and wheel controls
. were reversed from their location in the P-47 cockpit. The
'ability'of the psychologists to "solve” the prébiem cohvinced
some key officials that it would be .a good idea for a psychologlst
to look at all new systems to ensure that no "traps” were included
in the design for the unwary operator.}
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Later, when the major electronic systems were'being brought
into operatlon, human factors part1c1pat10n had become more or
less routlne. The so-called “"team app*oach" that included the
human factors scientist had become a basic rule in the minds of
such system pioneers as Churchman, Ackoff, Arnoff, Roy, and Flood.

It is notable that at this still-early stage in the history
of the speciality one generic problem was characterized as system
complexity. We were already seeing systems with large numbers of
interactive components where the functional relationship between
such components was not self-evident to ordinary operators or
maintenance technicians and where many of the components were not
"familiar" to such personnel. The current situation with respect
to military sYstems is a direct extension and major expansion of
the trend that started at that time. Forty years later we arez
still talking about the complexity of military systems and their
demands on the capabilitieé and limitations of people. -

No more history need be provided here except to make two
further points. The first is that during the years from World

War II until today, an enormous amcunt of humah factors data has °
been developed, much of which has been incorporated into hand-
books, ‘guidelines,’ specifications, standards, directives, etc.’
An excellent overview of this historical de
by Chaikin (1978), who. also charts the deve

1472, Human Engineering Design Criteria for

elopment is provided
opment of MIL-STD-
Military Systems,

Equipment, and'Faéilities (see Exhibit 2-1).,* The second point

nsijer the possibility
extent a victim of its
nygs (and admonitions)
standard engineering
he same or had evolved

*Along these lines, it might be useful to c
that the human factors vocation is to some
own successes. In a sense, the early find
of human factors specialists have become a
practice. If the technology had remained
only very slowly, the whole story would ha
© condition in which the human factors speci
- himself out of a job. v




Exhibit 2.1

Development of MIL-STD-1472

‘MILSTD-14728 N2
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' MIL-STD-803 6 Nov 58
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MIL-STD-803A1 27 Jan 64
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MIL-STD-803A3 19 May 67 '
MIL-STD-1472 9 Feb 68
MIL-STD-1472A 15 May 70
MIL-STD-1472B 31.Dec 74
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is that despite this enormous accumulation of data and the
directives, standards, specifications, etc. for enforciné the
application of human factors in military systems, that portion

' of human errors which generally canfbe attributed to deficiencies
in equipment system design is still a severe problem in the Army,
Navy, and Air Force today.

- "The issue of complexity and the problem of human error and
its relationship to system effectiveness will be discussed in
the next two sections. A separate section on optimal manned
systems and the compatibility factor will folldﬁ. The final
three sections will address the questions of opportunity, using
what we know, and the affordability of human factors.




Military System Complexity
and Human Factors

The notion that the complexity of military systems was
the driving force behind human factors (or human engineering)
literally coming to life in World War II is still with us.
For 30 or 40 years someone has been saying'that the current or
abcut-to-be-introduced systems are complex and requife special
consideration of human elements. During this same time gefiod,
however, no one seems to hLave defined complexity, nor to have
quantified it. What is apparent is that systems are at least
dlfferent today from what they were 30 years ago, and that most -
systems in the military are being rapldly replaced by newer,
high-technology versions. In any event, the complexity theme is
appropriate to establish the value of human factors in military
systems development. ' 3

Complexity (or some synonym) has béen mentioned at all
levels of the Department of Defense recently. For example,
Dr. Harold Brown, the Secretary of Defense, in his annual-
report to the Congress, FY 79, stated the following (pg. 9):

e o o Modernlzatlon, in some cases, has brought

with it shorter mean-times to failure, longer repair
times, and increased training requirements, as well
as greater sophistication and capability of equipment.
Inflation, increased pay, and the .need to modernize
our forces have meant curtailed funds for operation
and maintenance.

« « o Accordingly, we must keep up our training not
only because U.S. forces may be sent into action with
very little advance warning, but also because we rely
increasingly on the sophistication of our equipment
to compensate for potential superiority in enemy.
numbers. It is equally essential that our war reserve
stocks be maintained, mostly for our own needs, but
to some degree for Asian allies as well. At the same
time, we must raise the percentage of our equipment
that is combat-ready because, owing to unit costs,

we have less of it to bring to bear in an emergency.
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To put the matter bluntly, unless we are prepared
to maintain these components of readiness, collec-
tive security and deterrence will be seriously
undermined . . . . ‘

Dr. Brown refers to the sophistication of modern equipment
rather than complexity. He also talks about the need to raise
the . percentage of equipment'that is combat-ready; and while he
does not say so in the excerpt, all military system readiness
is measured in terms of Loth equipment readiness and personnel
readiness. Obviousiy, a piece of equipment that can perform its
mission, but that will not because the operator cannot operate
or maintain it,'is not combat-ready.

General William E.‘DuPuy, in a'speech in 1977 describing
the Army training system, also deals with the complexity issue.
General DuPuy talks abou£ problems'converging on the Army and
makes the following statemen;s:

The first thing that is converging is all that new
equipment. The rate of introduction of new equipment
will increase exponentially. The first thing that
goes like that is the amount of equipment that is
going to arrive in the Army between 1978 and 1985.
And the Army has to digest it. Traditionally armies
have a hard time digesting new things. We all do,
especially organizations like armies. Anyway, that's
the first area of convergency. You are going to be
innudated with new tanks, new MICV's [Mechanized

. Infantry Combat Vehicles}, new TACFIRE's ([Tactical
Fire Direction Systems], Battery Computer Systems,
Patriots, ROLANDS, a whole new set of communications
equipment, ‘a whole new set of electronic warfare
equipment, and on and on-. . . -

Complexity is another problem converging on the Army.
Every single new system being fielded is more complex
than the one it replaces. This complexity is getting -
to be more of a problem than just operating and main-
taining it. But the complexity of this new set of
equipmght raises, if you will, integrated complexity.
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The issues of introduction of new equipment and complexity
can be dramatized by'examining Exhibits 2-2 and 2-3. These
exhibits are from recent briefings on the human factors program
at the Naval Ai:'pevelopment Center. Exhibit 2-2 indicates the
dual problemlof increasing information requirements for aircraft '
operators and the decreasing available cockpit space for providiry
displays or controls. As may be seen, the last weapon system on
that charf, the AV-8 (Harrier) V/STOL aircraft, has approximately
one-third of the cockpit space that the F-4 aircraft has.

Exhibit 2-2

* Cockpit Space and Information Requirements .
for Several Navy Aircraft Weapon Systems®
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Exhibit 2-3
Trend of Accident Rates for Typical Navy Aircraft and the AV-8A Harrier*
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*This chert is from s brief provided by the Human Factors Engineering Divmon of the Navol Alr Dcv-lopmom Center,
Werminster, Pennsylvania.
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Exhibit 2-3 shows a disconcerting trend, namely, that thc
current V/STOL accident rate is increasing. This is contrary to
the experience typically encountered when new aircraft are intro-
duced. Fufthermore; "pilot factor" as a conttibutxng cause seems
alarmihgly high. With respect to thxs last point, the data shown
in Exhibit 2-3 represent 21 accidents, 16 of which occurred in
- the V/STOL flight regime (i.e., conversion flight, lahding, or
takeoff). Of these 16, 11 had pilot factor as a contributing
- cause. It should also be added that the Naval Air Development
Center has since initiated a program. to provide human factors
support eatly in the design of V/STOL aircraft._
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Human Error, Human Factors,
and System Effectiveness

The operators and maintainers of military systems do make
errors and many, if not most, of these errors can be traced to
faulty design. 1In a classical study by Shapero et al. (1960),

a survey of nine Air Force missile systems showed that human
error contributed from 20-53% of system unreliability. These
percentages referred only to human errors during field exercises
with these systems, i.e., errors during the launch or relaunch
activities. The study did not attempt to go back into the life
history of each system and find human errors in the design and
fabrication of each. Swain (1964) comments on the Shapero report
in the following way: '

' Human errors have a greater effect on system relia-

bility than many people realize . . . . In most

cases, it is more efficient to redesign procedures

and equipment which can minimize or even eliminate

certain types of human errors. Engineers can be

taught valuable design principles to minimize human

error, but engineers cannot take the place of a

human factors specialist.

Swain also emphasizeé the human engineering problem based on a
Sandia investijation of human exror which analyzed a large number

of production defects at the plant of an AEC prime contractor.

It was found that 82% of the defects could be direcfly attributed

to human error.

Meister a&d Rabideau (1965) also discﬁss'the~problem of
human error and develop the link between human error and human
factors ana system effectiveness. They quote some human error
percentages (page 15) from other sources which estimate:

-+ + o that| 40% of the problems uncovered in missile
testing derive from the human element. 63.6% of the
(shipboard) coilisions, flooding and grounding could
be blamed on human error. Reports produced by the
United States Air Force indicate that human error

was responsible for 234 of 313 aircraft accidents
during 1971. ,
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More recently, Coburn (1973), in a paragraph describing
the benefits from systematic human engineering, again states
the problem of human error and its relationship to human factors

(human engineering):

The payoff in conducting a systematic human
engineering program is realized in improved system
performance, reduced training cost, improved manpower. -
utilization, fewer errors and accidents, reduced
maintenance costs, higher probability of mission
success, and improved user acceptance. Without
applying a systematic human engineering program,
attainment of an effective ship system is fortuitous
and lmprobable.

Failure to apply systematic human engxneerxng can be
costly--research indicates that typically up to . 40%
of all ship system malfunctions are attributable to
human error.* Even increasing automation cf ship
systems does not eliminate the applicatlon of human
engineering programs, since man is stlll involved as
a user and mazntazner.

'To maximize the payoffs previously cited, human
engineering must be applied throughout the ship

system life cycle. It starts with inputs to planning
documents and continues throughout concept formulation,
contract definition, engineering development and
production, test and evaluation, and finally fleet
operations.

*pickrel, E.W., & McDonald, T.A. Quantification
of human performance in latge complex systems.
Human Factora, 1964, 6, 647~ 662. -

Finally, the effect of human error was dramdtic&lly illustrated
recently in Time magazine (January 8, 1979) by the photographs o
shown in Exhibit 2-4 and the simple description notxng human error,
which is included here verbatim.
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Exhibit 2-4 C
A Trident Missile Test at Cape Canaveral
Photographs from TIME, January 8, 1979 by Mark/Norman Summey

A MISSILE'S UPS AND DOWNS C o

’

It was one of the most dramatic flights in missile
history, all recorded in these exclusive photographs

for TIME. The Trident had hardly left its launching

pad at Cape Canaveral 'when it started to wobble
wildly. About 500 ft. in the air, it suddenly made
a boomerang turn; then exploded and smashed to earth
125 yds. from its takeoff site. The fallen missile
burned fiercely for 10 min., sending a column of
white smoke soaring skyward, but no one was injured.
It was the third failure out of 17 Tridents tested
to date, and the cause was human error. Someone
included an extra step in the check list, which led
to the guidance system's shutting down a half-second
‘before ignition. " The missile, which is designed for
submarine launching, was out of control from the
moment of takeoff. The Navy's calm tetm for the
Trxdent s destruction: "No test."
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The point of the above discussion on human error is that
the real value of human factors is to reduce actual or potential
human error or increase human reliability. It is not just human -
reliability but the consequences of human reliability on system
reliability that are important. The relative impact of human
error on system reliability has been shown graphically by Meister
and Rabideau (1965). They discuss this graph (Exhibit 2-5) in
their own words as follows:

- « « shows the relationship between human relia-
bility Ry and equipment reliability Rg and their
contribution to overall system reliability Rg.
'Thus, an Rg of .85 coupled with an Ry of .90
produces an Rg of approximately. .78. Lower the
human reliabiiity to .30 with the same equipment
reliability of .85, and system reliability now
becomes .25. It is apparent, therefore, that

., anything which decreases Ry must be a primary
concern of the human engineer. It is assumed
that much of this error results from inadequacies
in system design which create favorable conditions
for error occurrence.

Error potentiality resulting from inadequate design
can only be eliminated by systematic and continuing
-evaluation through the development of that design.
If the human factors aspects of system performance
are not routinely evaluated, it is very likely

that they will be overlooked, with the result that
the particular system function involved will be
developed inefficiently. .
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Exhibit 2-5

Effect of Human and Equipment Reliability
on System Reliability, Rg x Ryj = Rg

..-w

a20f~ oo ' 2,=020
orors

R.-G.lo

All human error is not, of course, a function of poor human
factors. 1In a paper included in the Minutes of the 12th Tréining
and Personnel Technology Conference on "Human F&ctqrs in;weapon—
System Test and Evaluation" (Taylor, 1978), John Miles of the
~ U.S. Army Human Enqinéerinq Laboratory developed a chart of
various sources for attribution of human error. This chart has
been modified and expanded and is included as Exhibit 2-6. As
can be seen, there are five basiq'sources which can account for
human error in military systems; and there are five types of .
"deficiencies in equipment system design which human factors
apﬁlication should resolve or minimize. It is also worthy of
note that the five typical sources of human error (the top of
the chart) may also be turned around and viewed as the five
‘principal techniques £o:'&¢hievinq pertormancelcdmﬁetency in

—
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personnel. These five techniques for performance achievement are
discussed by Price (1979). He points out that human engineering
(human factors) is seldom used early in system design to obtain
performance competency; Traditionally, performance competency

is obtained through selection and training; and{'more recently,

' emphasis is being placed on improved job performancé aids. Still
" more recently, motivation is receiving more emphasis. All of
these apprbaches have their place and their problems. 1In brief:

e Training is becoming extremely expensive and is "under
the gun" by DOD and Congress.

® Job performance aids are showing great promise, but have
yet to prove their cost effectlveness on a long-term
.basis. ‘

) The ablllty to select for aptitude lS not a course that
is readlly .available in the m111tary any more, as is
pointed out by Rook (1965):

The more rational course is to use the capa-

bilities of people as we find them and to

create situations in which the job at hand

. can be done by the pecople we get, rather than
only by the people we wish we had.
e Finally, motivation as a way of reducing human error is '

~important; and it is also important for the long-term ‘
effects that can be achieved through job design (see
Price, 1979) which affect the total personnel system.
However, from a performance point of view, Rook has
pointed out that "motivational schemes have nearly always
.produced transient results in which maximum performance
increases are usually about 30% or less.” Rook also °
discusses that a much greater potential for reducing
error is by modifying the performance situation (human
factors). 'He states 'that:




The amount which errors .can be reduced and
quality improved by changing environmental
conditions is virtually unlimited--if your
money and time are also unlimited. By
pinpointing error-likely situations and
designing around them, almost any error
~ can be reduced to a tolerable level . . . .
- The most significant point to be made
about situational changes is that they are
relatively permanent.
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Optimal Manned Systems--
The Compatibility Factor

In the first chapter of this report we identified cost,
capability, and compatibility as the three impact areas that
should be used to assess the value of human factors in military
system development. The preceding section discussed human error-
and system effectiveness wherein system effectiveness relates to
the impact areas of both capability and cost. This section will
.acquaint the reader with the third impact‘area, compatibility,
via a discussion of optimallmanned systems.

. . . where those éystemS'which man himself plans,
designs, and constructs are concerned,. I submit to
you that there is no such thing as an 'unmanned
system.' It must be appreciated as axiomatic that
all such systems have a man or men somewhere in the
loop between planning, attempting, and replanning.
¥aether the question is one of foolproof .assembly,"
skillful maintenance, unerring operation, or parrying
counteraction, man's performance in relation to the
equipment which is involved will decisively affect
the accomplishment of the 'system.' :

The corollary to this axiom is that the impact of
man's characteristics must be taken into account
in the design of the equipment if the system is to
possess maximum probability of achieving the goal
for which it was designed in the first place.
(Flickinger and Hetherington, 1957)

The preceding quotation is an exceipt from a paper presented:
by Brigadier General Don D. Flickinger at a symposium on humén
factors in system éngineering. The point is just as valid today'
'as it was when made over 20 .years ago. Moreover, thefe ié such
a thing as an "optimal manned system® in which the demands of the
operational system exploit man's unique capabilitieé and compen-
sate for his limitations. In other words, an optimal manned

system is one in which man is most compatible with his designed




role, functions, tasks, and system interfaces. This
"compatibility factor"™ and the notion of an optimal manned
system may be best understood by considering some of man's
characteristics in a system setting. Generalized statements
about human capabilities and limitations are of course subject’
to the interpretation of specific systems and environments.
However, the generalities offered below serve to establish an
awareness of the compatibility factor. |

Unique Human Capabilities

'In complex systems, man makes the most significant contri--
bution in situations where all of the performance alternatives
cannot be specified in advance and thus pre—programmed. Humans
- will adapt to any changes in the system input and environment.
This characteristic is mandatory where the relations between
input and output may require restructuring in the course of
mission accomplishment and where all operations cannot be
reduced to logical, preset procedures.

Man makes possible .a more diversified system mission.
He can translate uncertainty into probability and deal with
low probability/high value exigencies- and he can develop a '
"behavioral strategy" when no optimum strategy can be specified.
His ability to perform a variety of functions and to utilize
alternatives means more is accomplished, 1nclud1ng multiple
mission performance, recallable mission attempts, less vulnerable
mission accomplxshment, and vehicles returned for re-use.

Man has the ability to make and'repOrt uhique observations
and experiences, including observations on his own performance,»
observations on system performance, observations of a scientific
1nature, and incidental intelligence. '
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Man will enhance system reliability. Signifigant human
capabilities which may not be easily duplicated by a machine in
so small and reliable a package include:

‘'® Selection among alternative ways of achieving a mission;

e Integrating a large amount of information gathered from
experience and bringing it to bear in a novel situation;

® Sensitivity to a wide range of stimulus patterns;
e Capability to detect signals through noise:

e Capability to act as an intermittent servo in the per-
formance of a number of. different systems or equipment.

Human Limitations

Man comes in only one physical model and can only be inte-
grated into the system concept as a physical whole, with certain
general'characteristics of size, weight, shape, strength, etc.

Man has certain performance limitations such as sensitivity,
reaction time, number of information channels, rate of operation,
environmental stress tolerance, etc.

There is a definite price to pay for maintaining reliable
performance potential in man, in terms of training, maintenance
of proficiency, manuals and other job 'guides, and human factors
design. ‘ | : -

Man has lifé support needs. His performance deteriorates
rapidly when these physiological needs, such as nourishment, ’ .
" environmental protection, sleep, comfort, and general health
maintenance are not satisfied.
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Man has psychological needs. His performance usually
deteriorates over prolonged periods of high stress or non-
activity, and can change significantly as a result of such
bsychological variables as motivation, frustration, conflict,
fear, etc. 4

Compatibility and User Acceptance

A review of the capabilities and limitavions just stated
will reveal that compatibility>is physical, physiological,
behavioral, and attitudinal. The physical and physiological
compatibility is basically obvious and non-controversial.

" Man cannot:be expected to perform if he cannot fit into a crew
compartment or he cannot reach the controls or he cannot breathe.
Behavioral data and man's sensory, perceptnal, cognitive, and
motor capabilities have to some extent been used during system
development, at least with respect to human engineering of
man-machine interfaces. However, man's attitudinal system

(i.e:, acceptance) has not been systematically included in
man-machine systems design. This ie a serious error as a highly
motivated man can compensate to 2 considerable extent for poorly
. designed equipment or he can get the best out of equipment he
likes. It is true that if a system is designed so that it is
easy for the man to grasp and manipulate the controls, and if

the displays are easy for him to perceive and understand, then,
certainly, the system will be more'acceptable'and utilization -
'will be enhanced. However, these traditional human engineering
efforts are not sufficient in themselves to account for' total
acceptance. A man dissatisfied by a particular system design

due to status, economlc, or survxval fears, or sxmply a desire

to operate the system manually because he enjoys it, may not
properly use equzpment which has.been designed to meet all other
criteria. He will reject, underuse, or misuse the system,

~ consciously or unconsciously. COnsequently, system effectiveness
may suffer regardless of the inherent reliability of the equipment
per se.
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.acceptance is poor and performance is degraded, thenlcoercion or

poor seconds. On the other hand, if systems are designed

‘less hardware maintenance is required, and an optimal manned

The user acceptance issue may be even more prominent in
advanced systems concepts incorporating extensive automation.
For example, one approach to aohieving theilong-standing o
objective'of highly reliable aircraft landing operation under
severely degraded visibility conditions lies in the increased
application of automatic flight control techniques. The devel-
opment of highly reliable automatic control systems (such as.
landing systems) by the best engineering talent available w111 .
not solve all the problems associated with their effective '
utilization and will, in fact, create new problems. For many ' i
years to come, such complex systems will be man-machine systems
that, at a minimum,'will require a man to initiate the machine
functions, monitor them, and decide when to disengage and over-
ride them. If all man-machine interfaces, including the user
acceptance, are not optimum, system effectiveness cannot be
optimum.

The principal attempt to optimize interfaces is through good
human engineering design. However, traditional human engineering--
usually performed after the'system has been designed and the
breadboard equipment developed by engineers--has been applied as
if man were perfectly rational, and as if it were only neoessary
to consider such aspects of man as his,perceptual and motor
capabilities. 1In actual fact, however, it is equally, if not
more, important to consider man's potential attifudes toward the
system and to realize that these attitudes are influenced by his
fears, anxieties, aspirations, and social customs. If the user

appeals to pride,'team fellowship, or patriotism may serve as | S

initially with high acceptability just as they are with hign
reliability, then less human maintenance is required just as

system is possible.
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In summary, this section has briefly discussed the philo-
sophy that all complex military systems are manned, that there
is such a thing as an optimal manned system, and that the
compatibility between the operational system demands and man's
unique capabilities and limitations--physical, physiological,

- behavioral, and attitudinal--can impact,system performance and
cost. For an optimal manned system to result from a system
development program, human factors considerations must be

an integral part of the acquiéition and developmént process
throughout.

The first part of this chapter has attempted to provide
‘a simple rationale for the inclusion of human factors consider-
ations (by human factors professionals) in system development,
the remaining sections of this chapter will address three major
implementation questions:

1. Are there opportunities for human factors in system
‘development? '

2. Do we use what we know about human factors?

3. Are human factors coﬁtfibutiong affordable? -
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Are There Opportunities for Human Factors
in System Development?

it has already been offered that human factors as a pro-
fession has data and methods to offer which will effectively
 impact system cost, capability, and compatibility.' The question
remains as to how these prescriptions are to be influential.
One might'even question the feasibility of achieving partial
-implémentation. The technical core of an answer to these
questions is presented in Chapter 3. However, it is a useful
transition to consider the opportunities for implementation at
this point from a preeminently human factors point of view. .
Such a point of view can be simply summarized by a table taken
from Johnson and Baker (1974). It follows as Exhibit 2-7.
Basically, this chart simplifies the weapon system acquisition
process and identifies 'a number of human factors pr:blems (or
requirements for human factors input) during the development of
a complex system. Chapter 3 provides the more formal and more
official requirements. '

Given that there are opportunities, are human factors data -
and methods used? That is the next question. '
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Exhibit 2-7
Human Engineering Problems in Weapon Systems

Stage of System Life

Source of Problem Recognition

Preparation of System Requirements

Deveiopment Planning

Design of Development Mode!

Conduct of Design {or Feasibility) Study

Evalustion.of Prototype (Bresdboerd) Model

Review of requirements. Abstract and analytic, rather
than empirical. Criteria identification.

Study of alternative approaches.

Preparation of outline of functions to be performed.
Delineation of data retevant to these functions.

Preparation of flow charts, or other detailed summarizs-
tion, to describe the functions.

Performance of capabilities analysis. State-of- the-art/

Stm-of the-peopie determination.

Allocation of functions within the defined system
boundaries (man can do better/computer can doi

better determinations).

Linking together the functions in thc system, Net work

determination.
Assignment of functions by type of individual mvolvod

Preparation of performance dacnpuom, task amlyuc'

job description.
Analysis of individusl workloads.
Study of individual interactions. . .
Delineation of groups’ personal space (by function). "

Delinestion of individual's workspace layout within |

- group.

Determination of location of system components.
Study of siternative personal space layouts.
Analysis ot human information requirements.
Aqnly:h of human response requirements.

Design of system interfaces.

Determination of suxitiery job supports.
Definestion of procedures. :

Study of equipment integration for simplification.

Evaluation through mockups and, eventuslly, prototype

cystoms, .
Production Model Evalustion of fysiem {(enginesring and ‘Mm) .
- : changs proposals,

{From Johnson f Baher, 1974.)
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Do We Use What We Know
About Human Factors?

The true "golden era" of human factors occurred from the
early 1950s to the early 1960s when, among other events, there
were always four or five mejor electronic systems under devel-
opment by the Air Force. From the mid-1960s to the mid-1970s,
however, the pattern has been one of decllne and deterioration.
It is legitimate to ask why.

There appear to be'many reasons why human factors contri-
butions have been questioned and why the human factors knowledge
has not been applied'to systems or accepted by system sponsors.
Some of these reasons appear to be orgenizational.factors,
personnel factors, management factors, communioation factors,
and a host of other factors which are not dlrectly germane to
this progect. Nevertheless, those reasons and others may derive
from the basic problem facing human factors in the military:
that the human factors researcher and practitioner are too
frequently called in after_system design and development has
proceeded to a point where costly redesign and retrofit is:
necessary to implement human factors. recommendations. This is
the biggest complaznt of researchers and practztioners who '

believe they have something of value to offer. Therefore, it

~seems worthwhiie to examine in detail some aspects of the problem

of waiting too long to integrate human factors 1nto the' weapon -
system acquisition process. ' C : .

First of all, the question should be asked: Is this really - e
a problem? The results of a survey (undated) conducted by Meister
and received in July 1?79 indicate that the problem still exists.
Meister surveyed the three major participants who determine how
much human factors ReD is done and how it is perceived. These
participants are R&D iaborstories, R&D contractors, and. human

. 2-26




factors practitioners in the defense ihduetry. Two excerpts
from Meister's paper that deal with the @rectitioners' answers,
and one from his Conclusions section serve, we believe, to make
the point that human factors is largely unaccepted at present
in system design and development:

« « « Nor do design engineers tend to solicit the
assistance of practitioners. 76% of respondents
agreed with this statement. Again, there are

- individual variations, spec1a1 individuals and
special circumstances but the armed neutrality
between designer and practitioner seems the same
as it was when it was described in 1967 (Meister

~and Farr). A key element in securing designer

cooperation appears from respondents' comments
to be supportive management.. A number of factors
appear to explain the designer-practitioner
relationship: the designer's wish to function
with complete autonomy; his view of HF require-
ments as more constraints he must put up with;
the HF group's reputation. It is helpful if the
HF group has sign-off on man-machine interface
drawings, but few groups have *this sign-oif.

Slightly more than half (57%) of practitioners
. feel that there is still considerable resistance
on the part of designers to the inclusion of HF
inputs in design. The positive side is that
almost half (41%) do not agree with this notion.
It may be that these responses suggest that things
are improving somewhat, because in years past
‘almost all practitioners would have given negative
answers. on this point. Some practitioners feel ,
that if behavioral inputs are reasonable, engineers
will accept them. Unfortunately some HF inputs are
inadequate and this creates resistance to or rather
' avoidance of the inputs. Timing is all-important;
inputs made after decisions have been reached by
designers will be resisted. :

. AThis resistance may result in part from the fact

: that engineers may find HF inputs to design
ingsufficiently precise and quantitaiive. 72% of
the practitioners felt this to be the case. Some
pointed out that HF data must be translated by
practitioners into specific design terms or else
the input is merely an additional burden to the
engineer. It is clear that there is continuing
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and increasing pressure to justify the utility of
behavioral R&D. While this may not be unfortunate

in and of itself, it does lead to a number of
unfortunate results: faddism; impatience with studies
- whose effects are slow to emerge; unwillingness to
‘invest research resources where results are risky.

A second point to be made concerning the lack of human
factors integration and application early in system design and
development can be drawn from a consideration of the military
test and evaluation program. In June 1978,'the Office of the
Under Secretary of Defense held the 12th Training and Personnel
Technology Conference (TPTC) with the tooic for review "Human
Factors in Weapon Systems Test and Evaluation (T&E)."™ The
minutes of this meeting are reportedlin Taylor (1978). Colonel
Henry L. Taylor, the Executive Secretary of the Conference, and

Dr. Jesse Orlansky, a consultant from the Institute for Defense
Analysis who provided written comments on the meeting, make some
interesting observations concerning tast and evaluation and human
factors.  1In particular, the discussion centered on infoimation
drawn from "The FY 79 Department of Defense Program for Research,
Development, and Acqulsitlon,” 1 February 1978, Chapter 9,vTest
and Evaluation. In the summery of the minutes, Colonel Taylor
pointed out: ' ' '

1.  Sixty-one major programs will undergouT&B‘

in FY 1979, and DOD will monitor a total of
84 major weapon systems.

2, ' The budget request for T&E in FY 1979 is
$3,683 million for development, engineering
and testing, and $1,009 million for support.
of ranges, test facilities, targets and joint
tests, for a total of $4.7 billion for T&E in
FY 79.

3. The following areas are now being emphasized
by the DOD T&E program:

_a.. reduction of vulnerability of weapon
systems
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‘b. reliability impfovement of weapon Systems

c. greater commonality and standardization of
weapon systems among military services and
with our European allies (e.g., HARM, STINGER,
TRITAC, JTIDS)

'd. conduct operatlonalktest and development test
earlier in developmént cycle.

Joint Test and Evaluation (JTSEs) initiated in 1972
are used to evaluate the effectiveness of a weapon
system in its intended operational environment and
frequently uses the forces and systems from two or
more Services.

Dr. Orlansky, referring to the same topic, made the following
"passing comment"”:
« « « the magnitude cf the T&E budget ($4.7 billion
in FY 79) does not, by itself, justify a larger or
smaller Human Factors budget. However, $4.7 billion
means that T&E is larger (more important?) than any
category of RDTSE (the largest is 6.4 Eng. Development
©.83.9 bllllon), larger than any Service RDT&E program
(Air Force is $4.3 billion); larger than any RDT&E
authorization title (Naval Vessels is $4.7 billion);
etc., etc. The real thought is whether any nominal
Human Factors effort could produce more savings than

,comparable éfforts in other areas.| Perhaps yes,. if
someone is willing to explore the possibilities.

with respect to the comments made by Colonel Taylor and
Dr. Orlansky, above, the point of concern is whether' or not early
integration of human factors in system development would preclude
-some of the problems (and enormous costs) associated with later
test and evaluation. B '

Two final observations will be mad cqncernipg'human factors
which are "too late and too little." First of all, even after
systems enter the operational forces, human factors problems still
exist which are reported as defjciencies and result in costly
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redesign and retrofit. It is also imperative to note that'these
deficiencies are not juét gripes about sticky knobs, hard-to-read
displays, uncomfortable crew compartments, etc., that lead to
simple degraded performance in terms of time and .error. Rather,
some of these deficiencies include loss of life and costly equip-
ment. As an indication of the magnitude of these deficiencies,
Exhibit 2-8 is from a 1978 briefing given by the Naval Air
Development Center on its human factors program. While these
deficiencies only relate to three weapon systems, the absolute
number of deficiencies is an indication of the magnitude of the
prbblem. | ' '

Exhibit 2-8

Human Factors Deficiencies Report
for Several Navy Aircraft Weapon Systems®
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The final problem observation is that in 1977 DOD announced
a tailoring process for specifications and standards in Directive
4120.21. As reported by Chaikin (1978), this directive; in brief,
permits: (1) seiecting documents having potential application to
a specific procurement; (2) reviewing those potential documents to
satisfy only those clearly applicable to a contract; (3) imposing
only the minimum necessary requirements, and (4) examining the
surv1v1ng requlrements to tailor or ad]usf the provisions so that
they support the partlcular system involved. As Chalkln further
observed, the same DOD Directive states "beneficial recommenda-
tions from prospective contractors shall be solicited to determine’
whether adaitional cost-effective applications and tailoring of
~cited . . . standard . . . requirements can be accompllshed or
cost-effective substltutlons proposed.”

This directive provides a loophole for avoiding human
factors; yet, it also provides a basis for insuring the ‘inclusion
of human factors if they can be established to be cost effective.

In summary, there appear to be several kinds of constraints
on the successful application of ﬁuman factors to military systems
‘development. It should be re-stressed that there is responsi-
bility on both sides--~the human factors side and the program
- management side--to achieve higher levels of cooperetioh. ‘Most
crucial is.the point that near-term costs (including some real
conflicts between engineering criteria and human fa:tors crlterla
in design work) can result in long-term gains that are .many
multiples of the near-term cost. '
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Are Human Factors Contributions Affordable?

We have tried to indicate by means of the preceding
discussion that there are at least four basic arguments for
the inclusion of human factors in military system development.
Each of these arguments has substantial historical roots so
that they are a part of a standard rationale. In brief, these
arguments are: o

e Life cycle costing for personnel in a system can be
impressive. Personnel must be sustained pﬁysiologically
and psychologically. The cost of addressing personnel
performance through training, selection, technicai
manuals, and other performance éids is expensive; and
the cost of personnel turnover is even ﬁore expensive.

e Complexity remains a growing problem that requires a
human factors contribution for its amelioration.

® Design deficiencies cause otherwise avoidable human
' error--such errors are costly not only in terms of
lost lives ‘and lost equipment but also in terms of
unfulfilled missions. ' ' '

e It is possible to coniceive and implement optimal
manned systems--systems that are designed to utilize
human capabilities ‘and minimize human limitations. . :

The response to these arguments should be: : , : N
e Human factors must lead to an increase in human

reliability and consequent increase in ‘system
.reliability. '
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Human factors must be applied as eariy'as possible in
system development to achieve greatest cost-benefit.
The cost of redésign and retrofit of weapon systems
where human factors information has not been used may
far outweigh the costs for human factors earlier in
system design and development. However, this must be
viewed as a life cycle cost.

Human factors value will derive not just from the
accomquation'of human capabilities and limitations
(which would typically reduce performance time and
error), but also from better equipment utilization
because of improved attitudes. If user acceptance
- is not considered in system design, .the system may
. be underused, misused, or not used a£ all--which
could result in mostly costs and no benefits.

Effectively inﬁegrated human factors in systems will _
reduce other costs such as those for training, selection,
and technical manuals.

Lack of human' factors in systems will result in damage
to the equipinent and in hazards to the user. In this
case, inéorporating proper human factofs‘results in
cost avoidance through avoidarze of damage to equipment
and harm to personnel. ' ' :

Human factors in system design and development will
contribute substantially to éystem maihtainability{
In general, one may expect (1) time-to-maintain to go
down, (2) maintenance-induced failures to go down,
and. (3) spare parts consumption to go down.
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‘® Human factors consideration based on the environment in
which weapon systems are to be operated and maintained
“will insure that human performance is not seriously
degraded and, thus, that system performance will not be

' seriously degraded. '

e Human factors integrated into the entire weapons system
acquisition process and life cycle process has an
intrinsic value because it becomes part of the hardware
.or system. Therefore, the effects of any human factors
stay with the equipment or military'service and reduce
the cost of ownership. This is in contrast to training,
in which the investment stays with the individual rather
than with the equipment. '

Conclusion

It is important for policymakers and program managers to
realize that good human factors is not a case of jﬁst "proving
the obvious,"” i.e., that human factors is simply common sense.
In the past, a common sense'approach'has produced marginally
racceptable system products (from a human factors point of
'.réference) based on the fact that the hardware and technology
-associated with that hardware have‘been around forlsome time{
Experience'with it has prodﬁéed a level of knéwledge, one
‘might term "lessons learned"--which ig'really the common sense
to which we refer. In periods involving quantum leaps in
technology and hardware sophistication, as we have been experi-
encing for some time, this common sense breaks down due foremost
to the absence of "lessons learned” that comes with experience
‘with a technology. Human factors personnel have traihing and
experience to bring valuable knowledge and techniques to the
system developmeht process. Human factors personhel have obtained
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this knowledge due largely to dealing with gaps in technology
wherein common sense has broken down. 1In addition, operations,
analysis and research in fields such as system engineering,
.aviation medicine, applied physiology, expérimentél psychology,
anthropometry, and sociology have contributed a gréat deal of
basic design data, whigh human factors personnel know where to
find and how to interpret. Perhaps most important is the fact
that human factcrs personnel have the necessary motivation to
search for optimal solutions where man is involved.
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CHAPTER 3

IDENTIFICATION OF THE CONTRIBUTION OF
HUMAN FACTORS IN SYSTEM DEVELOPMENT

In order to identify the contributions of human factors in
system development it is necessary to understand both the major
' system acquisition and development process, and the potential for
specific human factors contribution in each phase of this develop-
ment process. Therefore, the first section of this chapter
summarizes: the major system acquisition process, requirement
at the DOD level for human factors R&D, and requirements at the
service level for human factors R&D. The material in this section
may be familiar to some readers, and therefore is sufficient as ,
a refresher. However, for the less familiar reader, a separate
research note (ARI RN-80-23) is available which provides a2 review
of essential decision poiﬂts, products, directives, and other
requirements that govern system development and.enable human
factors R&D. This docﬁment may be obtained throuch DTIC.
The. significant conclusion that emergés from this summary and
review is that thére is an adequate and formal basis existing -
for integrating human faciors R&D into'military'systems, but in
fact this is not being done. ‘ '

The second section will delineate specific human factors
efforts in each system development phase and indicate how these
efforts contribute to the development of .the principal human
factors product of that phase. The relationship'between_huﬁanl
factors efforts/prodhcts and system dévelopmént agtivitieé is
documented in the form of a graphic descriptive model.

The remaining five sections of this chapter describe in ,
detail the human factors elforts and system development activities,
‘the nature and content of the principalvhuman factors product, and
‘an example of human.factoré.éohttibution :orleach development
phase. ' .“~K

N\
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Prior to addressing these major tépics of the chapter it
is necessary to reconfirm the notion of principal human factors
products in systems development. 1In Chapter 1 it was asserted
that there is indeed a principal human factors product that will
result from human factors efforts during each major phase of
system development.' |

Exhibit 3~1 delineates these products for each phase,
togéthervwith an indication of their potential effect on system
design. These products were essentially derived from several
studies or papets concerned with concepts or models for‘suggesting
what human factors efforts, decisions, and products should be
undertaken where in the system development phase. 1In general,
the principal human factors products identified in this report
represent a reasonable consensus of these other studies. Some
representative documents from which these products were developed
include Price (1962); Price, Smith, and Behan (1964); Erickson,
Miles; and Secrist (1978); Goclowski, King, and Ronco (1978); and
Baker, Johnson, Malone, and Malone (1979). The rationale and
precedent for these products is established in more detail in
Appendix A for the interested reader.
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Human Factors R&D: The Existing Basis
in System Acquisition

This section of the chapter is a brief overview of the major
system acquisition/development process and the existing basis for
human factors R&D at the DOD level and at the service level. As
was mentioned pfeViously, a more detailed analysis"of this topic
is prcvided in a separate research note available through the DTIC.

The Major System Acquisition Process

OMB Circular No. A-109 (1976) establishes the guidelines and
polxcxes for major governmental acquisitions. The circular
outlines the required sequence of activitiass through which the
proposed system must psss, and specifies the key decision points
at which the evolving system must gain approval before the
government will continue to fund a developing system or to
procure any new major system. DOD Directives 5000.1, 5000. 2, and
5000.3 give the military services more detailed instructions
in implementing Circular A-109 for the acquisition of major
military systems. A general discussion of Circular No. A-109
will be followed by a short discussion of the directives.

OMB Circular .No. A-109. The policies in Circular No. A=109
attempt foAsystematically integrate the various faotorslin‘system
development and to avoid past problems of cost overruns and =
premature Commitments to full-scale dévelopment snd‘production.

To accomplish this, the circular outlines seven activities and
specifies four major decision poxnts. Exhibit 3-2, adapted from
OFPP.Pamphlet No. 1 (1976), shows these activities and decision
points. The boxes describe the types of activities involved and
the numbered circles indicate the major decision points. This

acquisition model requires an. identification of a need (Mission - w~'7”/
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Exhibit 3-2

The Activities and Decision Points of OMB’s Circular
No. A-109 Major System Acquisition Cycle

EVALUATION AND
RECONCILIATION
OF NEEDS
IN CONTEXT
OF AGENCY MISSION,
RESOURCES AND
PRIORITIES
_MISSION | | EXPLORATION
ANALYSIS ‘ OF ALTERNATIVE
: " SYSTEMS
DEPLOYMENT
AND
OPERATION
COMPETITIVE
PROOUCTION -
%
o " FULL SCALE
. . DEVELOPMENT,
: o TEST, AND
j , EVALUATION
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Analysis), a comparison between the present technology status and
what is needed (Evaluation and Reconciliation of Needs), a
decision to continue or stop‘() , A study of the strengths and
weaknesses of alternative systems if the previous decision was to
continue (Exploration of'Alternative Systems), a decision to
continue or stop () ,_a'demonstration of the chosen system(s)
(Competitive Demonstration), a decision to stop or continue ()
the building and test of the'complete system (Full-Scale Develop-
ment), a decision to stop or continue () , the production of the
system (Production), and field use of the system (Deployment and
Operation). The Department of Defense directives specify the
activities within the phases in more detail.

Department of Defense Directives. The Department of Defense
(DOD) Directives 5000.1, 5000.2, and 5000.3 give guidance in
implementing OMB Circular No. A~109 for military systems.

DOD Directive 5000 1 provides pollcy for acquxsxtlon of
-major systems-~those systems exceedlng $75 million for research,
devalopment, test and evaluatlon, or those systems exceeding
'2300 million for procurement. Dxrective 5000.2 supplements 5000. l
with policies and procedures for the DOD system acquisition
process. Directive 5000.3 gives guidance for military test
~and evaluation. These three directives provide for five
events and deickibe the activities in the. phaaes between
those events. Those five events are identification of misaion
needs, Milestone 0, Milestone 1, Milestone 2, and Milestone 3.

Because the circulars. directiées, military standards, and
service regulations used various names for the same phases, it
becamé.neéessary to adopt standard phase and decision point names
to avoid confusion when using information from the different
documents. In Exhibit 3-3, the major system acquisition cycle

N
N\
\‘




€€ Nqiyxy

" NOLLYW34O
CNV LNIRACIE0
‘NOLLV¥ 340
ONV LMINAO IO
ANINJOTIAG . T NOUVOMVA ony
3Tvos TInd . NOLLVULSNONIO
FIVHL -
ANIRAOIA .Euua.:tg .
pasd WIO12ARA . FEVHI NOLLVOTIVA
NOLLINAOYY ' TVe 1In4 T ONY NOULYMAISNONEG
1 ' -
| !
1 '
> HNOLLYNIVAR } ©
aNv ‘1831 SNOILYMISNOWEQ
Nousnooud =\ Y ) ‘tNansonanze [ € IALLILIANOD
; a8 1In4
! u ' .
, 1
€ INOISI TN 2 INCISITN
zo.»:(cu.%.“u. ’ FEVHE NOILVILINI YN DONE= JUd
VHE TVNLIIINGI- e
ISVHE L4IINCD
ANINJOTIAIA PEVHI SIBATYNY NOISSIN
1439N0D |
T
{
) © SALVOIBE
_ ' ONY $358N0SIN
. SWaisAs ‘NOISSIN ADNIDV 40
IAILYNMILIV 40 = \—/ AXIINOO N .  jeg———} SEBATVNV
NOILYMOVdXD U/ $02IN 40 L
] NOLLYITIONGDIN ,
“ OGNV NOLLYNTVAR
© 7 0 INOISIIN _ ,
" PpoW uonsinboy waykAg sofey gy 10 posp) sawsey] Jo uosueduon y

-——— QuvONVis

VHDED




model of Circular A-109 is again shown. Below that model are
' the standard names adopted for this report. Below the standard
names are other names commonly used in various documents to refer

to the same phases.

The military major system acquisition model as described by
the directives is in Exhibit 3-4. The model spans the time from
initial threat analysis to deployment of the system.-

Revised Department of Defense
‘5000 Series Directives

Revised Department of Defense 5000 se:ies-directives'were
obtained just before production of the final technicai report.
These latest revisions do not affect the case that can be made
for human factors R&D requirements in the military acqu151tlon
process. Rather than substantlally changlng the relationship of
these DOD documents to requirements for human factors R&D in
systems acquisition, they serve instead to effectively augment
this relationship. Selected excerpts with human factors R&D
implications are shown below to illustrate the characteristics

of the new directives.

DODD 5000.1 Major System Acqulsltlon 19 March 1980

2 ctlves : .

Integrate support, manpower, and related concerns into
the acquisition process.

Pollcx
Affordablllty. Affordabiiity, a function of cost,

priority, and availability of fiscal and manpower
resources, shall be established and rev1ewed in the
context of the PPBS process . . . .
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DODD 5000.2 Major System Acqulsltlon Procedures
19 March 1980

.Design Considerations

Manpower and Training

(1) New systems shall be designed to minimize both
the numbers and the skill requirements of
people needed for operation and support,
consistent with system availability objectives.
Manpower and personnel factors, to include
numbers, occupations, and skill levels of
manpower reruired, shall be included as

' considerations and constraints in system
design. Integration of manpower and personnel
considerations with the system shall start
with initial concept studies and shall be
refined as the system progresses to form the
basis for crew station design, personnel
selection and training, training devices and
simulator design, and other planning related
to manpower and personnel,

(2) Where applicable, planning for training shall
consider provisions for unit conversion to
the fielded system and training of reserve
component personnel. Such planning shall
consider tradeoffs conducted among equipment
design, technical publications,  formal
training, on-the-job training, unit tralnlnq,
and training simulators and shall develop a
cost-effective plan for attaining and main-
taining the personnel proficiency needed to

. meet mission objgctives.

(3) After Milestone 0, manpower requirements
shall be subjected to tradeoffs with system
characteristics and support concepts.'
Manpower goals and thresholds consistent
with projected activity levels, maintenance
demands, and support concepts shall be
identified by Milestone II. Tradeoffs for
maintenance effectiveness among manpower
(numbers, occupations, and skill levels),
support equipment, system design, and the
support structure shall be conducted. The

-manpower and training requirements to
- support peacetime readiness objectives and
wartime employment shall be developed by




Milestone III. These requirements shall
be based upon considerations that include
available Operatiocnal Test and Evaluation
results and current field experiences w1th
“similar equipment.

Quality. A quality program shall be implemented
in accordance with the criteria and procedures
‘set forth in DOD Directive 4155.1 (reference (j))
to ensure user satisfaction, mission and oper-
ational effectiveness, and conformance to
specified requirements.

DODD 5000.3 Test and Evaluation 26 December 1979

P011c1es and Responsibilities

Test and evaluation (T&E) shall begin as early A .
as possible and be conducted throughout the-

system acquisition process to assess and reduce

acquisition risks and to estimate the operational

effectiveness and operational suitability of the

system being developed. Meaningful critical’

issues; test objectives, and evaluation criteria

related to the satisfaction of mission needs shall

be established before tests begin.

Before: the Mllestone IIT decision, adequate DT&E
'shall be accomplished to ensure that engineering

is reasonably complete (including survivability/
vulnerability, compatibility, transportability,
interoperability, reliability, maintainability,
safety, human factors, and logistics suppcrtabllzty),
that all significant design problems have been
identified, and that solutlons to these problems

are in hand. , : : -

Atfachment 1 - page 2 Definitions‘

~ Operational Suitability. The degree to which a
system can be satisfactorlly placed in field use,
with consideration being given availability, .

compatxbzllty, transportablllty, interoperablllty, )
reliability, wartime usage rates, maintainability,
safety, human factors, manpower supportability,
logistic supportability, and training requirements.
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As these quotes aptly illustrate, the requirement for human
factors has been reinforced with more direct and to-the-point
statements regarding the role of human factors in system
development.

With reference to DOD-level requirements for human factors
‘R&D, it should be stated that DOD maintains one human factors
specification (MIL—N-46855) and one human factors standard
(MIL-STD-1472), each containing extremely detailed human factors
requirement: '

Formal and Ii ‘ormal Requirements .for
Human Factors R&D at the Service Level

Each service within the bepartment of Defense maintains its
own implementation procedures for human factors requirements.
These requirements, found in various service documents, may be
broken up into two categories. Human factors efforts stated as
requirements can be designafed formal documents. Formal documents
consist of the service regulations and instructions (i.e., Army
Regulation AR 602-1; Air'Force Regulation AFR '800-15; and
Cepartment of the Navy instruction NAVMATINST 3900.9). On the
' other hand, human factors'effcrts described as recormendations
can be termed informal documents. Informal documehts consist of.
the vagious service guidebooks, handbobks; manuals, etc., that
have been developed. | C

The follo&ihg points can be made about these serVicé-lével
“documents. '

e The trend in formal documents is to define requirements
and responsibilities for human factors without placing
constraints upon the methodolégy, analysis, and data
éharacteristics usad in research.
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The informal documents cover primarily those topics

°
not promulgated in the formal requirements.
e The consistent thread running rhroughout the entire

service doctrine is the application of human factors

as a total system concept, encompassin§ earlier and

more detailed involvement in major mllltary system

developments.

Greater detail and technical explanations of these formal and

 informal service-level documents may be found in the aforementioned

‘research note.
specific human factors R&D efforts,
phase, which are considered ideal in any milrfary system
development.

Human FPactors R&D: Specific Efforts
for Each System Development Phase

The following sections will serve to illuminate
for each system development

. There is an ever~increasing disparity between the complexity .

and sophistication of modern military weapon systems and
capabilities of the'military personnel.
sophlstlcatlon of modern mllltary hardware is increasing
a rate greater than ever before, while the capability of
military personnel to operate and maintain these systems
by even the most optimistic accounts, just barely keeping
This hardware-personnel mismatch pléces a greater-than-ey
' burden on human factors to contribute a favorable impact
capablllty, cost, and compatibility.

Human factors provides information that not only aff
equipment design, but also helps determine the design of

The complexity 3

lthe
nd

at
our
is,

| pace.
rer

on

ects
per-

sonnel selection, training, and orgarizational structures that

‘will make equipment more cost-effective within an operati
system,
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‘objectives of an equipment system, and with actions that will
assure the ability of people and machines to meet those missior
objectives. '

Human factors should begin by analyzing mission scenarios
that are expécted to be encountered in combat. Analyéis is
performed to identify the critical roles men will play to succeed
with any particular mission. Theose roles will be broken down
into functions, which can then be simulated or performed undér
the expected operational conditions, so as to evaluate eguipment
designé, determine manpower requirements, forecast training
requirements, and detect the organizational structures that'will .
be required to support the equipment. Alternatively, prototype
equipment and organizations can be tested empiricaliy by field
trials, in which the intended user population attempts to perform
the required mission scenarios. Such tests have recently been
performed for several pxeces of equipment durlng the operat10na1
tests (0T-I, -II, or -III) requlred by the Life Cycle System
Management Model. They have prov1ded valuable data about equip-
ment and organizational design, -in time to (i) preclude defects
that would have degraded missior performance, and (2) prevent the
need for expensive modifications once the equipment was fieldéd.

Finally, human factors identifxes support rpquirements.
One of its lmportant tasks is to assure that such needs as
maintenance equipment, training programs, and training devices
are ascertained soon enough, so that when the equipment is
delivered it can be fielded promptly as part of an integrated
man-machine system.

Exhibit 3-5 shows the majof activities of the system

aéqﬁisition~cycle on a time line from Mission Analysis Phase
to Deployment. Concurrent with the system acquisition time
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Exhibit 3-5

Specific Human Factors Efforts and Products for Each Military System Development Phase

WORLD MILITARY 3
ANOD POLITICAL INFO.

" BARC A0 — ]

TREATANALYSS [~ — — — — =~ — =
T |
1DENTIFICATION |
or e | — —— —— — -..i
SREAKTMROUGH
neom;nm
oerine
sveTeEm
ossecnives
SYETEM CRITERIA DEFINED
OETRRMING ) ' DETERMING AMALYZE
OPERATIONAL BNVIRONMENTAL MLAR
CONOITIONS CONDITIONS svaTEME
menOoN
weto8
. OPERATIONAL ENVIRONMENTAL rOBITIVE 8
STATRMENT  * coniiTioNs CONDITIONS NEGATIVE AWECTS.
(MENS) 10ENTIFIED 1ORNTIFIED " OF SIMILAR 3VSTEMS
. ’.. 1DENTIFIED
i LIGEND:
CONOUCT D smeaon
PuUNCTION
secs CONCURRENT
Avee §FpORT
. ROLE OF
- MAN DETERMINED
CANERL ~ = = o o o= = = .'L._ - e —=MILESTONE 0

3-15.




—— e mm MENS mm emn cmm e e e o — o— —

|
l

ASSIGN
PROGRAM
MANAGER

L

sTUDY
ALTERNATIVES

DECISION COORDINATING

PAPER (DCY)

|

{8) SARZ )

D8/RC)

'RECOMMENDATION

RECONSIDER

Exhxbnt 35 (Contmued)
Specxﬁc Human Factors Efforts and Products for Each Military System Development Phase

ROLE OF MAN DEFINED

- = —MILESTONE O

/

~.3=16

APPLY CRITERIA IN THEIR ORDER
OF IMPORTANCE FOR EACH

FUNCTION

|

.o . ORDER OF IMPORTANCE (OR CRITICAL) CRITERIA

DEFINED FOR EACH FUNCTION

'

COMPARE HUMAN CAPABILITIES
_ TO FUNCTION CRITERIA

|

POSSIBLE MANNED
FUNCTIONS DETERMINED

EXPLORE POSSIBLE MAN.
MACHINE COMBINATIONS
TO ACHIEVE FUNCTION

ENOPOINT
) FUNCTIONS ALLOCATED TO MAN
v
LeGSND:
@ermancn
sese CONCURAENT
. EPPOAY -




Exhibit 3-5 (Continued) ~
Specific Human Factors Efforts and Products for Each Military System Development Phase
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Specific Human Factors Efforts and Products for Each Military System Developmert Phase
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line are the human factors efforts in each phase and their
expected outputs. The principal human factors product of each
phase is indicated by the bold type. Together, the seriesiof-
charts making up Exhibit 3-5 can'be considered a descriptive
model of human factors efforts/products in'system development.

The material to follow, discusses, for each phase of system
development, how human factors should be utilized as a svstem
progresses through each phase. The human factors efforts within
each phase will be described, the content of the principal human
factors’product of each phase delineated, and examples presented.
The objectives of human factors R&D are to ensure that military '
equipment and organizations are well-fitted to human users and
produce the maximum advantage in 'terms of the military's mission.

This model is a generalized one, synthesized from many
sources;* it is nonrservice-specific, and applicable to a wide
variety of systems. However, the model cannot and does not .
represent a rigid process of development for ail eystems. ‘As
with any model, there are qualifiers. While the order of human:
factors considerations should bé‘maintained for most developing '
syetems, there most likely would be variations in which pitase the
specific human factors considerations would be addressed.

Depending upon the complexity, operational environment, crew _
role and size, number of manufacturers, etc. involved in developing
the sydtem, the resolution of specific human factors efforts may
shift_from one phase to another. In-other’cases,'the developing

" *Principal reference sources for development of the model.
depicted in Exhibit 3-5 were: Bakei, Johnson, Malone, & Malone,
1979; Coburn, 1973; Collins, McGuiness, Erl}:hman, & Bryce,
.1975- Geddie, 1979; Goclowski, King, Ronco, & Askren, 1978;
Kaplan & Crooks, 1980; Meister & Rabideau, 1965; Merriman, 1976
' MIL-H-46055B; Price, Smith, & Behan, 1964; Price & Tabachnick, N
1968; Vvan Cott & Kinkade. 19572, S TN




process may be compressed or specific efforts not.héeded, both of
which could result in entire phases being eliminated. 1In reality,
many of the human factors efforts are iterative, and the complex
feedback and feedforward loops have been deieted in favor of a
perceptually and conceptually uhclu;tered model.

Mission Analysis Phase Human Factors

When a threat or technological breakthrough has been
identified and a decision made to propose a new system, the
various system developers should begin a coordinated effort to
clearly state'the.objectives>and define the criteria of the
system. These would not be statements on how to accomplish the
mission, but rather on what is to be accomplished. These first
activities are extremely important, as the criteria will become
the standards for'z;:;equent‘design and for test and evaluation.
Once the objectives ave been identified and the crit=ria defined,
*hdse other political, economic, and time constraints that bound
the system design must be ideniified.

. The human factors output of this phase is the determinaticn
of the tqle that men will play'in'the new system. Will man be an
opefator, maintainer, sensor, manager,'qnalyzer,‘decisionmaker;
’infcrmation manager, back-up to equibment, or some mix of the
above? A very important decision is wilether man will be local
or remote from the mission equipment. To défine that_role, all
funcﬁions that are needed to achieve the mission objectives must
be specified first. To identify.all functions, the opefational
and envirohmental conditions under which tﬁe'system iy to operate
must be determined. For exampie, will the system operate in
temperature exftemes,aduting day'and night, in‘unusually rugged
conditions, or for unusually sustaired periods of time, etc.?

‘In addition, analyses of existing similar systems (if.any) should




help identify operational and environmental conditions as well as
other positive and negative aspects. For example, what was the
role of man in the predecessor or similar sysiem(s)?' What man
functions and man-machine functions have been successful and
unsuccessful? All of the information can be used in performiing a
functicnal analysis. '

Perfofming tredeoff studies with the major tactors . .
(e.g., logistics. maintenance, costs, advantages and disadvantages
of using man in alternative roles) should zesult in cqét-effective
system configurations, given system éonstraints.‘ Such human
factors analyses also lower the probability of major changes in
design downstream to accommoda.e the idias?ncracies of man.

Human Factors Efforts and System
Development Activities During
Mission Analysis

This subsection provicZes a description of the'humah factors
efforts and system deve’oprent activities shown in Exhibit 3-6.
The descriptions are keyed to the numeric code on the chart.

The ‘initiation [rocess for sv. er 2-xquisition is based,
‘first and foremost. upon %‘he. deswmn-t.2cion of a need for a'system
| to fulfill a. to-be-specific’ r sston. This is driven from one of

two sources: ' '

- (0.1) Tﬁrcat Analyesie. A systematic means to assess énemy
capability in relation to one's own capability to wage war.
Formally defined, it is stated thus: '
| The process employs analytic techniques for developing

plausible alternative representations of foreign
environnments and capabilities. Threat analysis--

1.,Pto§id0| an assessnent of foreign capabilities

. in terms of combat material, employment doctrine,
environmen: and force structure. ,
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Exhibit 3-6 :
Specific Human Factors Efforts During the Mission Analysis Phase (0.}
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2. Provides an assessment of the level of devel-
opment which the economy, the technology, and-
the military forces of a country have attained
or could attain.

3. Includes recasting existing intelligence
assessments and forecasts to provide statements
of the threat as it relates to a specific U.S.
research or combat development project.

(AR 381-11)

. (0.2) Identifibafion of Technological Breakthrough. 1In an
attempt to take adVantage of the possibilities offered by newly
or nearly availabléAtechnologies an effort must be initiated.
The following quoténtempers the gpplication of new technology.

Theése technical and scientific advances must be
evaluated within the framework of the military:
system developments to insure the proposed
development is relevant to the DOD's needs.
(Adapted from DA Pam 11-25)

(0.3) Hission Element Needs Statement (MENS). The MENS is
a DOD-level required product of the Mission Analysis Phase and is
aptly summarized by the following:

The MENS pro'-ides. justification for initiation of
further system acquisitioning, programming, addresses
mission related deficiencies (e.g., capabilities
change due to: change in enemy threat system
obsolesences, new technoloqy availability), pro-
. vides 'guidance for system concepts and xdcntxfles
‘constraints. _
(Adapted from SE"NAVINST 5000 lA)

Requisite human factors inputs to the Mission Analysis Phase .

'should be found in the MENS, which is the subject of the preceding

discussion. The discussion to follow is the substance of humén
factors inputs, and culminates in the major human factors product
in the Mission Analysis Phase--the role of man in systems.
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-f0.31)1‘befine System Objectives. Human factors inputs must
be general in nature by definition. Thus a general but valid
statement of the mission(s) and threat must be developed
(e.g., potential targets, enemy weapon capabilities)i
(Adapted from MIL-STD-490)

The specification of mission requirements,
objectives and criteria include the determination
of the class system and hardware involved and a
"statement of the activities assigned to a system
envisioned for a specific mission(s).

(Adapted from Kaplan & Crooks, 1980)

Once haviqg defined system criteria, additional déscriptions
must be prepared that provide a refinemeqt of mission details.
These include determination of mission constraints and limitations
that impact the feasibility of continued system development.

(0.32) Determine Operattional Conditions. This includes the
speéification of two items: (1) system operation and (2) condi-
tions of performance. Both are important to mission feasibility.

,'System operating‘characteristics qn& goals must be identi-
fied to determine a probability for mission success. :Personnel,
crew, and hardwérq characteristics during-perfcrﬁance of a
mission must be defined to illustréfe mission constraints that
impact mission success.

(0.33) Determine Environmental Conditiona. Known system
characteristics, operating locus, and enemy cduntetmeasures must
be iden;ified-éo_reveal limitations upoh vatidus apprdaches”to
‘a mission. This includes a determination of terrain and climate/
weather conditions. :
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(0.34) Analyze Similar Systems. Since most new systems
rarely make use of technology never before experienced in any
totallsense, the analysis should encompass previously encountered
strengths and weaknesses as well as lessons learned to avoid’

previous development pitfalls.

A process of synthesis must be utilized to incorporate the
findings of the various analyses previously conducted in order to
determine the overall feasibility of a system development program.

- In addition to system characteristics, this process should lead

ultimately to a defined role for man--the mastervproduct of human
factors in mission analysis (and the sole human factors reason
for participation of specialists at this stage).

(0.35) 'Conduct Function Ahalyais. Function énalysis,
originally conceived as a process in system ehgineering to select
functional categories . for system performance (invdlvingfthe tech-
niques of functional flow diagramming and blpck diagramming), has
been extended to include the functions of man in the systenm,
without whom no system performance would be possible. This
analysis involves the selection of manual, harﬁﬁare, or automated
performance for each function. The analysis stops short of
allocating specific functions to man or machine, but terminates

‘with data tantamount to guch a distinction. For human factors,

the ihterestlwas exclusively in assessing the capabiiities of

"humans in any specific system.

(Portions adapted from MIL-STD-490)

(0.36) Role of Man Defined. The culmination of the pre-
ceding activities is the |[role of man in systems (from a human
factors standpoint). Since this is a major product of'mission
analysis; its principal components have already been indicated

and will not be'repeatéd again.
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Content of the Role of Man Statement

A statement of the role of man as part of the Mission

Element Needs Statement (MENS) should include the follow1ng
consideratiors:

Assumptions:

® A separate "role of man" énalysis will be provided for
each alternative system concept'selected;

e Human engineers will develop "role of man" concepts and
interact with mission analysis team in development of
MENS.

e "Role of man” components are listed according to probable
order of presentation in MENS (not according to their
development sequence).

Actions:

l.lList'effects envisioned for overall system as a result of
role of man devised for each alternative system concept
as configured (e.g., operability, maintainability, mission
effectiveness).

2. List effects env181oned for man's- role/personnel
subsystem as a consequence of each alternative syseem
cecncept as proposed (e.g., safety, Liabitability, user
acceptance).

- 3. Determine lccation of man in system to perform
designated role.

4. Specify advantages accorded man's role. for each alter-

native concept (e.g., facilitate operation of system,
allowance for contingencies).
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5.

Specify disadvantages accorded man'’s role for each .
alternative concept (e.g., manpower reserves consumption,

level of training requirements).

Determine required human performance, behaviors,
capabilities, and performance limits (e.g., sensing,

~proce551na, information storage, decision maklng,

respondlng) identified for each functional category.

Determine personnel constraints impacting man's role for
each alternative system concept such as the following:

a. maximum and minimum numbers of personnel who can be

used in the system

b. types of personnel (e.g., skill level and aptitude)
' available for system assignment

c. anthropdmét;y of identified personnel population
(existing and projucted)

d. user acceptance problems projected and their effects

e. effects of system and mission as configured on _
personnel vuln~rability (e.g., enVironmental hazards)

f. communication roqulrements and limits (system and

othar personnel)

Jerermxne implications envxsxoned for each alternatlve
n{stem concept upon requlrements for:

a. training (e.g., level of training, trainability,
training support and facilities, training deviées);

- 3-28




e.

manpower (e.g., manpower levels, performance
availability)

life‘support

"-ilities" support (e.g., logistics, reliability,
maintainability)

social/organizational impact (e.g., MX basing).

Select contributions to function analysis in Mission

Analysis Phase:

identification of threat

need demonstration: new system or modification to
current system '

requirement
mission

system objective definition (and required input/
output) ’ '

mission segment

scenario(s)

functional categorieé

functional flow and operatioﬁal event sequences

.s8ystem specification:

1, . manual

2. hardwired

3. automated: Facilitate system functioning
: Override (bypass) system malfunctioning
Control system graceful degradation
Permit system to operate.
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10. List human factors characterfstics that will facilitate
suécessful system development and mission success for
each alternative concept (design, development, testing,
production, deployvment, and operation):

a. advancement in state-cf-the-art human factors
technology

b. currently available human factors technology.

" 11. List impacts upon cost and system effectiveness for each
alternative concept in association with human factors

inputs:
a. Ra&D, training, personnel, manpower

b. mission success, vulnerability, survivability.

12. Prepare Human Factors R&D Program Plan tailored to each
alternative concept for balance of system life cycle.

Mission Analysis Phase: Example
of Human Factors Contributions

Both doctrine and recent history suggest that future
" warfare w111 require a capability to fight at night, and during
operatlons sustalned around the clock. The Soviets claim an I
ability to fight at night. Aside from that ‘threat, the importance
of night combat is obvious: Modern battle w111 move rapidly;
the unit that can move and fight at night may gain a permanent,
advantagé. Furthermore, weapons are so lethal that'maneuvering
at night may have great advantages in security. But uhfortunately,
little is known about the cababilities and limitations of soldiers
during the night or in continuous operation. We lack knowledge
' of the mission scenarios that would be involved and therefore of
how to train for battle at night. . There is a requirement for
research on which to base appropriate.training: the development
of tactical doctrine, and pians fb: unit rotation, performance
aids, and training devices.

3-30 C




. An example is provided by the work of the 9th Infantry
. Division at Fort Lewis, Washington, which was concerned with
improving the ability of individual soldiers to navigate at
night. '

Army reseérchers begén by analyzing the strategic goals
of night operations and continuing operations. From'these goals
they identified specific tactical missions, analyzed the situa-
tions that wou}d occur, and then determined the human behavioral
requirements for mission success. This produced a statement of
the behavioral requirements for mechanized infantry squads and
platoons in a combihed arms defense against a deliberate break-
through attack. A methodology was developed in which a number of
specific mission scenarios can be varied, so that the soldier's
tasks occur under a variety of conditions (differing levels of
lighé, fatigue, stress, out-of-phase daily rhythm). Tasks
critical to the enemy's defeat were evaluated ir temms of what
behaviors they required compared with what soldiers were actually
éole to perform. Areas in which soldiers fell short were identi-
fied and recommendations weré made concerning changes to tactics,
equipment, and training. | |

Army researchers studied several basic issues, including the
;ability of soldiers who'are movihg in veliicles to maintain their
‘orientation. It was found that even infantrymen on foot had a
poor sense of direction at night, and lost their navigatiénal
reference. Those in personnel carriers, and the crews of armored
vehicles, were substantially poorer in this regard. This fact is
pf~specia1 interest because ‘current vehicles do not carry naviga-
tional aids. Study of individual differences found no way to
select people based on their baqurounds, but suggestea that
actual experience in land navigation did improve both night' and
day navigation. Fgrther'research'is now in progress. .
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Meanwhile, light—attenuating devices (LADs) were identified
as a possible tool for training in nighttime operations. '
Ordinary darkened lenses posed a hazard: ‘They attennate light
well oniy in the. visible range, and transmit harmful infrared and
ultraviolet light. Since the pupil of the eye responds only to
visible light, the eyes of the subjects wearing ordinary goggyes
would be dilated, making them particularly vulnerable to damage.
By using 1enses with an,appropriate'degree of attenuation, it 1is
possible to closely approximate visual cocnditions under different
degrees of moonlight or darkness. The Army evaluated the goggles -
at Fort Rucker in flying trainihg and at Fort Lewis in land
navigation. Test fesults suggested a satisfactory behavioral
approximation of darkness, and research continues concerning
their suitability for teaching various nighttime tasks.

The use of LADs has been demonstrated fcor the training of
tank drivers at Fort Knox, for infantry navigation at Foft Lewis,
and for nap-of-the-earth night helicopter flying at Fort Rucker.
Training of this kind, condﬁcted by day, has great advantages in
safety. More traininé can be accomplished for the time invested
because superv1sors and trainers can ilrect the act1v1ty using
normal v151on, and because loglstlcs is not impeded by darkness.

The Basic Combat Tralnxng Group at Fort Jackson has 1mp1e—
mented nlght rifle tralnlng using the LAD. Aside from the
general dlfflculty in seeing, soldlers tend to overestlmate range .
at night--an error which training can correct.

This research has provided a limited capability to train
infantrymen, truck drivers, and helicopter piiots in night oper-
ations. It provides an initial scientific understanding of _
soldier performance at night, and contributes to building a human
technology data base to help develop methods and machinery to
_ counter a night fight threat and maxlmlze our night fight
. capabllites. ‘ ’
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Concep* Development Phase Human Factors

In the Mission Analysis Phase, the system functions were
identified. In the Concept Development Phase, criteria for each
function are devrived and rank-ordered or weighted in importance.’
For example, in a particular function one must deteéermine the
relative importance of accuracy, flexibility, and firing rate,
In one system a fast firing rate is most important; wnilelin
anbther accuracy may be ranked first. '

After rank-ordering or weighing the criteria, the criteria
are compared to human capabilities. The comparison process
should suggest which functions should be allocated entirely to
machines, others entirely to man, and sﬁill others to scme man-
machine combination. Those man-machine functions should be
further studied to determine which combinations would produce
the most effective performance. It is equally poor to have a
man do a job at which a machine is better as it is to have a
machine do a job at which a man is better. The intent of the
man, machine, and man-machine function.aliocat;on is to have the
- most effective participation of man, given the sysfem constraints.

Human Factors Efforts and System
Development Activities During
. Concept Development

This subsection provides a description of the human factors
efforts and system development activities shown in éxhibit 3-7
‘The descriptions are keyed to the nume:ic code on the chart.

The major products of the Mission Analysis Phase, which
includes the Role of Man in Systems, are carried forward as input
to the Concept Development Phase, whereln the initial allocatlon
of functions between men and machlnes ‘occurs. Steps in system

deyelopmentllnclude the following in concept development.
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Exhibit 3-7

Specific Human Factors Efforts During the Concept Development Phase (1.)

l R

' . ASSIGM
PROGRAM
MANAGER

y (LK)

STUDY ,
ALTERNATIVES

DECISION COORDINATING
PAPER (DCPI(1. 5}

‘ 1.9

OSARC ]
{8) SART

b e

RECOMMENOATION

RECONEIOEN

ROLE OF MAN DEFINED

p— o~ —MILESTONE O

B y §121)
o - APPLY CRITERIA IN THEIR ORDER
o OF IMPCRTANCE FOR EACH

o* FUNCTION

' ]

ORDER OF IMPORTANCE (OR CRITICAL) CRITERIA
DEFINED FOR EACH FUNCTION

* {12
.| COMPARE HUMAN CAPABILITIES
" TO FUNCTION CRITERIA

r

POSSIBLE MANNED
FUNCTIONS DETERMINED

b . um

EXPLORE POSSIBLE MAN-
MACHINE COMBINATIONS
TO ACHIEVE FUNCTION
ENOPOINT -

" FUNCTIONS ALLOCATED TO MAN ‘
| V24 o

e e~ MILESTONE 1

Y.

Deerencn.

. o sese CONCURRENTY
) RKEFORT

3-34




S WO 5 s o ) e

_(1.1) Assign Péogram Manager. Inherent with the desig-
nation of a system developm:nt program manager is a cluster of
activities involved wit» mananemeni of the developrent life cycle
(e.g., Develcpment Plan, Decision Coordinating Paper, =tc.).

(1;2) Séady Alternatives. This general title includes
the initiation bfvdevelopment»of, and culminates with the veri-
fication of, the conceptual system(s). It involves the continued
fefidement‘cf Mission Anal?sis Phase products, validation of the
same,gand'development. study, and approval of alternative system
conéepfs which are summarized in a-Dec;sion Coordinating Paper
(DCP) .

The principal human féctors activities in the Cdncept‘
Development Phase are directed toward the allocation n»f functions
to man and machine. The activities involved in arriving at this
product are the subject bf,the following discussion. '

(1.21) Apply Criteria in Their Order of Importance. for
Each Punction. This is a two-part activity. It involves
(1) development of appropriate tradeoff criteria ard (2) appili-
cation of the tradeoff criteria to the allocation of functions
between men and machines. |

Examples of candidate critér;a.include:

cost (procurement. and operation)
‘weiéht _ |

development time .
doveldp@ent risk

safety

maintainability .
system effectiveness pkediction
'physicdl volumey'lizc'limitl
,lufvivability. '
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And for human factors specifically:

e human performance capabilities ‘'and limitations

e nmachine performance capabilities and limitations

® special case effects of automaticn vpon system capability.

Applicaticn of criteria can involve manual or computer-aided

models, but must demonstrate:
o effects of the system upon human performance
e effects of human performance upon system effectiveness

e rationale of the decisions based upon criticality of
alternative versicns.

{Acdapted from Coburn, 1973)

1.22) Comparc Human Capabilities to Function Criteria.

After obtaining a preliminary allocation of functions to men

and machines, an assessment must be made of human capability to
perform effectively each function designated to man. This may
involve lessons learned and other data obtainable through analysis
of previous similar systems or through human performance reliability
simulation by means of a number of currently available models.
Whatever method is utilized, the result must be a rank order of
preferred candidate manned functions along with a rationale for
their choice. ’ a

';(1.23) Explore Possibla Manauacﬁine Combinatiéna 0 Achieve
Function Endpoint. The final actiVity in the analytic process of
function ‘allocation requires;ﬁhévanalysis of candidate allocation
versions (or man-machine combinations), utilizing models such as
those deéqribed above, but with the intent of assessing more
comprehensive‘petformances (such as workload characteristics)
rather than individual functions. vTﬁé method utilized should
provide a deciéioq and associated rationale for human factors
choice of man-machine combinations.
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(1.24) Function Alloegtion. The principal product of the
Concept Development Phase is the allocation of function to man

‘and machine. This product is described in great detail elsewhere

and will not be repeated here.

(1.3) Decision Coordinating Paper (DCP}). DCPs are docu-
ments that support, authorize, and promuigafe decisions to
initiate development programs and establish appropriate Advanced/
Engineering Development Line items (OPNAVINST 5000.42a). They
preséﬁt the rationale for starting, continuing, reorienting, or
stopping a major development program. DCPs address affordability
of a proposed system as well as other important factors
(e.g., threat, risks, acquisition cost, strategy, and performance
parameters for evaluation).
(Adapted from DA Pam 11-25)

(1.4) DSARC I/(S)SARC I. Défense System Acquisition
Review Council I/(Service) System Acquisition Review Council I
provide recommendations as to the status and readiness of each
major system under development to advance tc subsequent phases
in its life cycle.. They review such documents as tﬁe DCP in this

process. Final decisions are made by the Secretary of Defense or

his designee.

Content of the Allocation of Functions
to Man Statement as Part of the

Decision Coordinating Paper

A statement of the allocation 6: functioﬁs~£o man as part
of the DCP should include the following considerations:

Assumptions:

- @ The following items will provide direct input to the:
specification of the function allocation pirucess:
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- Mission Element Needs Statement (MENS)

mission scenarios

fuactional flow block diagrams

mission time lines.

e Function allocation will provide support to the proposed

system by illuminating the following criteria:
- system performance
- cost-effectiveness.

Both criteria have as a function human performance.
Human performance can be specxfled according to degree
of detail available about the system mission and env1-
ronmental factors.

. ® Function allocation will detail functions involving both
operators and maintainers.

e The following general process is assumed, for the function
"allocation process:

- identify ahd allocate tasks and functions to be
assigned to all personnel '

- identify required equipment
. - evaluate selected man-machine combinatidns

- arrange tasks and .functions to maxzmize misszon
‘effectiveness and reliability.v '

Actions:

® This section is arranged accordinq to a topical develop-
ment sequence for functxon ‘allocation (not development
sequence). '
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 Specify human factors criteria selected for allocation

of functions (e.g., response time, error rate or human.
performance reliability, cost).

Specify other criteria selected fcor allocation of
funotions (e.g., cost, personnel cost, required training,
weight, development time, developmeht risk, safety,
maintainability, system effectiveness, physical volume

"and size limits, and survivability).

List allocation of each function to:
a. one or more operators/maintaine:s
b. machine only.(inciudes automaﬁionf
c. combination of man and machine

d. function currently not amenable to man or machine
performance.

Multiple operator/maintainer and man/machine fonctions
will include specification of the type of‘redundancy in
the task being proposed (e.g., paralleJ or sequential
mode, or hybrid of both)

Provide estimate‘of feasfbility of pérfofmance for each
function'allocated; . List the effect of oifferent allo-
cation Versions‘upon mission success (e.g., probability).
Provide estimate of workload upon operators/maintainers
as a result of each allocation version‘lat least,
rominally). (At this level of development, workload

implies task difficulty and will include requirements

for: precision, concentration, criticality, mission
priority{ and task continuity for operators/maintainers
involved in each manned function.) Account for effects

‘of user acceptance for each allocation version.
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List human performance capabilities required of
6perators/maintainefs for each function involving man
ahd verify whether or not man can perform each in terms
of reqhired physical and mental parameters over the ‘
rquired time period and within the anticipated

~environment.

Prepare rank orders for candidate allocation combina-
tions according to criticality of functions. (Criteria
for criticality will also be specified.)

‘List all bottlenecks, data overloads, acceptance
_problems, and other mission-critical faults that occur

as a consequence of each allocation version. Specify

" the means by which each allocaticn version will relieve

them and/or'how to modify the allocation version to
accommodate them.

- Prepare a comparison matrix which exhibits all alloca-

tion versions versus the selection criteria (entries in
the matrix are estimates of absolute performance 'or rank
for each allocation version or each criterion measure).

List preferred manned functions as well as other

10.
combinations or allocated versions.
11. Provide a rationale for the¢ preferred approach and
‘selection to justify the allocation.
'_goncept Development Phase:-
_Example of Human Factors -
Contributions

Navy fliers are faced with toé maﬁy tasks requiring

the use
serious

of eyes and hands. Excessive workload can have
adverse effects on mission effectiveness and safety.
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The workload must be reduced if the performance potential being
designed into new systems (and which the operator is now too busy

- to fully utilize) is to be attained. New designs for airborne

systems reduce crewstation crowding but do nothing to reduce
workload problems because they still continue to rely solely on
visual and motor task performance by the operator. The research
discussed here is an effort aimed at achieving a technological
breakthrough.

A technological breakthrough is beiné achieved by developing
an alternative means of communicating with the aircraft system by
the spoken word.

‘In general, voice systems allow the operator to input data
or ask questions about the status of the system using conventional
speech, and to receive verbal status advisories or warnings as
well. This capability for full "interaction" by voice is called
a voice-interactive system (see figure).

Veige ntorgstive Sysome
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'~ controls are best for the responses.

Voice systems can reduce workload and enhance the procuc-
tivity of the'ope;ator in a variety of system applications.
Laboratory studies and operator estimates indicate that data can
be entered into onboard computérs two to three times faster by
voice than by manual kéyboard when the cperator is performing a
control (hand) or visual task at the same time. A voice system
fully integrated with other weapon subsystems can reduce time to
detect and respond to an emergency by 30% to 50%, dependiﬁg on

the operator's involvement with other tasks. Such time savings

during critical mission segments .could yield dramatic returns in

improved mission performance.
Demonstration/Validation Phase Human Factors

In this phase, task analysis and cperational seqﬁence
analyses are conducted to determine what tasks are performed
in what - u<der to accomplish each manned function. These analyses
specify what information needs to be present and what types
of respoases are nacessary for each task. These analyses also
speéiﬁy what skills and knowledge are required to'perform the
task. The ra3uits cf the analyseslare used to develop station
arrangement cbncepts.: The stations can represent one function of
the system or a group of sinilar tasks from all the functions.

The work space is then.develobed from station arrangements.,
There 'are a numhber of techniques available to maximize the
efficiency of the work space and decrease operating errors.

The console concept is §eveloped'from the results df the
work space analysis, the information and response requirements,
and task clustering. The control—dispiay analyses deal with how

.the required information is to be presented and what types of

- N
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The human factors product of this phase specifies what
kinds and quality of human performance are required, and the
human engineering required for operators and maintainers,
including the information and response needs at each interface.

Human Factors Efforts’ and System
Development Activities During
Demonstration/Validation

‘This subsection provides a description of the human factors
efforts and system development activities shown in Exhibit 3-8.
The descriptions are keyed to the numeric codes on the chart.
The‘product of the Concept Development Phase should be input
directly to human factors activities requisite to the Demonstra-
tion/Validation Phase. The product of this phase contains two
ccmponents overall which distinguish two elements: (1) Task
Analysis, and (2) Human Engineering Requirements. The results
ofithe former serve as major input to the latter developments.

(2.1) Test and Evaluation Magter Plan (TEMP). The TEMP
is the controlling document which derives test and evaluation
requirements for development test and evaluation and operational
test and evaluation. The TEMP identifies decision criteria and
funding constraints in support of the overall approved program
objectives. A '

(Adapted from OPNAVINST '5000.42A and SECNAVINST 5000.1A)

(2.2) Submit Proposalé. Since development of a prototype

~ system is a major requlrement of the Demonstratlon and Valldatzon
Phase, a request for proposal (RFP) must be prepared, contractor
proposals wrltten and submitted, and a winning contractor(s)
awarded the contract co develop the prototype. Requirements to
‘be issued in the RFP should be obtained from the TEMP, the DCP of
the previous phase, and prevxous act1v1ties' results.
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(2.3) Construct Prototype. The purpose of a prototyping
effort in the Demonstration/Validation Phase is to confirm
that the technology is feasible and that the design COncépt
has military utility ageinst a stated military requirement.
Prototypes may also be fabricated for competitive evaluation to
select the best approach for' further development. Human factors
activities relevant to the Demonstration/vValidation Phase should
be conducted in association with the development of the prototype. |
(Adapted from AR 70-1) '

(2.31) Task Requirements Analysis. Requirements for human
performance are generally gained through the development of a
task analysis for a specific systemvin mind. Most task analysis
_requirements are derived through a two-step process involving:
(1) subtask derivation and (2) skill and knowledge analyéis;
Subtask derivation results in task descriptions, work designation
(operator/maintainer/support), task locus, and behavior and time/
sequence veriables. Task skill and knowledge analysis results in
assignment of skill level to tasks/subtasks, military specialty
requirements, and necessary and/or special knowledge requirements.
(Adapted from VanCott & Klnkade, 1972)

(2.32) Operafiana} Sequence Analystis. Dynamic analysis of
the operations environment, such as that offered by operatioﬁal
sequence diagramming (as opposed to static analysis such as'that
offered by task analysis), prov1des time-based data revealing
among other things operator workload requlrements, performance
‘requi :ments exceeding operator and equlpment capabilities, and
sequences amenable’ to translation into training and mission
scenario development. | | '

(2.33) Maintenance Requirements Analysis. A maintenance‘
task equipment requirements analysis is conducted to define. .
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requisite maintenance tasks, test equipment utilized and
procedures for their use, equipment to be maintained, and
malfunctions possible. This data is used to determine skill
level and knowledge requirements Jor maintainers'of system
components, and training requireménts for maintenance (includipg
criteria and measures of performance).- In addition, maintenance
support should be considered for inéuts on maintenance of system
effectiveness. - '

(2.34) Coneider Maintenance Philosopnies. Having obtained
detailed requirements for system mcintenance, consideration
should be given to the choice of maintenance philosophies to be

-implemented. These‘especially involve the input of human factors

to agencies responsible for training and support of maintainers.
Recommendations for training requiremenrts, trairing devices and
simulation requirements, and job aids and manuals should also be

developed.

The previous discussion constitutés what is roughly equiva-
lent to the determination of requirements for human performance
through human task analysis. This datal(along with data prepared
in previous stages of system-developmeht)'should be utilized in
the specification{of human factors engineering_requiremen;s.

These requirements are then used to support development of the’
. prototype system. The ensuing discussion details the general
'plan for this process. ’ '

(2.35) Station Arrangement Concepts. Proceediny from a
general level of detail, a preliminary arrangemeht of personnel
and equipment within the wdrkstatiqn>is made. Thi~ process is
generally 5ased on knowledge of information flow within the
station (as determined by such a technique a: information flow
charting) as well as knowledge of communiéétion and operator
traffic flows (as determinea ;n link analysié,.for-example)..
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(2.36) Workspace Concepts. While the station arrangement
process described above is concerned with interactive performance
of men and machines, workspace concepts deal with environmental
and other associated aspects of the station and other locations,
involving even men in passive states with respect to the system.
Environmental effects deal with issues of climate and habitability.
Safety, personnel mobility, equipment space, and other associated
requirements must be considered in relation to workspace conditions.

'(2.37) ' Console Conceptz. The above considerations dealt
with crews and/or nenspecific individual operator resquirements.
Console concepts, on the other hand, involve primarily a specific
operator in relation to specific duties and equipment/components.
Considerations that require examination for design implications
of individual operator consoles include operator visual, auditory,
manipulatory, and ambulatory requirements. Different standards
are applied to console concept selection involving stand-up and
sit-down operators. ‘

(2.35) ControZ;DispZay Concepts. The final analysis in
relation to development of personnel work stations is the speci-l
fication of control-display concepts. This paper-and-pencil
arrangement enalysis of controls and displays on panels and
consoles should be based on an analysis of operator utilization
frequency, accuracy, sequence, etc. and the importance of these
dlsplays and controls to controlling or monltorlng system per-

formance. Guidelines for these purposes xnclude general tOplC”
. such as the follow1ng-

1. Priorities for locating controls and displays
2. Sbacing'between controls and displays

- 3. Grouping controls and dlsplays to either function or
sequence

4. Sequence of operatlon.

(Adapted from MIL—HDBK-759)
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The precedirg discussion 1s clearly slanted toward the
‘operations side cf a system. Analysis cf the maintenance portion
must also proceed through a process similar for operations.
Concepts to be included in this sort c¢f maintenance analysis must
focus upon aspects of equipment and test equipment portability,
equipment and workspace accessibility;‘and procedures associated
with maintenance actions (e.g., fault isolation, corréction, and

prevention).

2.3§" <cCensider. Human Factors Engineering (H.“)vDesign.
Alternativ.a. The concepts derived above must ‘now be grouped
togefher to evolve alterrative requirements for human factors
design wherever .here is a man-machine interface. Analysis at
this stage must reconcile potential crew interaction problems
and individuzl workload capabilities and limitaﬁions. ‘Each
alternative, as well as the one selected as dp:imal; should be
presented in the form of drawings, tabulations,'and narratives.

(2.310) Simulation/Mcckup Evaluations. Tc begin verifica-
tion of analyses performed up to this pbint, as well as to begin
HFE detail design based on actual studies of the man-machine
intarface, the use of simulation, mockups, and tbéir subsequent
evaluation must be performed. These activities should result in
determiring the efficacy of the HFZ désign alternative recom-
mended, as opposed to the remaining'altetnatives, - In addition,
development and refinement'qf specific HFE aesiqn parameters
should a;so ptoceéd to the extent of confirming thevvaLidity of
HFE design alternatives--this can be done to the level of
‘drawings, tabulatio:.s, and narratives, or through providing data
'pertinent to theix moditxcatxon.

(2.311) Human Performance and Human Engineering Requirements.

As stated previously, the major HFE product of thg'Demcnstration/
validation phase is the specification of human task analysis and
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human factors engineering requirements. Since it is a major
product, it has been previously introduced as such and will not

be répeated here.

(2.4) Conduct D27 I/0T I. Primary verification of the
feasibility of a prototype system to achieve stated requirements
is determined through development test (DT) and operational test
(OT). In the Demonstration/Validation Phase these are DT I/OT I.

DT I is conducted to demonstrate that technvcal

risks have been identified and that solutions .

are in hand. Components, subsystems, brassboard -

configuration or advanced development prototypes

are examined to evaluate the potential application

of technology and related design approaches prior.

to entry into full scale development.
(DA Pam 11-25)

OT I is conducted to determine military validity and worth
to the user. OT I estimates:

a. The rotential of the new system in relocation to
existing capabilities
b. The relative merits of avaxlable competing ptototypes/

systems from the aspects of military utility

c. The adequacy of the concepts for employment, support
ability organization, doctrxnal, tactical, and training
requirements, and related critical issues.

(2dapted from DA Pam 11-25)

(2.41) Conduct Aumdn Factors T&E. Human factors test and
evaluation (HF T&E) is conducted in conjunction with OT I. The .
purpcse of HF T&E for the overall hystem»development is to

- . demonstrate that human performance technical risks have been

identif{ied along with their solutions.  HF T&E also-attehpts to
validate the ‘human task analysis and the human factors engineering
requirements. '
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(s.i2)  Tash Aﬂ&lyéis and Fuman Factore Ingineering Require-
mence Vallliated. The.development of validatecd task analysis and
huran factcrslengineering,requirements‘will provide the next phase
of develorrent with valid human factors data to firm up the
detalil design wherever a man-machine interface is located.

{2.8) Iriate ICF. The Decision Coordinating Paper (DCP)
is updated to include recommendations for further system devel-
opment as well as désignationlof preferred’ alternative designs

and rationales fcr such choices.

{2.¢. DC0ARC IT//S)SARC II. The purpose of DSARC II/
(S)SARC 1[I is to evaluate the readiness of tre systeh development
program to enter full-scale development. Reviews are conducted
of the NCP, among other documents. Approval by the DSARC and

(S)CARC sets the stage for ~cntinued development of the system.

Content of the Task Analysis and
Human Englneering Requirements
Product

5 documented task analysis and statement of the system
human engineering requirements shall include the following

considerations:

Assumptions:

Th» following items w111 serve as 1nput to the process of
determining humarn performance and human factors engineerxng

requltoments.

® MENS
e DCP _ 4 ,
e Products of function allocation.

Task analyt‘ -techniques will be ucilized to encompass’
pertinent aspects of Oper itions and maintenance for a }
proposed system. Requirerents for human factors engineering

St ‘will zlso ancompass oporationa and maintenance.

3-50




Actions:

1. The principal product of the human task analysis portion
- of this phase will be a completed task analytic package
(including static and dynamic aspects for all tasks).
Overall, the package will orovide the following data:

a. tasks and task sequences required of operators and
maintainers

b. actual equipment‘empIOYed

. A c. eafety
d. maintenarnce.
Techniques utilized to'derive these data will include
procedures such as the following: Behavioral Task
Analysis, Operability/Maintainability Analysis, Hazard

Analysis, Workload Analysie, Task-Equipment Analysis,
Operational Sequence Diagrams, and Link Analysis.

2. The overall task analysis, including task descriptions,
will be presented in the form of flow diagrams, tabular
presentations, and na:ratives.

3. The human ‘task analysxs w111 commence with a summary of
gross tasks. This summary will demonstrate the feasi-
Bility of achieving system performance requlrements as
well as ensuring that human performance requirements  do
not exceed capabilities. In addition, the effects upon
the following items will be described*

a. manning level
" b. equipment procedures
c.__requisite skills and training

a. commdnication requirements (between operators and
operators and the system)

e. -logistics support.
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‘The human task analysis will Specify tasks critical to

system performance as well as evidence to support its
criticality. These tasks will include but not be

limited to the following data:

a.

information requirements by operators/maintainers
(including cues for task initiation) .

information available to operators/maintainers
evaluation process

décisivns reéched after evaluation

action taken

body movement required by action taken
workspaée envelope required Sf action taken
workspace available

location and condition of_work‘environment

frequency and tolerance of action

time base

feedback, informing operators/maintainers of the
adequacy of action taken '

tools and|equipment required

_number of persénnel, specialties, and experience

job aids or references

communication required (including type}

‘hazards .

interaction of multiple personnel

‘operationtl limits of personnel (performance)

operational 'limits of machine and software.
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The human task analysis packade will provide the results
of an opere:ility/méintainability workload analysis
(including v.he interaction of multiple personnel). The
operability analysis will detail the following:

a. design goal--quantity and quality of information
throughput

b. predict expected quantity and quality of throughput
operators should expect . -

c. éomparison of predicted with desired throughput and
resolution of differences.

The maintainability analysis will detail the following:

a. desigﬁ'gbaI==Int!ﬂarﬁg“the“effects of . automated
maintenarce '

b. predict performance times for correction (including

identification, fault isolation, and correction) of
system malfunctions

c. compare predicted maintenance with goal and resolve
differences.

Develop requiremenis for human factors engineering by.
analysis'of effects of critical tasks upon system and
equipment performance, cost, periods of peaﬁ personnel
workload, conflict situations piacing demands upon
personnél and equipment as wellvaslreqnirements-not

'previously'apparent. In addition, life support charac- .

teristics will be detailed covering but not limited to
the follqwihg: noise, shock and vibration, teﬁperatute'
extremes, atmospheric contamination, toxicity, electric
shock, mechanical hazards, eiectromaqnetic and nuclear
radiation, explqsion/fire, pressute:and/or decompression.
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This analysis will also result in the prediction cf the
probabilities for operator and maintainer error. Details

to be inclgded in the error analysis are:
a. identification of the locus of errors
b. malfunction

c. extreme conditions and environments
d. effects of enemy action

e. recommendations for avoidance cf design-induced

error
f. rating of error likelihood

g. rating of error criticality

_h. estimate of seriousness of consequences' to personnel

and/or equipment; and system, subsystem, and/or’
component performance.

Additional requirements for human factors.engineering

involved with development of prgcedural documents,
personnel planning, and system testing will be developed.
This data will be obtained from an énalysis-resulting '
from the compilation of taBk-relatéd data into prelimi-
nary operator/maintainer prbcedgral;y 6riented task
descfiptions; " (Especially important in this regard
would be the determination of system and personnel
performance time and accuracy tequirements.to be used

in system test and evaluation. A sequential analysis

of the operational seqdencg diagfam would provide these

data on a dynamic basis suitable for this use.)
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Demonstration/Validation Phase:
Example of Human Factors

"Contribution

The crewstations of an eircreft must be usable by crew-
members who vary widely in physical size. If a significant
number of pilots cannot reach the critical controls, accidents
and injuries will increase. Between 15 and 20 aircraft mishaps
per vear have been attributed to difficulties in reach, at a cost

"of‘20-30 million dollars in damage. The problem has become

serious enough that the Chieftof Naval Operations recently asked
that aviators be matched withAspecifio aircraft according to how
well they "fit" the physical dimensions of the cockpits and
controls. W-ile this approach is effective in reducing accidents,
it limits the use of the trained aircrew population and wastes
valuable training and retraining time. Pilot/cockpit size mis-.

. matches can usually be solved by early engineering design changes.

But to do so requives that cockpit geometry mismatches be detected
while the aircraft is still on the drawing board. To that end, |
the Navy needs a method of analysis that can compare and quantify
planned cockpit geometry agalnst the aircrew population at this
early design stage.

To meet the need for a method of comparison, NADC developed

"the Crewstation Assessment ofLReach (CAR) .model.. The CAR model

is based .on extensive prior research in industry and government.

- This work has resulted 1n sophlstzcated cockpit geometry models

which can compare the phy31cal dlmen31ons of a specxflc operator

‘agaxnst ‘the dimensions of a proposed crewstation. The CAR model
. uses a condensed version of those earlzer models to evaluate a

cecckpit desxgn against a statistical sample representing the
entire operator population. Thus, CAR is able to estimate the
percentage of available aircrewmen who can operate a proposed
design and ‘the percentage who wi]l have difficulty in performing
any 89801f1c control action.
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CAR is applied at the earliest possible stage of design,
using the initial drawings as an input. The model examines
hand and leg control positions, head/cancpy clearance, and seat
movement required to achieve over-the-nose vision. Where reach
or clearance problems are detected, CAR identifies the controls
involved. Because the computer program is "interactive," the
researchers can immediately evaluate alternative designs. A
large number of alternatives can be explored with a minimum
of time and cost, and acceptable solutions can be identified
proﬁptly.

CAR uses a mathematical model of the human skeleton, con-
sisting of the major body segments (*links") and the joints which
ccnnect those links, with all their ;engths, limits of mnvement,
and variations in dimension within the operator popglation (see
figure). It can gquickly calculate how the skeletal model must

move to perform any specific action, under various conditions of

harness restraint aor requirements for hand action (e.g., grasp,
touch, manipulate).




CAR has been used in the design of three aircraft:

the

Light Airborne Multi-Purpose System (LAMPS) MK-III (SH-3), the

F-13, and the AV-8B.

For LAMPS and the F-18, changes.were
recommended and were used in further development.

For the

AV-#B, studies are still in progress to correct some identified

problems.

Applied to the F-18 preliminary design, CAR revealed that
only 10% of the aviator population would be able to use all

critical controls.

The seat, stick, and emergency controls were

therefore relocated, uéing CAR recommendations, to accommodate

nearly 100% of aviators.

The engineering changes that were

required included major modifications of the aircraft structure.

CAR has been adopfed for use
and in industry.
NASA for Space Shuttle design.

elsewhere in the govefnment

Within the government, it has been modified by
In industry, it has been used

_in-house by McDonnell Douglas,'Northrup, Sikorsky, the Clark

Equipment Company, and 1BM.

Earlier methods of analyzing cockpit geometry required

laborious manual procedures, or e
for use in early stages §f design
expensive, late, imprecise, and h
At worst, problems remained undet
service, and then often surfaced

the accuracy. of analysis while re
more' than two weeks to less than

cost. CAR can be applied eaplier
before, and used interactively to
test them ahead of time. It will

se computer models not suitable
The results were often

rd to convey to design engineers.

cted until the aircraft were in

s accident data. CAR improves '

ucing the time required from
day, with a 90% decrease in

in the design cycle than ever

find engineering answers and

produce aircraft which are more

mission-effective because they arf better fitted to the aircrew.
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For example, when used to guide design of the f—lS, CAR made
it possible to correct on paper design deficiencies that would
have cost millions to change if not detected until construction
began. 9av1nas through av01d1ng lost tralnlng time for pilots
who could not have ‘safely used the initial design are estimated
at 10 to 40 million dollarsvper year. '

Full-Scale'Development~Phase Human Factors

This phase should resuit‘in a firm and detailed man-machine
interface design. At the start of the phase, various man-machine
combinaticns should be considered that would satisfy the human
- performance and human factoﬁs engineering requirements. The
testing of these combinations by simulation or nockups shoulad
identify the most effective combinations. 'Simulation trials are
a good method for pinpointing peak personnel and equipment work-
loads, detecting probable human errors, identifying inefficient
interfaces, and determining if the design is appropriate for the

intended user.

The equipment must be'designed to meet the physical and
cognitive needs of'the intended user. .Physically, the equipment
must be designed to permit effective movement, effective use of
knobs and controls, transporting.of goods, effective'use of arms
and legs, or whatever the tasks call for. Cognitively, the human
factors engineer is responsible.forvrecommending designs that
are neither too difficult.nor'simplistic, but that, rather,:
assign the proper amount of cognitive workload to different
kinds of users. To have an effective system, the design must
differ for different types‘of users. One design would be appro-
priate if a p031t10n ;s expected to have high turnover in short
periods of time and the user is to be minimally trained and to
possess few skills, while another de51gn would be appropriate for
a position with 'less turnover and occupled by a user with better ‘
training, skllls,.knowledge, and ablllty to make complex decisions.
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The man-machine Z‘ests and evaluations should cover every
detail of the design, from such things as effectivenhess of a.
type of information displayed at various times to control-display
.compatibility, spacing of controls, shape of controls, sequence
of controls, anthropometry, aﬁd'in génerai, all of those areas
in MIL-STD~1472B and MIL-H-46855B. The HF T&E in this phase
should result in a reliable man-macﬁine design.

Human Factors Efforts and System
Development Activities During
Full-Scale Development

The major human factors products of the Demonstration/ -
Validation Phase, task analysis, and human’engineering require-
ments serve as the basic data for the detailed human factors
design of the system wherever a man-machine interface occurs.

- This subsection'provides a description of the human, factors
efforts and system development gctivities shown in Exhibit 3-9.
The descriptions are keyed to the numeric codes on the chart.

(3.1) Submit Proposals. It is possible that in full-scale
development a different contractor may be selected than the
contractor employed in the Demonstration and Validation Phase.’
In addition, it is also possible {albeit unlikely) ‘to continue
with competitive developments. for”these reasons (although'they'
are somewhat rare in'occurrence) the compiete cycle involving
RFPs, proposals, and contract award is repeated.

3.2 Congtruct Prototype(s). When development prototypesl-7
are fabricated in full-scale development, the intent is to assure’
that the engineering problems have been solved and to permit |
thordugh evaluafion of ‘the system. (This occurs prior to a
commitment to full-scale production or simultaneously w1th low-
rate initial production.).

(AR 70-1) ‘
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Exhibit 3-9

Specific lluman Factors Efforts During the Full-Scale Development Phase (3.
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It has traditionally been during this stage of development
(prototyping in full-scale development) that the ‘bulk of human
factors R&D has occurred.

(3.21) Constider HFE Design Alternatives. Before entering
fuli-scale development, a decision is required whether to
accept or modify the prototype system buiit and tested previously -
in the Demonstration/Validation Phase. For HFE proper, this
encempasses the man-machine interface. This is necessary when
any or all of the foliowing events' occur:

1. Cbntracfor awarded full-scale development is different
from contractor during Demonstration/Validation Phase.

2. Deficiencies identified through the HFE portion of OT I
require modification to the system (this may also include
DT I/0T I findings at large as well).

3. Desi'gn requirements change development of hardware and
software components (e.g., to take advantage of newly
breaking technologies), thus forcing HFE to keep abreast
oL deveiopment.

Based on events occurring as illustrated above, HFE will provide
. design recommendations. '

(3.22!} 'Simulation/Mbckup Evaluations. Should hardware and/
or software design requirements be modified resulting in changes
to thé man-machine interface, new studies and analyses involving
"simulation'and/or moekups may become necessary to evaluate the
‘effects of change upon personnel (operators/maintainer.,) workload,
and assigned activities. Analysis may be required especially when
the effects of design changee are unknown.

(3.23) Detailed Man-Machine Interface Design. Final HFE
de51gn'requiremeﬁts should be prepared in the following formats:
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drawings, tabulations, and narratives. This will facilitate their
implementation in detail design of the full-scale’devélopment
prototype. HFE requirements include human engineering principles
and criteria which offer assurance' that the final product can be
efficiently, reliably, and safely operated and maintained.
Relevant locations for the abplication and human factors
engineering include the work environment, crewstatlon, and
facilities being desxgncd for the system.

(Portions from MIL-H-46855)

The product of this phase is the design of an optimal man-
machine iiterface. It is discussed elsewhere and will not be .
repeated here. - '

(3.3) Conduet DT II/OT II. Developmental Test II and
Orarational Test IIV(DT II/OT 11) . are required. to determine
whether or not the full-scale development prototype is ready
for produétiqn. '

DT II eusures that engineering is reasonably complete, that
all significant design problems have been identified, and that
‘solutions are in hand.

i o ' ' o
OT II provides a valid estimate of expected system opera-
tional effectiveness and .suitability as cetermined through tests
involVing.the aid of operational and sﬁpport personnel of the
type and gqualifications of thosq'who are expécted to use and
‘maintain the system when deployed.
(Adapted from AR 70-10) .

(3.21) Conduct HF TSE. Conjointly with OT I, Human factorq
Test and Evaluation of the full-scale developmant tystem ‘'will be’
conducted to:
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1. Assure fulfillment of the applicable requirements
2. Demonstrate conformance to HFE design criteria

3. Determine whether undesirable design or procedural
features have been introduced. '

(Adapted from MIL-H-46855)

(3.32) CLetailed Man-Machine Interface Degign Validated.
The results of an HF T&E should be validation and verification
ofldesign requirements to provide an optimal man-machine
interface design.

(3.4) 'pdate. 2CP. The Decision Coordinating Paper is
updated to include a current evaluation of the system. The
decision to proceed into full production must be based on this
DCP.

(3.5) DSAFC III/(S)SARC III. Defense System Acquisition
Review Council II1I/(Service) System Acqﬁisition Review Council
III pufposes are to recommend to the Secretary of Defense
approval of production (or, possibly, low-rate initial production)
of a system. The DCP, among other documents, is reviewed during
this'process. ' '
(DA Pam 11-25)

Content of the Optimal Man-Machine
Interface Design

-The optimal man-machine interface deniqn recommendations
should include the following considetationl.

Assumptions:

The following items will be regarded as inputs ‘to the human
factors engineering design of the man-machina inte:tace:
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Design criteria docunents (e.g., MIﬂ-STD¥l472)

Performance specifications

Drawings and data (e.g., functional flow diagrams,
schematic block diagrams, interface control drawings,
overall layout drawings) ‘

Human factors engineering input (e.g., task analysis)
converted to detail equipment design features.

"The following processes are considered characteristic of

this phase of system development:

Human factors engineefing studies, experiments, and

laboratory tests (to resolve human factors and life

support issues)
Mockups and models

Dynamic simulation (necessary for detail design of
equipment requiring critical human performance)

Human factors engineering contributions to detail
design N '

Human factors engineering contfibutions to manpower,
personnel, and traihing issues as a consequence of
detail design ' '

Human factors contributions to test and evaluation.

Actions:

1. Effects of the working environment, including

habitability and operability, will be prese-+ed.

These effects will cover the following arecas: work
environment, crew stations, and facilities. The |
incorporation of human factors into the detail

design of the above'will'be demonstrated by presenting .
detail deligh'd:aw;ngl. specifications, etc. for the
following three coﬁdi;ioni}\\normal, unusual, cmbtgency.

\\
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Topics to receive coverage will include at least the

following:

a. atmospheric conditions

b. weﬁther ana climate

c. rahge of accelerative forces

d. acoustic noise, shock, and vibration

e.‘ disorientationl

£. accessibility

g. adequate visual, auditory, and physical links

h. adequate non;workspace areas

i. psychophysical stress

j. fétigﬁe '

k. clothing and petsonal.equipment

1. equipment handling

m. chemical, biological, electrical, eléctromagnetic,
toxicological, and radiological effects

n. iilumina;ion |

o. sﬁscenance} storage, and refuse

p.

safety protection.

The inCorporation‘of humin - factors in detail design of
the crewstation layout/arrangement and of equipment
having an operator/maintainer interface will be demon-~
strated. This will include ‘the presentation of drawings
illustrating the inclusion ¢f human factors; for

example: panel layout drawings, communication system
dtawings,‘overall layout drawings, and control drawings.
The following additional items will be requisite to the:
demonstration of the inclusion of human factors in system
detail design: ’
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ingress and egress to workspace and facilities

a list of panels, racks, controls, displays, and
indicators existing at the time of documentation
which have received human factors approval

rationale of human factors layout/arrangement,
detail design of crew station(s), and any equipment
having an operator/maintainer interface

a list of considerations used to arrive Et design -
decisions: results of etudies, requirements based
on task analysis, mock-up tests, mock-up based
decisions, and simulations '

a list and explanation for deviations from human
factors or design requirements to the man-machine
interface '

. sketches, drawings, and photographs of required or

, anticipated panel and rack arrangements or new

designs/design modifications

drawings or photographs of each crewstation design
showing locations of all crewstation panels in
relation to seat/operator position.

The inclusion of human fcctors in-design considerations’

- involving the interaction of maintenance technicians with

their respective equipment will be demonstrated. 1In
general, this will depict the following steps/staqes:

a. recognition of malfunctions (displays)

b.

C.

isolation of malfunctions (troubleshootinc)

fault correction (access, removal and replacement,
repair).. '
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A human factors maintainability/accessibility design
analysis will be presented to include at least the
following:

a.

c.

d.

preliminary drawings, sketches, or photographs
showing each equipment and location in relation to
surrounding equipment, passageways, and structures
(this includes ancillary equipment also)

rationale of human factors design of each item
requiring maintenance as well as presentation of
decisions used to drive the decision process

(e.g., MIL-STD-1472, results of studies, simulation,
mockups)

incorporation of maintenance task analysis

descriptions to include but not be limited to the

‘following:

e physical size, purpose of support, and test
equipment required for maintenance

e maintenance procedures

e relation between éccessibility and failure rate,
‘service frequency, calibration frequency, and
requirements for rapid maintenance

e methods used to determine accessibility for
maintenance

'@ anticipated maintenance and accessibility

problem areas.

' Best available data on equipment operating procedures,

operational sequence diagrams, and task analydis'will

~ be provided to organizations responsible for manpower

development.

3-67




5. A human factors test and evaluation plan will be
prepared to cover the following general concepts:

a. fulfillment of human factors requirenents
b, conformance to human factors design criteria
" ¢. quantitative measures of system performance

d. detection of undesirable design or procedural
features..

Full-Scale Development Phase:
Two_Examples of Human Factors
Contributions

The example that follows is actually a case of system
modification rather than system development, but the human
factors impact is conceptually the same.

The Strategic Air Command (SAC) is continually considering
proposed new haraware or modifications to existing hardware for .
improving offensive and defensive avionics equipment in the B-52
fleet. These new subsystems are expensive and must be evaluated
with respect to the degree of additional combat crew effectiveness
that can be realized. In short, the new equipment must be '

operable in the B-52 mlssion anvironment by the current population. '

of electronic warfare officers ané must result in improved mission
performance.

The Strategic Avionics Crew Station Design Evaluation
Fac111ty (SACDEF) ,, developed by the Human Engineering Division
- at Wright-Patterson Air Force Base, is on-line to provide the
effective selection of offensive and defensive avionics equipment
and integrationlfor B-52 improvements. This.cepability involves
the quantification of Strategic Air Command crewmember actions in
'conducting simulated Single-Integrated’Operations Plan (SIOP)
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missions. It uses computer-integrated electronic warfare and
bombing/navigation systems simulators to evaluate performance.
improvements obtained by means of proposed new equipments and
. crew station reconfigurations.

" Trained crewmembers' performance is monitored and statis-
tical &naiyses of combat crew performance with the proposed
hardware are provided to SAC. Recommendatiorfs made by the human
factors specialists have been well réceivedi(87 of 93 original
recommendations were adopted in the Phase VI update of the B-52
fleet). Further, the Strategic Air Command has adopted the
policy that no new hardware will be instalied on the B-52 fleet
until their trained crewmembers have participated in the evalu-
ation studies conducted at Wright~Patterson AFB. The results of
this capability are not only used directly by the using command,
but also provide technology advances in systems effectivéness
ﬁodeling and simulation that will enhance man-machine integration
"try-before-buy" evaluat;on of new weapon syétems.

The Aerospace'Medical Research Laboratory is now developing
a comparable test and evaluation capability for navigator/radar
navigator functions in conjunction with the'proposed update of
the B-52 avionics systems in support of SAC ROC 75-6. -

A final example follows which fully illustrates the impact
of mman factors R&D upon design and development of militdry‘
systems in the Full-Scale Development Phase (Gartner et al.,
1958). ' ‘ | |

Good human engineering of egquipment controls and.displays
has long been a hallmark of human factors Ri&D. This is due to
the fact that well hqman‘engineered equip@ent.dgsign can have a
dramatic effect upon the operability of systems. Rarely, though,
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has there been an opportunity to compare a "pre-human engineered”
design of an item of equipment with a human engineered version in
order to substantiate claims as to the value of this particular
human factors technology. One such opportunity did arisé,
however, when an empirical experimental investigation between

two alternative designs of test equipment for complex naval mines
was performed. This project, which involved development of '
design recommehdations, detail design, fabrication. experimental
investigation, and evaluation of test equipment items, was
embédded within a larger program to offer human engineering
support to test equipment designs as well as developmént of a
human enginegring design guidebook for engineers.

As outlined above, the foliowing approach was taken:

Two test eqﬁipmenf items were fabricated according to human
engineering recommendations and the same two items were fabri-
cated according to their original designs. 'The original design
test equipmen£ and the human engineered test equipment were then
empirically compared aéainst each other with respect to criteria
of time and error. Results indicated that successful improve-
ments in performancé (i.e., use) of the human engineered test
equipment occurred with régard to reductions both in time to
task completion and reduced error likelihood. With practice,
. performance on both test equipment designs cqnverged. -However,

since it was known that utilization of the test equipment was
to be too infrequent for usérs to sustain learning, the hﬁman
engineered vgrsioh was considered necessary."Furthermore. it
was alsb felt thst practice effects would operate for‘éither
design version, with the expectation of gfeater influence on
operators using the human engineéfed equipment. '

This research demonstrates the value of human factors R&D in

Navy'mine_test setfdesign. Implementation of human factors
design recommendations (such as were developed for the'.test set
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edquipment and documented‘in a guidebook for test equipment
development and design) ia a'systematicland standardized manner
could lead to greater user performance differe znces between the
human engineered and non-human engineered de51gns. This may be
due to overall familiarity with characteristic arrangements of
controls and displaYs. Standardization procedures in human
engineering design which utilize known population etereotypes
with regard to user expectaticns could result in dramatic
reductions in time to task completion and human error. These
goals are crucial to design of an optimal man-machine interface.

Production and Deployment Phase Human Factors

If human factors have been properly thought out and'executed,
the system should be ready for production and deployment after
Milestone 3. However, there are provisions for additional
engineering and human factors testing (DT/OT III) if the tests
and evaluations in DT/OT II indicate problems. The additional
testing is conducted on the first few systems in the initial low-
rate production. When additional testlng indicates the problems
have been corrected, the system goes into full-scale production.

If any problems arise or if improvements seem prudent after'
the system is fielded, the system acquiSition model provides. for
additional testing to recommend design changes. A good human
factors plan will'keep these costly design changes to a minimum.

The scope of the'present project is strictly with the'system
development phases of the acquisition .process and is not concerned
with production and deployment. _However, to provide some closure
to the process, a brief description of production and deployment
follows. No human factors products are defined, and no examples
are included.-
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Human Factors 'Efforts and System
Development Activities During
Production and Deployment

This subsection provides brief descriptions of the gehgral
human factors efforts and system production and deployment
activities shown in Exhibit'3-10. The descriptions are keyed to
the numeric codes on the chart.

- (4.1) Initial Production. When it is decided to enter
pfoductiop of a system, initial production items are generally
used for production tesfs and follow-on evaluations as>necessary.
Generally, production is not suppressed to await éompletion of
follow-on evaluation (nor for that matter does deployment await
conclusion of this evaluation).

(Adapted from AR 1000-1)

(4.2) Conduet DT III/OT III. Development Test III/
Operational Test III are conducted to determine if production
units have the capabilities demonstrated in prototypes and are
operationally suitable and effective. '

, DT III is conducted on production prototypes or production
items delivered from either an initial or a pilot production run.
The purpose is to verify their adequacy and quality when they
are produced in quantity and according to production contract
specxficatlons, using quantxty production processes. This test
determines whether or not the transition from an engineering
‘development prototype to a production item has been made
successfully.

OT III is normally a test of initial production and has the
fundamental purpose of providing data on the item or system in

order to éstimate its operatianal'suiéability, verifying that all -

testable critical issues have been resolved, and determining that
.all benefits and burdens of the item or system are identified.
(Adapted from AR 70- 10) ‘
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Additional testing is implemented where requiredptofresolve
(hopefully) residual problems. '

(4.21) Study Problems. Ary HFE problemrms identified
following Milestone 3 are studied to determine means to alleviate
them. 1In considering redesign, an analysis of the loss of
production time, increased costs due to redesign effort, and
productionicostS‘must»be made in crder to realistically determine
what. human factors alternatives are feasible. Often, consider-
ation is given t» increased training and/or personnel with higher
skill levels than was previously decided. 4

(4.22) Conduct HF T4E. Additional human factors test
and evaluation (HF T&E) may be ecessary to (1) determine the
efficacy of the’ proposed change - . (2) determine how well a
specific change has improved operatxon/malntenance of the system.

(4.23) New Configuration. A new man-machine interface
is configured as a result of human factors design changes. |
Personnel and training requirements as well as system opera-
.blllty are often affected as a result of such changes, and may
necessitate further lnvestlgatlon.

(4 3) FuZZ Prdduotion. Full-scale productlon will proceed _
'follow1ng approval based on fxndlngs of DT III/OT III. '

A(4,4) ‘Peployment Preparation; Deployment of systems to

the field includes not only delivery and set-up of the new .
system. It also requires fulfillment of requirements found in
an initial operational capability, such as: fuser unit is equipped
with production items that are deemed suictuble, with unit
personnel that are'adeqnate1y=trained to operate, care for, and
maintain the item, and the unit has the capability to perform ite

assxgned mission. '
(Adapted from TRADOC Reg. 600-4)
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(4.5) Retrofit/Improvemenrts. Based on preslems identified
in actual use: or change in doctrine, threat or mission product
improvements and/or retrofit programs may be needed to resolve
them. This also requires the cognizance of, and often the analysis
by, HFE personnel to ensure that personnel and training require-
ments are covered as well as that system man-machine interface
optimization is maintained.

(4.51) Study Problems. See 4.21.
(4,52) Conduet HF T&E. See 4.22.

(4.53) New Configuration. See 4.23.
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CHAPTER 4

HUMAN FACTORS RDT&E IN THE TECHNOLOGY BASE
AND THE CONTRIBUTION TO SYSTEM DEVELOPMENT

There has occasionally been some concern Pxpressed that
Training and Personnel System Technology RDTSE is not fully
justified as being necessary to support specxfxc system
development. This concern is not directed at human factors
in particular, but encompasses manpower and personuel, education
and training, and simulation and training devices. Establishment
of a clear correlation between the funding and performance of
technology.base-R&D and its utilization in specific systems-_
development is difficult, and is at any rate beyond the scope.
of this project. However, in the human factors categefy it is
possible to discuss the potential for technoloqy'base,RDT&E'to
support specific system development by relating the technolcgy
base R&D to the principal human factors prdducts of each phase
of system development. In other words, the technology base R&D
in human factors should also be identified with:

1. Determining the role of man

2. Alioeatioh of functions to man

3., Task analysis and human engineetiné require@ents
4, Desiqn of optimal‘man-machine inteifaees.

By combining the system phase/human factors produets'with the
DOD classifications fér,human,factors into a matrix, areas of
opportunity for human factors and system development have been

‘characterized. This matrix is shown as Exhibit 4-1. Exhibit 4-2

is included to remind the reader what kinds of research are
included in each classification. Each cell of this matrix

represents an area of opportunity for human tactors to eventually
‘contribute to a specific system development.
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Exhibit 42
The Classification System for Human Factors R&D
(Taken fiom the TCP for FY 1979, see Erickson, Miles, & Secrist, 1978}

Areas o Exampies

Human related °Physical characteristics
" Sensory capabilities
Information processing
. Forecasting job requirements
" Measures of effectiveness

Human-machine related Flight instrumentation

(subsystern oriented) : Equipment layout
‘Maintenance

Workload assessment

Human-machine-mission related Strategic offense and defense command & control
' Tactical offense and defense command & control
Command & control
Measures of system effectiveness with inputs

'

Several things will influence whether the technology base
R&D in human factors does in fact contribute to the development
of a weapon system (or to the dec1sxon not to develop a system).
We snall briefly address only two- " (1) R&D funding categories,
and \2) the auditing method problem. These two were selected
because all human factors (in the technology base) is supported
- by a particular category of funds, and because a cause-effect

relationship between research and utilization is a very difficult
thing to establish and measure.




R&D Funding Categories

Funding for all technologj base areas in DOD is provided
w1th1n program elements in the budget which provide for funds
gererally categorized as basic research (6.1 funds), exploratory
development (6.2 funds), or advanced development (6.3 funds).
bOD defines‘these funding categories as follows:

6.1 Basic Research~-scientific study and experi-
‘mentation directed toward increasing knowledge

and understanding in those fields of the sciences
related to long-term national security needs.

1t provides fundamental knowledge for the solution
of identified military problems and furnishes part
of the base for subsequent exploratory and advanced
developments in defense-related technologies and
new or improved military functional capabilities.

6.2 Exploratory Development--includes all effort
directed toward the solution of broadly defined
problems, short of major development programs,
with a view to developlng and evaluatlng technlcal
feaSlblll»].

6.3 Advanced‘Development—-includes all projects
that have moved into the development of hardware
for test. .The prime resuit of this type of .

effort is proof of design concept rather than

the development of hardware for service use.
‘Projects in this category have a potﬁntlal mllztary
application.

Advanced developme1t is d1v1ded into two subcategories.
nonsystem advanced development (6.3A4), addressing technological
option uncertainties; and systems advanced development (6.3B),
which is the design of" items (usually ‘hardware) for test or
exper1mentat10n.

It is very difficult to determine a clear point-at which a

- rescarch and development activity moves from 6.1 to 6.2 to 6.3.

The distinction i3 often somewhat arbitrary. Some research
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activities are in fact supported by more than one funding
category. Additionally, the individual services have different
manageﬁent organizations and systems for administering technology
base funds. Finally, funding categories overlap in time; that

is, 6.1 does not end abruptly and 6.2 begin, but fathsrla project
funded under 6.1 may overlap in time with the same project being
supported by 6.2 funds. In short, it is .not possible to preciself
and consistently identify funding categorieé and research progress
for human factorslbrojects in the technology base.

Tracking Research to Utilization

There is no established method for tracking or auditing
the results of technology base research to eventual utilization.
This is true not only in the human factors or the tfaining and
personnel systems technology areas, but in other technologies

as svell. . Two studies will be briefly discussed to illustrate
this problem. '

The first study 'was conducted by the General Accounting
Office (GAO) in 1977 and as a review of human ;ésources research
anq'development (now the training and personnel syétemsbtechnology
area) in the Department of Defense. The excerpt below was taken
 directly from the digest of that study.

giqht Defense research and development organizaéidns;
‘identified 374 reports on human resources research
and development published during calendar years 1973

through 1975 which were intended to support changes
to: ' ‘ '

-- regulations, orders, doctrines, policies, or
manuals; 3

-= courses of instruction or training programs; or’
-~ equipment.




GAO then asked the intended users how the results
were used and any reasons for not using them and
found that:

-=- 36 percent ci the reports were used,
-- 38 percent were not used, and

-- 6 percent were be1n3 consxdered for p0951b1e
use. :

The GAO concluded thét"thg Department of Defense could

. improve utilization by mcre effective management. The authors

of the present report find no qﬁarrel with this conclusion, but
do have some serious concerns about the me£hod used to arrive

at the results. Those concerns will not be pursued here.
Nevertheless, a fewlpoints can be made about the review and
results as reported in the excerpt above. First of all, if
indeed 56% of the reportSIthat were traced were used, this ma§~
ke a significant and positive finding. Other technology base
areas do not fare any betfer with the utilization of their
reports. A second point”is that all research and development
does not find its way intb,eventual utilization. A very valuable
payoff from research and developmeht can be in the form of
negative findings, which stop the research itself or stop the
development of some system.- Thlrd, the GAOQO rev1ew was conflned
to reports published from ;973 to 1975, and it is the oplnlon of
the present authors that some of the 38% not used w111,eventually
Zind some utilization. Ore has to be more patient when
'estatlishihg the relatiqnship between research and utilizatiocn.

The second study was. also conducted in 1975, by the National
Heart and Lung Institute (NHLI) (see Cdmrog and Dripps, 1975),
ahd was concerned with the top 10 clinical advances in diagnosis,
prevention, and treatment of diseases of heart, blood vessels,
and luhgs. This was a four-year study'td analyze what knowledge
was required for the great advances since the eérly 1940s. ' Over
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150 experts screened 4,000 scientific articles and then analyzed
529 of these that they considered to be essentlal for the top 10
clinical advances. Of the 529 key articles:

e 41% reported research that at the time was unrelated to
the later clinical advance (non-targeted research)

® 61.8% described basic research ;

e 21.2% were clinical investigations {(targeted |research)

e 14% were concerned with the development of apparatus
techniques or procedures '

e The key articles range in time over 200 years, w1th manyv
lmportant ones being published as long as 75 years ago.

The important points about this study are fairly obvious. At the
time it was performed, 41% of the reported research was unrelated
to the problem it later helped to solve. And 21.2% of the
research,‘while clinical in nature, was unconcernedrwith the
fundamental issues. Also notable is the range of time (200 years)
that the eventually relzted research covered.

The NHLI investigators also point out that a major defect
in education and science is the perpetuation of the "one man

equals one dlscovery” myth (e.q., Marcon1 equals wireless;:
' Bell equals telephone).

Inferences about the technology base R&D efforts lh human
factors that. are based on the NHLI study results are certaxnly
limited. Clearly, the quantitative results of one are not
applicable to the other; however, the dlfflculty in auditlng :
or track1ng cause-effect relatlonshlps is similar.
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Illustrations of Contributions
from the Technology Buse
- to Specific System Developuwant

To conclude the discussion of human factors R&D and tne

' technology base, it is interesting to note that the value of the
research conducted in each cell of Exhibit 4-~1 could be assessed.
by the contribution that the research makes to specific system
develocments over the years. Again, no matter how interesting
it may be, measuring the value of this contribution is not within
the scope of this project. Nevertheless, it is meaningful to
qualitatively emphasize the relationehip of human factors in the
technology base to system development products. To this end, we
will try to present a brief illustration for each cell in the
matrix. The iliustrations which follow are keyed to the numbers
in the cells. '

Block i., Human related R&D in the Mission Analysis Phase:
measuring human tolerance to motion to assist ship design and
development.

ieed. The Navy is investigating experimentel designs of
surface effect ships'(SES). A design constraint which requires
human factors R&D previous to any prototype development is
fdetermlndtlon of human stress tolerance to motion and associated

human performance capabllltles while 1n moderate and high sea
‘states.

Reséarcﬁ Research has begun on human tolerance to degrees
of SES motion, using a motion generator for ‘simulation. 1In
addltlon, technlques for measurlng complex human performance have
been developed to assess the abllity of Navy personnel to perform
shipboard tasks durlnq‘extended exposures to such motion, .

Utilization: This human factors RsD will have direct impli-
cations for the design of SES subsystems. It is also envisioned
to have an impact upon ship operations.
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Block 2. Human-machine related R&D in the Mission Analysis
Phase verifying warning system audibility.

Need. 1In the absence of gquantitative data, the Air Force
was concerned with the adequacy of the current auditory warning
systems to offer advanced indication of a missile propulsion
system toxic propellant leak to operating personnel located in
missile silos. A .portable vapor detector was used to detect such
leaks and to sound an auditory alarm. Concern was expressed over
the possibility that individuals working in silos with ambient
noise levels of 73 to 89 decibels might not be able to hear the
alarm. Consideration was being given to development of a new,
more elaborate warnlng system.

Research. In order to p;operly.evaluate the requirement for
a new warning systeﬁ, human factors R&D was needed to determine
the adequacy of the current system, before initiating development
of an essentially new, alternative system. Toward this end, a
field study of the actual system was performed utilizing oper-
ational personnel to report when they heard the alarm. Results
indicated that the personnel heard the alarm each time it was
sounded and made no false reports.

Utilization. Consideration of p0531ble new system develop-
ment was abandoned. Cost estimates for development of the
alte:nativelsystem for 500 silos ranged from $250K to $1,000K.

Cost savings achieved through elimination of an unnecessary:system"

development program were due to a study costing aproxxmately
$1,000. '




Block 3. Human-machine-mission related R&D in the Mission
Analysis Phase: Development of an automated command, control,
communication, andvintelligence (C3I) system.

Need. 1In order to‘deveiop a computer-based C3I system for
automated battlefield support, the Prmy had a requirement for
human factors R&D to develop a data base covering mission related
human performahce-and human-machine concepts. Due to unique
problems posed by such a system, data base concepts are required
which: (a) identify human user input and output capacities, and
(b) offer maximum real control over the battle.

Researe’:. Simulations for automated C3I were developed to
offer expected mission scenario cimulation, identify the role of
man in automate? C3T ;ystems, demonstrate operator task feasi-
bility, and determine optimal design criteria for the man—machlne
interface. Example of results include:

o Guidance for input and display data

® Guidance for military terms abbreviation to reduce
workload and errors

. ® Use of embedded training

e Comparisons of data summary methods (e.g., graphlc
displays)

e Tradeoff criteria between critical data retention and
expanded data retention

o Recdmmendations for data reductlon and purging to
facxlxtate system nerformance.

Utilization. Data base information accrued from simulation
research on the automated C°I was furnished to Army developers to
aid in system development as concept'éuidance and criteria fer
automated - “31 systems. These systems are expected to facilitate

human ab111ty to govern c.mbat on the ground.
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Block 4. Human related R&D in the Concept Development
Phase: Visibility requiremants for underwater infcrmation
displays. '

Need. Recent advances in diving “echnology (e.g., free-
floating manned submersible) have created a réquirement for human
factors R&D on underwater vision related to display design.

These technology advances, tied to reduced visibility and lack of
a data base sufficient to guide underwater visual display design,
combine to threaten Navy diver miéSion success and life support.

Regearch. The research program that was initiated encom-
passes both display requirements and basic experiments'on visual
performance underwater. Water turbidity'simulation techniques
wer~ developed to simulate harbor and oceanic waters. Since
numbes. reading and sighal detection were identified as the
most critical display-oriented tasks, experiments based on .
these parameters were constructed that revealed Ehe following:
brightness was the strongest legibility factor, green was more
legible than red, and only harbor turbidity had a major effect
on legibility.

Utilization. This continuing line of research has resulted

- in wide distribution of informatidn to both research and fleet

operational communities, whose responsibility it will be to
implement these findings into displays to be used in ambient

- undersea environments such as instrumentation in new and existing’
diving systems.' System-to-diver and diver-to-diver communication

will also be facilitated by these experimentally derived’
guidelines. - ' o '
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Bleck 5. duman-machine related R&D in the Concept Devel-

opment Phase: Celected problems in armor operatiocas and design.

“eel. A number of * srcblems with potential impacts on armor
operations and design have keen identified Ly the Armv. Examples'
are: concern with tlie efiects of external,envirohmental conditions
'on the internal environment of a buttoned-up tank, and concern '
with the adeguacy of curreat escape and evacuaticn systems.

Zesraren.. 1n order to assess the environmental'effects.upon_
tank workspace, data on internal temperature and humidity were
cbtained uszing ‘a recording hygro-thermograph. <hese data were
corpared with comparable .exzernal conditions. .Results showed
that temperature and reiative humidity inside a tank lag behind
the external conditicrs by approximately three hours.

Ir addition, opinion data were obtained from crewmen
. concerning the'adequacy of escape and evacuation systems and
pctential cdesign changes. Ore conclusion was that'if a tark
were hit, tﬁe gunnef will pe the most vulnerable and would have

the greatest difficulty escaping. Also revealed was that_lifting
eraps.shQuld be aaded to uniforms for evacuation of wounded,

nd that escape/evacuation training Qas-extremely limited.

velliza tcn. This information could play a role in future K

de°ian ot ‘new tanks as well as in current traxnxng and operatxons.
Espuc1al¢y in t.:e case of tank crew escape/evacuation, design

rncomnenddt.ons could have an- xmpact.




Block 6. Human-machine-mission related R&D in the Concept
Development Phase: 'Effects of operator interface on system
cost-effectiveness.

Need. The iaék of ayailability of a reliable technigue to
aid in design tradeoff decisions at the man-machine interface of
svstem development has resulted in a Navy need for computer '
models to simulate cperator chatacteristics.' In order to be
useful, such a model must be able to determine whether a preposed
or potentially modified system will résult in'a net gain in
effectiveness over cost, as well as to choose the most cost-
effective alfernative means of achieving a specific performance
level, when the operator’'s job is considered.

Research. Human factors R&D ras developed an Operator
Interface Cost Effectiveness Anaiysis mcdel which is capable of
calculating the interactions between a human operator (includinrg
control/display location, prccedures, decisionmaking, observation,
recall, and physical hovement), system hardware, and softw&re,
as well as specific mission events. It has been applied to
evaluate alternate mission eguipment configurations. For example,
two forward-leocking infrared (FLIR) sensor configurations for the
P-3C surveillance aircraft were evaluated using this model.
Resulté showed that 6ne confiéura;ion was superior due to:.

e Less operator disruption in other tasks.

e Less time to perform mission

e 25% less costly to operate. -

Utilisation. As illustrated in the example provided, this
model promises substantially’imprOVed performance for Navy manned '
systems as well as subsﬁantial cost savings by preventing' devel-
opment of inferior hardware at the man-machine interfaces. It is
also being used in other system devclopment programs for the Navy.
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Block 7. Human related R&D in the Demonstration and

Validation Fhase: Noise limits for Army materiel.

Neecd. intense sound accompanies many aspects of military
orerations and training. Due to hearing loss which occurs as a
result of abusively loud noise and/or lack of effective hearing
proﬁection devices, the services have a requirement to initiate
hearing protection apd auditory research. This is especially so
for design-related research with intent to reduce noise through

Fesecr:2r. .The Army initiated research into noise effects,
limits, measurement, and testing techniques as wéll as hearing
protection, This began with an accumulatioa of existing noise
guiéclincs and other information (such as industry standards
covering the topic) and continues today with recearch to fill
aaps in hearing technology. Continuing development of the audi-
tory and noise data base has resulted in the initial and revised
publication of MIL-STD-1474, Noise Limits for Army Materiel.
Plans are currently underway to raise the standard to encompass
Dob-wide application. ' '

.

tlization. The use of this standard should result in

o

a si1gnif.cant reduction in the present 40-50 million dollar
annucl ckpéndiﬁuze'in heariﬁg loss cbmpensation_paid,by therA
to military veterans. ' In addition, this noise research has paid
off in'the devclopment of a prototype high compliénce idler for
tracked vehicles designed to, reduce noise emanating from: the
-axle and track location. o '




Block 8. Human-machine related R&D in the Demonstration and
Validation Phase: Human factors in redesign of a ground'infantry
weapon system.

Need. The Army had a requirement for human factors R&D on
the DRAGON antitank missile system. Desired weopon improvements
included means to increase target “hit rate," or accuracy. as well
as to make it more portable. Portability was important given
that ‘the weapon system is to be employed by ground infantry to
counter tank threats.

. Regearch. Human factors R&b was implemented to investigate
means to improve DRAGON missile system accuracy. These efforts
resulted in the redesign of portions of the weapon system. For
example, a ligtheight tripod/viscously damped mount was developed
to replace the previous non-human engineered configuration. 1In
addition, redesign efforts resulted in a weapon system capable of
folding into a lightweight, compact package easily portable by
one individual. ‘

Utilization. Field tests show that the human factors
redesigned DRAGON weapon system yields a 30% increase in hit rate
as compared to the previous design. The fripod modification
provides a nrecision tracking capability for a gunner that will
substahtially improve his ability to hit distant moving targets.

Design improvements in portabllity and compactness will facilitate
'transport of the weapon system. '
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Block 9. Human-machine-mission rela;ed R&D in the Demon-

stration and Validation Phase: V/STOL human factors planning.

Need. Navy interest in developing a viable V/STOu aircraft
nas resulted in a need for human factors R&D to support. human
factors design of the aircraft. One reason for this is the
taxing workload demanded of pilots, creating a "pilot factor"
crucial in design and operation of this type of aircraft.
Conﬁrary to expectation, the accident rate for this development
p:ogfaﬁ was also increasing. Pilot factor contributed heavily
to this problem.

Research. 1In reaction to this state of affairs, the Navy
initiated a program to brovide human factors R&D support to the
human factors design of the V/STOL aircraft. A major a¢tivity
has bezn the compilation of a data base of available documen-
tation to support the program. The data base identified pilot
workload as a critical issue. A "primer" was also developed
which introduced V/STOL technology and operation to human

factors personnel.

UtZlization. This effort has contributed. to the human
factors data base for V/STOL aircraft. In addition, human

- factors personnel involved with V/STOL aircraft design were

of fered job performance aids. This line of research should

+ cortribute to an ultimate reduction in "pilot factor" accidents.

L © 4-16
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Block 10. Human related R&D in the Full-Scale Development
Phase: Information display for landing signal officers (LSOs).

Need. A Zanding Signal Officer (LSO) 'standing aboard an
aircraft carrier must guide a carrier pilot and aircraft into an
appropriate approach to a landing and then mak~ a time-critical
decision (in seconds) as to the safety with which this rapidly
approaching aircraft may land on the carrier. These decisions ‘
have: traditionally been based upon a limited assortment of visual
and auditory cues. In addition, approach an@ landing speeds are
high; and perceptual cue availability is adversely affected by
night and/or advers= weather conditions. Due tc annual accident
rates associated with carrier landings, the Navy has a require-

‘ment to aid LSOs by developing supplemental information displays.

Research. Detailed investigations involving task analysis
were conducted ¢f the requisite visual and auditory cues and

'~ associated judgments made by LSOs when guiding the aircraft's

approach. The resulting information was incorporated into an
innovative, see-through, head-up display system which pfovided
the LSO with these critical parameters, without interrupting his
visual tracking of the approaqhing aircraft.

Utilization. Operational ev;luationé were conducted on the
display system by.actual LSOs. Results indicated overwhelming
approval by potential users. These users are cohfiden; that the

" display system will facilitate safe and efficieng landin, oper-

ations, thus réducing accidents, associated losses in equipment
and personnel, and reduced costs. Thejéystem is to enter
production and be fielded on all carriers..
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Block 11. Human-machine related R&D in the Full-Scale

Development Phase: Man-machine integration technology.

Need. Due to advances in airframe, flight control, and
avionics technologies which promise to revolutionize aircraft
capabilities, the Air Force has a requirement'for human factors
R&D to improve areas of man-machine integration'technology such
as aircrew visibility. Additional areas concentrate around a
need to improve tactical aircraft cockpit, controls, and displays.
In addition, methods to measure pilot workload under different
configurat;ons need to be identified. ‘

Recearch. The teasibility of a voice activated switch of a
weapon system 'was demonstrated towards improvement of aircraft
cockpit controls and displays. These results led to a request
for voice controlled switching for the A-10 pilot during weapon.
delivery. 1In addition, an improved pilot/iire control interface
combining voice activated switching and he]met?mounted sight and
fire control status displays to facilitate continuous pilot out-
of-~ the~coukp1t vision is being developed. Methods are being

developed to measure pilot workload under different cockpit

configurations, Part of this effort has produced a set of

,symbols that present’order—df—battle information to a pilot

rapidly and accurately. o
Uti;ization. Improvement to aircraft. cockpit, qontrois,‘and

displays and increased data base development of pilot workload

capabilities for varlous cockpit configurations has lmmedlate'

appllcatlon as well ¢s app‘xcatlon to future systems.
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‘Block 12. .Human-machiné—mission related R&D in the Full-
Scale Devélopment Phase: Human factors R&D support for FIREFINDER
radar. ' ' '

Need. The Army'has developed the FIREFINDER radar té6 pin-
point enemy indirect fire weapons. Mission sucess is contingent '
upon a fast reaction time which makes human performance capability

" at the man-machine interface critical. As a result, human factors
. R&D was required to suppért system development.

Research. A task analysis for FIREFINDER was developed,

Itested,!and refined to keep up tc date with system hardware

reconfigurations. Army human factors personnel coordinated with
FIRE?INDER training simulator developers to support design of a
training effective simulation system. For example, the simulato:;s
basic training effectiveness was confirmed using operational per-
sonnel in operational test and evaluation previous to delivery of
the final simulation system. Additional deficiencies were '

identified and corrected at the contractor's plant.

Utilization. .The FIREFINDER task analysis is in use by the

Army for developing operator/maintainer training courses. The

simulator now in use by the Army is a more effective trainer, with

‘the pre-ideéentified deficiencies corrected;, than it might otherwise

have uween.
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CHAPTER 5

DERIVING METRICS FOR MEASURING THE VALUE OF
HUMAN FACTORS IN MILITARY SYSTEMS DEVELOPMENT

The previous chapter described a conceptual basis for
identifying the contribution of human factors in military
systems development. The major question to be addressed now
is: Can we measure that contribution? 'This question will be
answered by two successive discourses. The first, presented
in this chapter, deals with metrics for describing human factors

-value. The second, presented in the chapter to follow, develops

a methodology for measuring human factors value.

The objective of this chapter is to demonstrate that system
design and human factors criteria and termlnology are compatlble,
and that a vocabulary for human factors impact assessment can be
constructed from engineering and human factors by means of common
and complementary terms.

. This chapter presents the results of a literature review
to compile terms_usefﬁl for describing human factors R&D products
and impacts, compares those terms with conventional system
engineering and design terminology, and derives a preliminary

vocabulary to deflne human factors R&D impacts on mllltary
systems.
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Background

The importance of objective, quantitative data for decision-
making in the system development process is apparent to anyone
involved. The presence of formal mathematical modeis or their
rear equivalenﬁ has permeated every level of system development,
from the engineering draftsman to the.top-levele'of the Department
| of Defense. 'New management techniques supported by quantitative'
measurement have evoived rapidly over the pest 40 years.

A parallel process has been occurring'in the behavioral
sciences that undergird human factors applfoations. There has
been a consistent emphasis during the past 40 years on rigorous
measurement and, in effect, an attempt to emulate the physical
sciences with respect to precision.

While significant strides have been made (for‘exaﬁple, in
scaling techniques) there is really no valid prospect that the
behavioral sciences will ever "catch up" to the physical sciences
in the matter of precision because of the inherent character-
,istice, such as high variability, in the phenomena'of concern.

This circumstance ‘generates a chronic problem for those
concerned with the contribution of human factors to m111tary
systems development. In current parlance, the problem 1s the
synthesis of "soft" measures from the psycho-phy3101oglcal domaln

of human factors with ‘the "hard" measures presumably available to
systems englneers. '

[}

This study establishes a bas;s for an nperational synthesxs

of those measures. The three essential components of this basis
are-
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A formal relationship of explicit human factors products
with the system development process. Chapter 3 develops
the rélationship of principal human factors products for
the major system development phases. The premise of the
relationship is that both human factors and systems
engineering are components of the system development
process.

A methodology with techniques that integrates "soft"™ and
"hard" measures. The metho@ology presentéd in Chapter 6
is designed for the formal treatment of quantitative and

. qualitative impacts.

A set of metrics to describe human factor impacts and to
define parameters for the modeling process. This chapter
addresses the derivatipn'of metrics for describing and

measuring human factors impacts on military systems
development. '

5-3




k.

Identifying and Defining Metrics

The discussion in previous chapters and in DOD documentation
leads to the asseftion that any human factors or design engineering
change must ultimately be assessed in terms of its contribution
to the system-mission. At the system-mission ievel, three impact
~areas have been identified: cost, capability, and compatibility.
These impact areas represent categories to aggregate or embed all
the effects on the military system of separate de51gn and/or
operatlons ‘support analyses. They are intended to represent ‘the
"bottom-line" effects of system changes (or choices), and we use
them in this derivation of metrics as the most broad terms in a
measurement vocabulary hierarchy.

The three impact areas represent distinctive effects of a
change .on the system-mission. However, the effect from a single
human factors or design engineering change will often be relatable
to several or all of the impact areas. Notionally, an improvement
in operator-system compatibility could enhance the mission-system
capability and also lead to fewer operator-lnduced repair actions,
thereby reducing repair costs. , ‘

The terms at the loweet level of our hierarchy represent
empirical measures. They are representative of the dependent
variables that human factors researchers have used for wmany years;
but such empirical measures are not always.easily identifiable
with.syétem.effects.' Therefore, it was decided that we need an
intermediate level in our measurement hierarchy that is acceptable
“to both system developers and , human factors profeEs;onals. The
intermediate level of terms is defined-as metrics. Exhibit S5-1

illustrates the three levels of our h1erarch1al measurement
VOcabulary.
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Exhibit 5-1

Hierarchical Relationship of Impact Areas,

Metries, and Empirical Measures

AGGREGATE
T 1 .
! |
MISSION SYSTEM LIFE CYCLE ;COMPATIBIUTY! CAPABILITY
IMPACT ARLAS cost I :
LB l ) L
I | I 1
| I
CREW  |pciiasiniy! AVAIL- | user
|
METRICS | costs I : ABILITY | ACCEPTANCE,
1 | !
T T T T
' ! , | I |
EMPIRICAL TRAINING | FAILURE i TMeTo | AMBIENTNOISE;
MEASURES COSTS : FREQUENCY : REPAIR : LEVEL |
1 I IR il

The desirable characteristics of metrics have been determined

to be the following:

l.

SPECIFIC

1

More spec1f1c than impact areas: (i.e., the pr1nc1pal
focus or objective of an analysis).

Representatlve of the direct result of an analy51s or

experlment.

Relevant to the human factors prlnc1pal products.

eng 1neer1ng .

As mutually exclu,lve as possible.

5-5
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Characteristics ! ana 2 imply that a metric is the cutput of a
mouel or experinent or some other anziysi:z. In thase cases, the
4etrls is a runction of some lower level parameters or empirical
measures. Characteristic 3 1mp11eg thst mectrics must be relevant
@.d SUltapic ©O La@ auman factors erforts. - The metrics must be
ram1lilas to nwaan factors researchers and practitioners and allow
fOor réallstic 1ncterpretation of the cianzes under consideration.
vharacteristic 4 implies thar measureménts corron to systems
eiylneering and human factors are to be represented by a single
RBETILC, Thus, system cugxneerlnj and npuman factors considerations
are 1nccgrateu within common metrics. This clearly has implica-
tiois for the mOuellng of these integrating metrics, a subject
Jdlscussed elsewnere in this report. Characteristic 5 is a
desirable property that, if satisfied, implies that definitionally
one metric does not chrlap with ancther. We recognize that this
characteriscic is a pa;uiculafly difficult one to satisfy, and is
one that will only be approximated by our preliminary vocabulary.

These characteristics were interpreted as Selegtxon criteria
in the derivation of the preliminary vocabulary.

Literature Search and
Deta Base System

1We used an empirical approaéh to derive the'metrics.‘ It
entailed collating'éctual terminologies in the fields of human
factors research, human factors engineering, and systems reseatch
The literature review was followed by the development of a data
base tailored specxfxcally to, human factors in military systems

-'dcvelopment. Traditional publxcations for human factors research

provided a wralth of data on specific empirical measures and
metrics,. Computer printouts were obtained from the National
Technical Information Service (NTIS) and the Defense Technical
Information Center (DTIC). Documents containing extensive
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bibliographies were alsc reviewed for pertinent citations. In
addition, an intensive effort was madé to identify and obtain
pertinent government directives, 1instructions, étandards, and
guldance documents. This literature reyiew resulted in the
identification of more than 350 relevant documents. Subject
matter catejories 1acluded: hLuman factors enginecring; costs;
military syscein cevelopmente/acquisitions; test and evaluation;

wan-machine studies; and systcn analysis, design,. and develupment.

U

The products vi the literavure searches were used to
develep a data base. The data base was the primary instrument

used to aralyze the selected material and derive a set of

empirical measures and metrics. The following general docu-

mentation carejcries were accumulated for purposes of review

and assessment, and were put intc the computer data base:

1. Techanical documentaticn--including technical reports,
parers, memorandumns, bibliographiés. professional

jour..al articles, and technical books.

2. Policy documentation--including Department of Defense
directives; instructions; pamphlets; military
specifications and standards; and individual gervice-

instructions, regulatxonb, and pamphlets.

2a.” Guidance documentatlon--lncludxng DOD and indi-
vidual serv1ce military: handbooks, guidebooks,
manuals, .and pamphlets.

3. Work Unit Summaries’ (DOD Form 1498).
4. Iafcrmal documentation--including proceedings of various

contesances and meetings, unpublished literature, and
personal testimonies. ' '

' FW"’ e e eI




Screening and Selection Process

The caniida@e terms derived from the documents col;ected

‘were softed and grouped. The first screen applied was a frequency

of use check. All low frequency-count terms were reviewed for
usage; terms not explicitly described by the author were deleted.
The terms vemaining after the first ccreening were then

defined using the follcwing procedure:

1. Quantitative measures were defined according to (a) their
~it cf measure or dimension and (b) constraints (e.q.,

t me period, events, cycles, etc.) and special circum-
sténces for their use (if any), such as unique usages
(e.g.,. locaticn).

2. Qualitativ~ m2asures, subjectively determined, were
put through un additional review. Checks were also
made to determine if such measures had a quantitative
counte-pért or could be tied to some underlying dimen-
sion. Whenever characteristic constraints and special
circumstances for use of thgse measures were discussed
in the original dccument. this information was included
in the analysis.

3. Following this procedure, the list was examined to
ensure that sufficient information was available about
each term to avoid ambiguity.

¢

Derivation of Metrics

The next stép.ent;iledvthé derivation of metrics. Criteria
refleccting the five metsic characteristics were applied to the

list of empirical measures. A partial list of candidate measures

0
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and associated definitions is given in Exhibit 5-2 (the complete
list is in Appehdi# B). A list of the derived metrics is given
in Exhibit 5-3. - In each list measures and metrics common to
system éngineering'and human factors have been grouped as system
related, and those principally used in human factors grouped as
personnel'relaﬁed. The list of metrics is a preliminary one, and
in subsequent énalyses and case studies it should be refined.
Each of che'métrics:is.relatable to several empirical measures.
Exhibit £-4 illustrates several of the functional relationships

observed in the literature reviewed.

Exhiint 5-2 ' -
© Sample of System-Related Terms and Associated Dimensiens (Unit of Measure)

ACCESSIBILITY ' subjective: satisfactory/unsatisfactory ease of ad-

mission to various areas of a1 item '
ACCURACY probability/trequency of documented error
CAPAB&LITY . .subjenivc: mission objective achievable given the
A condition during the mission
COMPATIBILITY subjective: ability of items ot equipment to
: ' coexist {including effects of temperature and
moisture ’
CRITICALITY subjective: relative degree of task importance fo-

missionN succes

DURABILITY _probability: item will survive ,
. a) its projected life ’ i
b) overnaul point S
¢) rebuild point
without a dwability failure (failure that causes
A an item to be rebuiit or replaced
EASE OF USE . - subjective: tasks sssociated with simplicity, resda-
' ‘ C bility, etc.
FAILURE RATE/FREQUENCY 1) number of failed items : .
S . 2) number of effects (out of tolerances) per month,
"

week , hour, stc.
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Exhibit 5-3

Preliminary Metrics Derived from the Literature

SYSTEM-RELATED METRICS

AVAILABILITY
RELIABILITY

READINESS

. DEPENDABILITY

» EFFECTIVENESS

MAINTAINABILITY

PERSONNEL ACCOMMODATION/ENHANCEMENT
DESIGN/PRODUCTION {PRODUCIBILITY)

' SYSTEM RUGGEDNESS -
OPERABILITY

PERSONNEL-RELATED METRICS

HUMAN PERFORMANCE

SKiLL, GENERAL

SKILL. MAINTENANCE

TASK LOADING

PHYSIOLOG Y /PERCEPTICN

ENVIRONMENTAL FACTORS

OPERATIONS FACTORS
MOTIVATION/SOCIAL/ORGANIZATION FACTORS

Note: This hist reprasents an initisl sttempt 1o construct @ set of metrics for
human tectors and sys.em engineering All the system-relsted metrics
are common to engineenng snd human factors, snd the personnei-
reizted metrics are prinCipsily related to human factors.

Because of the high saliency of the cost issue, the inherently
:quantitative properties of cost assessment, and the relatively
low ambiguity associatéd.wigh-the cost concept, the,dérivaﬁion'of
cost metrics and measures was more straightforward than for'the
other metrics. . ‘

5-10 .. o




Exhibit 5.4 '
Sample vaatiunship Among Sejected System Related Metrics ang
Empirical Measures (As Found i the Litvrature)
SYSTEM RELATED ’ DEFINED ag A — . EMPH.?ICAL
[ METRIC | FUNCTION oF | Measures
' ————® MEAN TIME
:
AVAILABILITY

RELIABILITY

TO REPAIR
{INHERENT) ~ .

& MEAN TiMmg TO AEPAIR
(ACTUAL

MEAN Time TO REPAIR
‘OPERATIONAU

MEAN TiuE geTwe gy
. —e UNSCHEDU) B

_ - MAINTENANCE ACTION
\__. MEAN TIME BETWeEN

+ ANY MAINTENANCE
ACTION

READINESS

~@ MEAN Ti;e
EEN FAILURE

~@ MEAN TiMg
TO REPAIR

DEPENDABIL Ty -

ﬂECT‘IVENES

MEAN FLIGHT Hoyns
ssrvgs"sn MAINTENANCE

MEAN TiME TO
REPAIR (FLIGNTUNEJ

——

—— SUR Vivasiyry




The literature of éystem evaluation contains many detailed
cost structures. It was cqnvénient to use the generic life cycle
cost structure developed by Fiorello and Betaque (1377). That
- structure reflects current usage in the DSARC process, and is

presented in Exhibit S5-5.

Each of the impact areas is discussed .in the next section.
Brief illustrations are glven of the relationships among derlved
empirical measures, metrics, and impact areas.

Exhibit 5-5

System Life Cyclc Cost Impact Arca
for s Weapon System

SYSTEM LIFE CYCLE COSTS
1100 RESEARCH AND DEVELOPMENT

200 INVESTMENT

201 Weapon Syste;h investment .
202 Support Investment

300 OPERATING AND SUPPORT
301 Deployed Unit Operations
302 Below Depot Maintenance
" 303 Installations Support
304 ' Depot Maintenance
- 305 Depot Supply
‘306 Second Destination Tumponmon
307 Personnel Support and Training
308 Sustaining Investments

Source: Fioretio & Betaque, 1977,

Nete: In the terminology used in this report, life cycle cost is the

. . MMOACT 0:08; the cOst catwgores ot the 100, 200, snd J00
fovels ere anaiogous' to cost matrics; end the iower level cost
olernents sre snslogous 10 eMPiricel Mmessures.
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Impact Areas, Metrics, and Related‘Measures

| Capability Impacts

The impact area called capability has a clear-cut tie to the,
man-machine-mission performance of a new system.

There are many examples of the linkages between the measured
capabiiity of the human and the ultimate performance of the -
system during the mission operations. Many different categories
of behavior have been examined in many ‘different system contexts.
A particularly good illustration can be derived from the focus
on the human operator in a controlling or decxsxon—maklng role in
command, control, communications, and intelligence (C I) systems.
Specifically, the case involves radar signal processing. Radar
system functions (i;e., missions) include ground control of

tactical air strike operations, interceptor operations, and
'retdrn-to-base‘opetations in adverse weather or poor visibility
conditions. |

So-called "raw" radar returns are indiscriminate in the
sense that the indication of the position of one aircraft on
the radar display looks just like ‘the indication of every other
aircraft in the same coverage load. Under low traffic loads,
radar controllers are able to "keep track™ of the identity of
the aircraft represented by a particular return "in their heads."
Under medium loads .(approximately seven éimultanedus'?targets")
- or higher,.the controller becomes prone to errors of'identifi—l
cation, and system performance consequently'aegrédeS'rapidly.-
During the early applications of radar, it was possible to
compensate for thig capacity limitation by the use of manual plot
boards or plgttihg tables. The job of directing the movement of
interceptors was divided into three main requests. The radar

~
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operator (1) reported "target" positions to a plotter (2) who
moved coded markers. The controller (3) made decisions based
on the representational display provided by the plotting board.

In the mid-1950s, it was conceived that it was possible
to put a computer between the rgdar signal and the operator.
The computer could be given the burden of "remembering" the
identity of a target and generating a display such that the
identity was reliably'associated with position. There followed
a major sequence of human factors contributions that: ‘estab-
lished precisely what the consequences were for overall system
effectiveness, specified how much' information should be tied to
_each target (e.g., altitude as well as identity), directed the
formatting and codihg of the information, and defined backup
procedures in the event of a subsystem failure.

Empirical measurement in this case was carried out primarily
“in the context of real-time simulation experiments. The specific
variables measured were the average delay in transit during
return—to-base'operations and error counts, defined by the
instance of two aircraft coming into a predeterminea proximity
rélationship. ‘

The metriéllevel in this case would be represented primarily
by effectiveness and Operabllzty._ These, in turn, Qouid~feed

" into the impact area of capability.

Cost Impacts

At the mission-systems Ievel the cost impact area is
defined by the life cycle cost of the system; in other words,
the total ‘cumulative cost of bringing a system into being and
usxng it cver its operat10na1 life,

C5-14
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Human factors engineering typically accounts for a small
fraction of the cumulative cost. The outlay of funds is used
to support the geheration of human factofs products, during
the design stages of system development, and for spccialist
participation in test and evaluation.

The specific engineering inputs from human fag;ors sources
'may impact the development and production costs (both positively
and negatively). For example, it is possible that the layout of
displays and the controls oa an instrument panel that is optimum
from a human factors point of view can be more or less difficult
to fabricate during production or could require more or less
expensive components. However, it is actually more likely that
what turns out' to be optimum from a human factors viewpoint is
also optimum with respéct to eccnomy of production. Moreover,
the possible additions to cost tend to be relatively insignifi-
cant when compared to some of the. cost avoidance potential
inherent in successful human factors contributio..s. '

Any number of actual or hypothetical cases could be cited in
which human factors con51deratlons contributed to a significant
reductlon in life cycle costs. For example, the size of the
operat;onal crew for any glven weapon system is a questxon that
links human factors considerations to economlc consequences. The
larger .the crew, the higher the life-cycle costs will be; but an
arbitfarily small crew might not be ablé to handle peak work .
loads during crucial mission stages. Work 1oad'capacity limi-
tations are the kind of specific products that can be generated
in a rigorous manner through the proper'application of human

factors procedures. Such estimates should not be made by rule-
. of-thumb or gueSShorK.
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~ The quality of performance (inverse of error frequency)
on the part of crew members in different crew size and organi-
zational arrangements can be measured empirically. The context
of measurement can vary from rough task simulation in laboratory
settings to observations in the field of actual operations.
The results of such observations can contribute to the overall
system design deliberations in several areas, but in the present
framework the critical linkage is to cost factor 301, costs B
associated with deployed unit operations (see Exhibit 5-5).
Once that linkage has been made, the logic of aggregation to
overall life cycle cost is.straightforward.

The final point to be made is that the cost impact could be
forecast with little ambiguity once the crew size decision has

been made.

Compatibility Impacts

Compafibility is, in'general, the most complicated of the
three impact areas. It is complicated because there are three
distinct but interrelated facets involved:"physical,'physio-
logical, andlps§cholcgical»compatibility. '

Physical Compatibility. Physical ﬂompatibility relates to

the human component as a phy51ca1 object. The major resource for
the .conduct of tests and analyses of physical compatibility is
anthropcmetrlc measurements. An example can be drawn from the
design of ‘the cockpit ejectlon subsystem for a hlgh-performance
jet interceptor aircraft. The problems involved in such a

design are many. The routine for a~=tivation must be simple
because the pilot is under severe. distracting stress when
activation is required. The ejection module must clear the
aircraft in such a way thr: there is nblimpact with the aircraft
structure and must stabilize so that parachute deployment is not
" impaired. '
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As was indicated in Chapter 2, cockpit size is shrinking as
a general trend. One ejection subsystem design recently proposed
met all the complex-requirements except one. The trajectory of
the module was such'that as tﬁe pilot cleared the cockpit the
first few inches of the toe portion of the flying boot came in
contact with the edge of the instrument panel. The impu15° force
was sufficient to shear off the boot tip and the pilot's: toes
with it.

In this case, as in others, it requires no elaborate com-
. putational model to conclude that a better, more comprehensive
application of anthropometric data would improve the design of
this subsystem. The consequences for system performance are
similarly clear. '

Physiologicel Compatibility. It is convenient to use the
discussion of physiological compatibility to make the distinction
between capability and compatibility a bit clearer. This
distinction can be accomplished by considering the human factors
design parameters of an armored personnel carrier. In such an

instance, it is useful to temporarily separate the functions of
 the operator from those of the rider or paséenger.

The mission of the eyetem is' to deliver the passengers in
an uninpaired condition to some locale under hostile condltlons.
The key attribute of the passengers is that they are not in
control durlng the journey. 1In effect, they are passive cargd.
But there are many ways in whlch the aesign of the system can
be either compatible or incompatlble with their physiological
characteristics. For example, when traversxng hostile territory
in a combat’ situation, the vehicle will be ”buttoned-up “in the

- sense that all hatches and doors will be closed. Such a closed

envircnment creates a potentzal I‘mitatxon of effectlve fresh alr
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circulation. The vehicle itself is a potential source of toxic
gaseous air contaminants (e.g., carbon monoxide). 'Hostile
action can generate other toxic airborne chemicals. In such a
case, the human factors engineering role would be to irventory
all possible sources of toxic contamination. The analysis would

include a full range of adverse circumstances that could arise
from the terrain, weather, and hostile acticn.

_It is conceivable, but nnlikely, that such a design review
would indicate a zero hazard potential in the "buttoned-up" mode.
If the hazard potential werefpresent, then certain design options
such as compressor-powered Qentilation systems could be evaluated.
That is, the cost and complexity of the ventilation process could
be weighed against the estimated probability of a hazard arising
in operations,'the intensity of such a haiard, and the consequences
to the mission if the hazard were not eliminated.

" During.the design and ptototype stages of system development,
the empirical level measures would come "from the book” in the
sense that the human vulnerabilities to toxic compounds are well
known and documented Other parametrlc con51derat10ns such as
the likelihood of inflammation of hydraullc fluid due .to mlshap
or enemy action would have to come from other members of the
.design' team. ‘During field trials of prototype models, however,

a reasonable empirical test could involve.the actual sampling
and chemical ‘analysis of the air in the interior.of-thé vehicle
during combat exerciscs.

Finally, an analogous approach could be taken to a 118t
of other potential physiological hazards-_,temperature extremes,
noise, v1bretlon, and acceleration stresses. While'sudh a
thorough analytic and empirical review might be consideted
burdensome, the potentlal negatlve consequences of the delivery
of exhausted, dlsorlented, or 1ncapac1tated troops into a fire

zZone are clearly wortn the trouble to uvoid.

\
N
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Psychological Compa*tibility. Psycholog.cal compatibility

has two component parts: behavioral and attitudinal. The ques-
tion of behavioral compatibility can be illustrated easily by

an example of the usé of technical documentation by maintenance

technicians. From a system development standpoint, the initial

empirical data needed would be in the form of a distribution

.funétiqn of the reading skill levels of the population of
assignable technicians. ‘ '

The rather obvious human factors fecommendation would be
to match the difficulty level, and in particular the vocabulary
: of technical documents, to the relevant skill level of the user
population (i.e., the tenth percentile or the second stanine
level and above). During eafly'system development, design
criteria could be met by the imposition of a "control" vocabulary
on the preParers of the technical documents. During later stages“
(validatibn and verification), empifical tests of the readability -
could be conducted using fepresentative technicians from the
prospective user population.

_ Increasing the compatikility of technical documentation
can result in substantive improvemeiits in weapon system cost .
and availability. . An example is the experience of the avionics . . i
maintenance improvement team with the avionics suite on the . , .
F-lllDJ Re-test-0OKs were averaging over 44% and wefe.reduced
by 15% due to‘improving the technical documentation.

Attitudinal compatibility is somewhat harder to illustrate,
and it is a matter of some di;pute whether or not even 'strong L
negative attitudes on the part of a system operator can be a f
significant problem when that operator is under military disci-
_ pline. However, in the recorded history of the interaction of
military personnel and their gqﬁipment there have been instances
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" wherein system performance suffered because of the users' negative

attitudes. A modern example of user acceptance, or attitudinal
compatibility, can be drawn from an article that appeared in the
Armed Forces Jourral (April 1978). Because of its brevity, an

exact excerpt of the article is included below.

ARMY'S PIERRE: “FIX BAYONETS!"
DCESN'T 'COME ACROSS ON THE COMPUTER

It is easy, in tossinq around theé acronyms and
technical terms associated with developments in
command, control, and communications to lose sight
of their purpose: to help human beings perform
their tasks. Dr. Percy Pierre of the Army puts it
this way: -

'We seem to have disquised equipment that
performs reasonably understandable functions
behind a variety of unpronouncable acronyms
and names (like digital multiplexer) that
are only meaningful to those familiar with
the .echnology.’

Pierre, like so many others consulted for this
issue, cautions that voice transmissions will still
be required on the battlefield, no matter how far
into the future one projects, or how extensively
" commands and information are converted into digital
forms. He told Congress recently, for instance,
that "Follow Me" or "Fix Bayonets" are commands
that do not convey the same impact when received

in a computer printout. .

The human's desire to hear another human voice in a
time of crisis held back deployment of an advanced,
digital device a few years back. Accordlng to experts
at one of the leading electronics companies, their
engineers had developed a tiny two-way radio device
that could be used at rifle company and platoon level
to send and receive messages in formatted form. Sc.
if a leader wanted to call for artillery fire mission,
he just punched in a codeé and the device sent it.

He received acknowledgement with a beep signal.

The device worked well, but it failed in field tests.
The troops didn't want a beep when they called for .
help--they wanted to request the fire mission by
voice in order to express their urgency, and they
wanted a calm human voice telling them that the
rounds were on the way, not a beep. They distrusted
the beep, since it could have been caused by a
malfunction in the system.
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Summagx

The principal message in all of the preceding éxamples has
been that it is possible to proceed both upwards and downwards on
‘the "ladder" of measurement aggregation. Each type of military
. system will involve different spzcific measures and different
patterns of linkage from one level to another. However, it is
demonstrable that the linkage can be made. The analysis can be
focused at the level of discourse employed by systems designers
. . and program managers to assess the systems upon which they are
' working. The procedure by which specific evaluation of the human
factors contribution can be made is discussed in the next chapter.

. ey .
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CHAPTER 6

METHODOLOGY FOR EVALUATING HUMRN FACTORS IMPACTS
IN MILITARY SYSTEMS OEYELOPMENT

The objectives of this chapter are to provide-

e A systematic framework or methcdology that can be used
to measure the value of human factors in the development
of military gystems

@ A classification for different techniques or models that
can be used, within the above framework, to estimate or
reflect human factors related impacts on military systems.

The first section of this chapter, "Human Factors Impact
Assessment: Related Concepts, Limitations, and Considerations,"”
provides a brief overview of the underlying principies and method-
ologies used to formulate the recommended framework. We utilize
the concepts of cost-benefit analysis aﬁd policy/impact assessment
in our framework and attempt to tailor those methodologies to the
human factors'setting. The second section, "Human Factors Impact
Assessment: Conceptual Framework," presents the set of steps
that comprise the recommended methodology. Each of the steps is
described, and, in several of the steps a notional, human factors
related problem is used as an ‘illustration of the process. The
third section, "Techniques for Estimating Impacts: Claseification
and Selection,” discusses the step in the methodology that selects

and adopts the techniques for estimating the associated costs and
+ impacts of the human factors related recommendations in military

TN S = S 5 W Rt g e o R et -

system development. A basic.classification of ‘techniques or models
is presented-éhat can serve as a basi. for identifying their
characteristics, thus facilitating the selection/development of'
the most effective model form for the particulef human factors
impact under consideraticn. | |
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Human Factors Impact Assessment:
Related Concepts, Limitations,
and Considerations

our focus is on the assessment of human factors applications
in the context of military systems development. Throughout this
multi-phased development, there are opportunities for applying
human factors. The majcr areas of emphasis of thc¢ human factors
R&D product; were discussed in previous chapters and 'listed in

Exhibit 4-1. During thcse "windows" of opportunity, one or
.several human factors related actions can be considered. For

each of the candidate actions, or for a set of them in which the
individual actions.arze not separable;‘the quantitative and quali-
tative ilmpacts must be estimated. The human factors quantitative
and qualitative impacts can then be compared to the estimated
impacts of other non-human factor actions. (e.g., reliability
growth) to assist the decisionmaker in allocating resources.

The underlyihg concepts used to formulate this human factors
impact assessment methodology are cost-benefit analysis and ‘
system impact assessment, and their conceptual source, systems
analysis. ' ‘ L '

Cost-benefit analysis is a form of-systemsA;nalfsis. It is