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FOREWORD

This study was initioted by the Training Research Division, Air Force
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principal investigator assisted by Mr., Dennis J. Suillivan and Mrs. Dorothy
L. Finley. Dr. William B, Askren, HRTR, was the investigator for the
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ABSTRACT

The study described in this report rad two main purposes: (1) to
determine whether the amount and timing of human resources data (HRD)
influence design daifferentially; (2) tc investigate the effect upon
design of differences in personnel quantity and quality requirements.
Equipueut and HRD inputs {eg, menning quantity and quality, task and
time line unalyses, etc.) which were produced Guring the development of
the maintenance equipment of the AGM-69A missile were adapted and pre-
sented to eight design engineers during four 4-nour sessions. Subjects
vere required to develop a conceptual design of the equipment. The
experimental design contrasted the simultanecus prescuitation of all
HRD inputs and stringent personnel. quantity and quality constraints as
the start of design with the same inputs presented incremcntally thrvugh-
out design and "minimal" personnel constraints. Measures of experimental
differences included: frequency with which engineers selected an auto-
matic, scini-automatic or manuel design solution; number of manual design
features included in design outputs; number of test sets; and manpower
required by subjects to exercise their systems, It was found that the
amount and timing of HRD inputs do exercise some influence on the
engineer's design. The personnel requirements imposed did affect design
decisions. The type of manpower requirement imposed (skill level versus
personnel number constraints) alsc appeared to muke some difference to
subjects. Although HRD inputs 8 : responded to by engineers primarily
vhen those inputs are phrased as design requirements, infermational
inputs (eg, task and time-line analyses) appeared to creste an attitude
of awareness in engineers of personnel requirements. Skill is considered
by engineers tc ve of greater significance to system performance than
numbers of personnel., Engineers display considerable verisbility in
their designs; they develop their design concepts quickly and resist
attempts to modify theiie concepts. They prefer to receive their HRD
inputs as early in design as possible. Engineers can snd de estimate
the manning needed to exercise their equipment, bub these estimates do
nct always seem to relate to their design concepts. The results of the
study indicate that, if human resources data are to be incorporated in
design, these must be supplied at the start of design and they must be
phrased as design requirements,

It is recommended that at the very least the Request for Proposal
and the Statement of Work include

(1) Meximum number of operating/maintenance personnel allowed
by job position;

{(2) Maximum skill level allotted for each job position.

iii
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SUMMARY AND CONCLUSIONS

PROBLEM

K‘Human resources data (HRD) inputs supplied during design often fail
to exercise a significant effect upon that development. It is possible
that inputs are both insufficient and presented at incorrect times
during development. The study described in this report had two main
purposes: (l) to determine whether the amount and timing of HRD influence
design; and (2) to investigate the effect upon design of different
personnel quantity and quality requirements.

.

APPROACH

Equipment and HRD inputs which were produced during the development
of the maintenance equipment of the AGM-69A missile were adapted and
presented to eight design engineers during four 4-hour sessions, Subjects
were required to develop a conceptual design of the equipment. The
e sperimental study contrasted: (1) the simultaneous presentation of all
HRD inputs at the start of design with the same inputs presented incre-
mentally throughout design; and (2) the ~ffect of personnel quantity
constraint versus the effect of personnel skill constraint.

RESULTS

A substantial difference in design outputs was found between the
experimental conditions., The group receiving all HRD inputs in the
Statement of Work designed significantly more automatic systems, included
more manual features in their designs, and required more and higher
skilled personnel than the group receiving human resources data inputs
incrementally. The apparent inconsistency between more automatic systems
and more manual features is explained as partly a problem of defining the
naturc of automatic systems, since eacl: engineer categorized his own
design, and partly, that putting all HRD in the Statement of Work made
the designers more personnel conscious and more concerned with designing
work into the system for the personnel, The skill-restricted design
group required fewer and less highly skilled personnel, more semiautomatic
systems, and more test sets than the quantity-restricted design group.

CONCLUSTONS

The amount and timing of human resources data inputs and the type of
HRD constraints do influence the engineer's design, but nct always in a
predictable manner. The fact that a personna2l requirement is imposed on
engineers does not necessarily mean that they will design to the letter
of the constraint. However, it does mean that they will take the personnel
factor into greater account than cthey would if no personnel requirement
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had been imposed at all. From this standpoi.-, the more human resources
data provided to the designer, the more conscious he will be of the need
to consider personnel limitations in his design, hence the more his design
will be affected.

OPERATIONAL TMPLICATIONS

It is recommended that Requests for Proposal and Statements of Work
for new systems include

(1) Maximum number of operating/maintenance personnel to be
allowed in the crew by job position;

(2) Maximum skill level allowed for each job position;

(3) The task capabilities of these personnel;

(4) The design implications of these requirements in terms of
system characteristics.

RESEARCH TMPLICATIONS

Additicnal research is needed regarding a number of problems.
(1) Methods are needed for determining early during the conceptual phase
of a system the "likely" manpower force to be available during the time
period when the system would become operational, This "i1ikely" force
would be derived from sources such as phased out systems, career personnel,
new enlistees, and current training courses. (2) Techniques are needed for
comparing the "likely" force with alternate forces of varying quantities and
skill distributions and determining their impact on the cost, capability,
reliability, availability, etc. of the system., Ultimately a "desired"
manpower structure would be proposed for the system. (3) The design
implications of manpower requirements need to be fully developed, so that
the design concepts and characteristics which will yield the "desired"
manpower force can be specified in the contract statement of work. For this
research to have maximum validity, it should study the performance of
personnel at operational sites in relation to the design concepts of the
svstem, (4) Finally, methods are needed for periodically testing during
design and development for compliance of design with the manpower
requirement constraints.

vi
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SECTION I
INTRODUCTI ON

A. WNATURE OF THE PROBLEM

Although it is a commonplace that human error contributes signi-
ficantly to system breakdown or mission failure, it is equally well
known that human resources data (HRD) supplied during system development
(ie, those describing the quantity, type and functions of manpower
needed to operate and maintain an equipment effectively) often fail to
exercise a significant effect on that development.

The fact that engineers characteristically do not take human factors
inputs inte consideration during equipment design nas been documented
in a series of studies (Meister and Farr, 1966, Meister and Sullivan,
1967, Meister, Sullivan and Askren, 1968, and Snyder and Askren, 1968).
It is also reported anecdotally by many human factors specialists
vorking on development projects.

Why does this condition exist? There are several possible expla-
nations. If the engineer does not make use of certain inputs, it may
be that these inputs do not contain the information he needs to make
design decisions; or the inputs may be late in reaching him and hence
cannot influence an already completed design; or else these inputs may
be formulated in terms which the engineer cannot understand and utilize.
Underlying these hypotheses is the assumption that, given the engineer's
eagerness to scrutinize as much information bearing on design as possible
(a fact which was demonstrated in Meister et al., 1968), an input which
fails to influence design fails to do so because it lacks some charac-
teristic required by the engineer.,

To study this problem it is necessary to investigate the conditions

under which HRD can and will be utilized by the engineer. The following
factors must be examined:

(1) The manner in which the engineer designs, because human
resources inputs must fit into that process;

(2) 'The format or manner in which these inputs are supplied %o
design engineers;

(3) The timing or sequence with which inputs are supplied;

Pl
-
~

The design-rel.vancy of the data supplied;
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(5) The effect of manpower requirements as constraints on hard-
ware design;

(6) The availebility of information as a whole to the engincer
during the design procass;

(7) The engineer's atvitude toward the personnel aspects of the
system end to human resources data as inputs to design.

To study these factors human resources inputs must be presented
to engineers in different formate under controlled conditions in a
realistic design context. The Jdesigns they produce as a consequence
of different experimental treatments can then be rclated to the
factors described in these treatments.

Before considering the purpose of the present study it is necessary
to describe the authors' concept of Human Resources Data (HRD). This
has been expressed graphically in Figure 1. There are twe types o? HRD:
(1) Marpower Requirements (MR), which specify the maximum number and
skill levels of personnel for whom the system is to be designed; (2)
Support Data (SD), eg, Quantitative and Qualitative Personnel Requirc-
ments Informetion (QQPRI), personnel availability, task and time line
analyses and training analyses. MR have -or should have- s direct
influence on the engineer by requiring him to modify his design to mcct
the manpower requirements., SD are the backup analyses which lead to
the development of MR, and which also serve as descriptive data explain-
ing the implications of MR to the engineer.

Note that SD do not directly influence design; that function is
. reserved to MR. 8D may, however, give rise to Support Requirements when
its anaelyses are transformed into descriptions of tasks for which the
system must be designed and the training which system personnel must

receive,
#? It should be noted that the effect of botk MR and support require-
ments on design must be mediated by the determination of the human

. resources~hardware relationships (design implications) of these reaqufr:-
i ments. When such implications are not explicitly developed and provil..
: as guidelines to the engineer, the effect of MR and support requireme: .
; gparticularly the latter) is largely nullified. In ancther study

; Meister et al., 1969) it has been pointed out that the data describi-i:
these design implications is largely lackinrg, which accounts for the
relatively weak influence quality manpower requirements and personnel
support data have had on previous design.




e s

Human
Resources .
Data d
(HRD)
Training
[ Analysis
—QQPRI
—Task Analysis
Quantity - Manpower Support Time 14 4
Skill Types . % ot M_Time Line
and Levels - Reql(lbzhzq‘?men ® ?SD Analysis
' |_Personnel
: Availability ‘
1
'
1
[
Support .
~ Requirements
4
:
i
Design %
Relationships =
3.
. .
Design .‘f;

ﬂ!‘“

4
T

)}
L

L N
il R e o
gﬁ-

Figure 1. Humen Resources - Design Relationships

SRR i«




s .
RS

5

Lo B 1:‘

o

kil
LW,

P
' LI

'y wheghe ¥

B. PURPOSE OF THE STUDY

This study had two major purposes: (1) To test the hypothesis
that the quantity and timing of HRD provided to design
engineers will influence the nature of their designs; and (2) to
investigate the effect upon design of differences in MR (ma.npower
quantity and quality requirements).

The present study is in large part a replication of a previous one
(Meister et al., 19683' to verify trends uncovered in the earlier study.
That study sought to determine the effect on system design of using

MR and SD as design inputs.

In that study equipument data and personnel inputs, eg, quantity
and skill level of manning, and task information, were presented incre-
mentally to six design engineers in a simulation of the Phase :LA/ 1B
development of the Titan III propellant transfer and pressurization
suboysten. Subjects were vrequired to create a complete subsystem
design, including schematics, equipment descriptions, drawings and bills
of material,

It was found that MR and SD do influence the equiyment config-
uraticn, but only moderately, because equipment design proceeds so
rapidly that HRD inputs presented incrementally inevitably lag design.,
Engineers were found to be responsive only to inputs which are framed
as design requirements. Alithough MR inputs in terms of quantity (ie,
number of personnel) were readily grasped by engineers, they experienced
great difficulty in understanding and utilizing quality, ie, skill level,
inputs. The results of the study ind.~ated that if personnel factors
are to be incorporated into design, HRD inputs must be supplied as
design requirements to the engineer in the statement of work (SOW) pre-
ceding design. On the basis of that study the following hypotheses
seemed in order,

(1) Design engineers approach their problems from the start with
preconceived concepts and very rapidly organize their sub-
system designs in equipment terms. They proceed very quickly
through such initial system analytic stages as determination
of subsysuem functions, allocation of functions between
equipment and personnel, and determinacion of equipment types
and functional characteristiecs, This approach appears to be
characteristic of all types of engineers, even those who are
highly sophisticated in system analysis. The stages so
compressed are those to which HRD should contribute, if HRD
is to have a significant impact on the basic nature of sub-
system design.

o - R
e NI et K .
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(2) Because of the manner in which he designs, the primary source
of the engineer's design decisions appears to be the SOW with
which he begins design. His design is primarily affected by
the requirements and constraints expressed in the SOW.

{3) HRD inputs are utilized if they can be interpreted by the
engineer in terms of requirements or constraints, or if they
provide information about the subsystem which implies require-
ments or constraiuts, This means that, as was pointed out
earlier, the design implications of MR and 3D must be made
explicit by the human resources specialist in suchh a way that
the engineer readily recognizes them.

The implications of these hypotheses <uggest that HRD inputs will
be maximally effective if they can be prrsented to the engineer as
design requirements or constraints withi1 the SOW. This is in line
with the concepts expressed by Eckstrand et sl. (1968) in their paper
on the changing philosophy of human resources engineering. Because the
design engineer so rapidly translates system requirements into hardware
equivalents, HRD inputs will be effective only to the extent that they
exercise the rontrol Eckstrand et. al. recoguize as the next stage in
human resources engineering. Where HRD inputs are ineffeclive, it is
probably because these inputs fail to exercise as much control as do
equipment inputs.

There appears to be some evidence alsc that design engineers, in
developing their basic subsystem concepts. have some general ideas of
the crew which they believe will operate and maintain the subsystem. It
would be extremely helpful, in defining HRD parameters more precisely
in the SOW, to investigate in greater detail the nature of the crew
concept which the engineer utilizes as the basis for his design. This
would enable investigators to redefine MR in terms which the designer
will more readily recognize as being design-relevant.

If the conclusions ¢f that study are valid, then presentation of
more comprehensive HRD inputs to the engineer in the SOW, including

rigorous MR requirements, should lead to major differences in resultaat
designs.

The goals of the study described in this report can therefore be
phrased as a series of questions to be answered:

(1) Will differences in amount and timing of HRD inputs result in
different design concepts?

(2) Will quantity (ie, number of personnel) constraints produce

different effects on design than quality (ie, skill level)
constraints?
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(3) will the imposition of MR constraints affect equipment charac-
teristics after the basic design concept has been developed?

(L) Will the removal of MR constraints affect equipment character-
istics after the basic design concept has been developed?

(5) Which HRD inputs are preferred and utilized by engineers and
at vwhat stage in system development?

(6) How does the engineer's concept of manpower for his system
relate to his design and how does this concept relate to more
objective methods of predicting manpower (eg, Barton et al.'s,
1964 queuing model) ?

The ultimate purpose of the present study is to derive from the
controlled testing of engineers certain human resources-hardware relation-
ships which would enable the Air Force to write more effective procurement
requirements. It is assumed that if, instead of general, non-enforceable
manpower provisions, explicit design-relevant statements of human
resource needs can be incorporated in procurement requirements, more
satisfactory equipment will be developed.

Ch
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SECTION II
TEST METHODOLOGY

A. GENERAL STRATEGY

The methodology employed in this study has been described in detail
in Meister et al., 1968. Hence only that inforuation needed by the

reader vho is unfamiliar with the preceding study will be presented in
this section.

The overall research strategy involves placing the engineer in a
realistic design situation in which he must solve a series of design
problems by using equipment and HRD information related to these
problems. In adepting this general methodology to the present study,
the following steps were performed:

(1) Selection of an already existent subsystem which could serve
as a model for the development of test inputs and outputs.

(2) Selection of appropriate engineer-subjects skilled in design
of the type of subsystem selected.

(3) Determination of the equipment and HRD inputs which are

characteristically provided during the system definition
phase of development,

(4) Development of HRD inputs.

(5) Determmination of the sequence in which HRD inputs should be
provided.

(6) Determination of the design responses and outputs which the

cngineer-subjects should apply in attempting to solve the
design problems.

(7) Determination of specific mcasures which could be used to
ansver the questions which initiated the study.

B SN
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B. DEVELOPMENT OF THE EXPERIMENTAL SITUATION

1.

Selection of the Test Subsystem

A. Rationale

The initial step in the development of the experimental
situation was the selection of a subsystem which already
existed, if not in hardware form, then in the form of a
completed design. This subsystem could then be used as &
model to develop the necessary study inputs and outputs.

The idee of using an already existent subsystem as a
model for test inputs has been found to be useful, for
several reasons:

(1) Both equipment and HRD inputs, the details of which
would otherwise be difficult to create if one had to
create them out of imagination, could be abstracted
from the original documentation.

(2) The amount of informational detail that should be
provided at the various stages of the experimental
subsystem development could be determined from the
original documentation.

(3) The face validity (i.e., realism) of the inputs could
be assured because they were produced in the original
subsystem design.

(4) Te design responses required of subjects could be
determined on the basis of the design outputs de-
veloped in the original subsystem.

B. Criteria for Selecting the Model Subsystem

The criteria for selection of the model subsystem were
as follows:

(1) The subsystem should be one in which personnel
functioning is important. For this reason it was
decided to select a maintenance subsystem. Since
many operator subsystems in present Air Force systems
are highly sutomated, it was considered that a
maintenance subsystem would offer a greater amount
of direct personnel-equipment interaction.
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(2) e subsystem should have an appropriate degree of
complexity. Overly simple subsystems were avoided
since the number of HRD irputs and their effect on
subsystem design would be minimal. At the same time
an overly complex subsystem would make it difficult
to supply the necessary design inputs within the time
schedule established,

(3) Te subsystem should be one whose development pro-
ceeded in accordance with AFSCM 375-5 (USAF,.1964).
AFSCM 375-5 was utilized as a framework for the
development of the experimental HRD inputs because
Air Force systems are presently required to be
developed in the spirit, if not to the letter, of
AFSCM 375-5.

(4) The unclassified records of the model subsystem should
be complete enough to minimize the development of
nev material (as opposed to the editing or revision
of old material).

(5) The subsystem should be recently included in the Air
Force inventory, or under develcpment, so that the
inputs would take advantage of recent technical
developments in the state of the art.

C. The Subsystem Selected

With these criteria in mind, several alternative subsystems
were considered and evaluated before the investigators selected
the model subsystem.

The subsystem selected for simulation was the unclassified
aspects of the Aerospace Ground Equipment (AGE) of the AGM-69A,
the SRAM. The AGM-69A is an air to ground missile designed to
be launched from the B-~-52 bomber. Ic is presently under
development by the Boeing Company, Seattle, Washington.

The specific equipment to be designed by the engineer
subjects was the electronic test equipment used to check out
the status of the missile prius oo its installation on the
aircraft, to troubleshoot the missile if any wmalfunctions
were found in pre-installation checkout, and to check out
missile-related aircraft systems. Unclassified details of
the required characteristics of the AGM-69A test equipment
may be found in Appendix I.




2. Selection of Subjects

The eight engineers who made up the subject population for
this study were selected from the test engineering department of
the Marquardt Corporation, Van Nuys, California. Engineers were
selected from this company because the design of the maintenance
equipment for the AGM-69A required the selection of personnel
skilled in the design of test equipment used to check out missiles
and missile-related equioment.

An analysis of the education and experience background of the
subjects is presented in Table I. The subjects are considersd to
be essentially equivalent in terms of relevant experience to those
of the earlier study (Meister et al., 1968). They are also con-
sider2d on the basis of their verbal responses during the experiment
to be similar to the 36 engineers tested earlier in studies described
in Meister and Farr, 1966, Meister and Sullivan, 1967 and Meister
et al., 1968, The average amount of experience is 15.7 years, with
no subject having less than 8. Beyond & certain experience level,
represented by the present subject group, differences in years ol
experience are felt to have little or no significance for design
output.

3« Determination of Equipment Inputs

A, Pescription of Inputs

In addition to HRD inputs, equipment inputs were precvided
to serve as the context for the HRD inputs as well as the
information base for the design. These included the following:

(1) Statement of work wnich initiated subsystem develop-
ment.

(2) System and equipment functional flow diagrams {ab
successive levels of detail).

(3) Requirements Allocation Sheets (RAS).
(%) Descriptions of equipment characteristics.

Few changes were made to the original specification for the
AGM-69A test equipment and then only to facilitate its use by
subjects., Significant changes were made in the phraseology of
section 5.1 (Personnel Manning Requirements) to implement the
various experimental treatments in the study. Changes were also

e ik gl bbusite gt st 5O
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TABLE I

SUBJECT EDUCATION AND EXPFRIENCE

Subgect

Education

BSFE
BSEE
BS

MSEE
BSEE

BSEE

BS

Years of Experience

12
1
17
12

8
21
22

23
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‘made to the reliability and maintainability sections of the
section, since the original specification for the test equip-
ment did not contain subsystem reliability/maintainability
requiremente. The values supplied were based on those found
for similar test equipment in other systems.

To develop the equipment inputs,unclassified documentation
produced during the development of the AGM-69A was examined,
courtesy of the Boeing Company and AGM-69A System Project
Office; pertinent material was extracted and prepared as shown
in Appendix I. To ensure technical accuracy and completeness
of the equipment inputs provided to the subjects, they were
reviewed by the Chief Design Engineer of The Marquardt
Corporation, and required revisions were incocrporated.

All inputs were provided in complete form except where it
was desired that the subject solve a problem which required
him to develop or complete some part of the input. For exanmple,
if system functions on Requirements Allocation Sheets were to
be analyzed by the subject to determine appropriate equipment
characteristics, all necessary data were included on the sheets
except for those dealing with the equipment characteristics,
Complete inputs were provided because the designers were not
expected to be able to develop all the documentation which
would ordinarily be developed due to the time-scale involved
in the simulation. Moreover, all HRD inputs were presented in
toto, since designers do not ordinarily develop such inputs and
do not have the experience needed to do so.

B. Input Presentation Ground Rules

The following ground rules were followed:

(1) A1l inputs to subjects were supplied in written form,
except where immediate circumstances (e.g., answers
to questions asked by the subject during the test
session) made this impossible. Any input provided
orally was documented immediately following its
transmission,

(2) Instructions to subjects were provided verbally, but
they were allowed to read the same instructions in
written form; and those written instructions were
available to him throughout the test session.

12
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4, Development of HRD Inputs

The HRD inputs selected for presentation to subjects were ;
those which are developed as & result of analyses performed during i,
Phases 1A/1B of the System Definition Stage and prior to the
Acquisition Phase of System Development. Consequertly, wnether ]
provided either as part of the SOW or incrementally, they were of }
a general nature describing system functions rather than those i
describing molecular human engineering details relevant to hardware :
components, Previous studies have indicated that the basic design {
is "frozen" prior to Acquisition; human engineeriuyg inputs therefore
represent only minor refinements to the Phase lA/lB design.

According to AFSCM 375-5 human factors inputs should be avail-
able prior to the issuance of an RFP to the.contractor. From that
standpoint it was considered appropriate that for ome of the two
subject groups these inputs should be included in their SOW before
these subjects began their design.

In practice, however, the Air Force often delegates to a con-
tractor the responsibility for developing these inputs after design
has begun. When this occurs, HRD inputs are usually provided to .
the design engineer on an incremental basis. From that standpoint .
it was considered legitimate to present these inputs to a second
group of subjects on an incremental basis.

S

The HID inputs provided are listed in Table II and are also
presented in Appendix I,

Material supplied in the SOW is listed in Table IXI.

5 Determination of the Sequence of Providing HRD Inputs

SO i s e

A, Simulation of the Development Process

System development, either as formally defined by AFSCM
375=5 or as actually practiced, is a process of multiple
iterations; however, it has been documented (Meister et al.,
1968) that the basic design concept is developed very early
in the iterative cycle, and that subsequent iterations only
serve to refine the basic design concept.

. ﬂw’"":’mj‘wh‘a} 5,

For this reason is was felt that the design simulation
could be compressed into four L-hour sessions without any
great loss of precision in the experimental results. For one
group of subjects (called the Omnibus group) all MR and PSD
inputs were supplied as part of the SOW with which they began

13




TABLE 1T

LIST AND DEFINITION OF

HUMAN RESOURCES DATA INPUTS

I. MANPOWER REQUIREMENTS

Ttem

(1) Number of personnel

(2) sSkill level

II. SUPPORT DATA

Item

(1) Lists of personnel tasks

(2) Personnel/equipment flow
diagrams

(3) Personnel/equipment
analyses

(4) QQPRI Data including:

(a) Proficiency

(b) Skill type

{¢c) Personnel
availability

14

Definition

Quantity of personnel required to
perform subsystem operations,
defined in terms of maximum number
allowed.

Air Force skill levels allowed for
the task,

Definition

Tasks defined in terms of personnel
functions and equipment acted upon.

Diagrams illustrating the sequencing
and interrelationships among tasks.

Description of equipment character-
isties required by tasks or effect of
equipment characteristics on task
performance,

Skill characteristics which personnel
should possess to perform the job
satisfactorily.

Characteristics of the job to be
performed in terms of demands upon
personnel.

Definitions of AFSC type possessing
necessary qualifications to perfomm
the job, together with the probabil-
ity of such personnel being available
foxr the job.




TRY e, »

(5)

(6)

(7

W w

IABLE IT (Continued)

LIST AND DEFINITION OF

HUMAN RESOURCES DATA INPUTS

Iten Definition
Training requirements )
including:
(a) Antic.pated training Time needed to train to given level

time

of proficiency.

(b) Require ‘otitude Job skills which training should

provide,

Task analysis, includings

() Task structure Task description in terms of function

end equipment operated or maintained
(See ItemII (1)),

(b) Task criticality Consequences of task being performed

incorrectly or not at all.

(e) Team performance Number of personnel required to

rerform the task.

(d) Probability of Quantitative estimate of probability
successiul task that the task will be completed success-
completion fully by personnel (the converse,

error probability, also is provided).

(e) Task location Approximate physical area (e.g., flight
line, shop) in which the task must be
performed.

(£) Task duration Estimate of the time required to

perform g task,

(g) Difficulty index Estimated difficulty of task defined

Time-line analysis N
including task frequency

15

in terms of error probability and
response time,

Distribution over time, including
overlaps, of individual task
durations,
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TABLE II1

STATEMENT OF WORK CONTENTS
* l. Description of system requirements
* 2, Equipment requirements
+ 3. Top level flow diagrams
i, Iists of personnel functions and tasks
5. Maximm number of persomnel or skill level requirements

6. Task descriptions (eg , material contained in preliminary and
full scale QQPRI)

T. Personnel availability data
8. Task characteristics

9., Time line analysis
10, Position descripticas

1l. Preliminary training requirements

The asterisk (*) indicates what was included in the SOW for those
subjects receiving HRD inputs incrementally. The remainder of the
data were provided to these subjccts progressively throughout the
study. Other subjects received all SOW contents at the start of
the study.

16
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design. For the comparison subjects (called the Incremental
group) only a minimal MR requirement was supplied in the SOW
and HRD inputs were delayed until the third and fourth sessions.
The minimal MR requirement and the delay in HRD inputs were
considered characteristic of present practice in system
development,

All equipment information was provided to all subjects as
part of the SOW,

Table IV presents the sequence of test inputs and outputs
for design of the experimental subsystem.

B. Test Procedure

The general procedure for the individual sessions was to
determine the effect of a particular input on the design task.
At the start of each session, the engineer was told his design
task, the inputs available to him were described, and he was
asked to review them (in the event he had not reviewed them since
he was first handed them at the close of the previous session).
The subject then performed his design task.

About a half hour before the end of the session (unless he
obvisusly was not finished, in which case the session would be
continued to the following week), the subject was informed that
his work was to be reviewed, His output then was reviewed by
the investigator with him to elicit any additional information
and particularly the reasons why particular design features were
incorporated. At the same time, the subject was questioned
to determine whether: (1) he thought the input was useful, (2)
the input was understandable and meaningful, (3) he used the
input in deriving his design product, (4) the format of the
input was satisfactory, (5) the timing of the input was
appropriate, and (6) any additional information was needed.

At the close of the session he was hauded the inputs for
the next session and asked to study them if he had sufficient
time,

The progressive development of the experimental subsystem
was simulated by scheduling each subject individually for a
minimm of four weekly three-to-four-hour sessions (the length
of the session depending on their speed). For the Incremental
group this perr .tted the progressive inputting of HRD according
to the schedule described in Table IV, The subject had avail-
able to him at each successive test session all the data

7




TABLE IV

SEQUENCE CF TEST INPUTS AND OUTPUTS
FOR DESIGN OF THE EXPERIMENTAL SUBSYSTEM

Introductory Session

Session 1
Inputs
Omnibus Group: Complete SOW
Incremental Group: Partial SOW
Output Required: Describe how maintenance will be accomplished
and provide a detailed flow diagram of ground
operations
Session 2
Inputs
Omnibus Group: None

Incremental Group: None

Output Required: Identify elements of AGE required to perform the
maintenance needed; provide functional descriptions
of what each individual functional equipment is
supposed to do.

Session 3
Inputs
Omnibus Group: None

Incremental Group: Third level equipment and personnel flow diagrams.
Output Required: Supply equipment descriptions of individual AGE
elements

18
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TABLE 1V (Continued)

SEQUENCE OF TEST INPUTS AND OUTPUTS
FOR DESIGN OF THE EXPERIMENTAL SUBSYSTEM

Session 4
Inputs
Omnibus Group: None

Incremental Group: Task analysis and QQPRT (position descriptions,

training requirements and personnel availability
statements)

Qutput Required: Complete detailed description of meintenance
equipment

19
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(and his previous design outputs) from preceding sessions. At
each session, the subject was asked to supply certain design
outputs which the investigators hypothesized should be affected
by the HRD input for that session.

Determination of Design Outputs

A. Types of Outputs

The response secured from the subjects fell into two general
classes, attitudinal or subjective outputs, and application, or
product outputs.

When an HRD input was first presented to a “ubject he was
asked (after he had reviewed the input) to indicate his personal
response to the input. By this is meant that the investigators
sought to determine how the subject felt about his immediate
input; whether he understood it, and if not, why; whether he
felt he could use the input, and if not, why, etc. Since the
engineer must first be positively motivated to accept an input
before he applies it, subjective responses were secured before
proceeding to more objective outputs.

After the subject completed his subjective evaluaticn of
the input, he was rrguired to make use of the input by merforming
some engineering s.ualysis or developing some engineeriug output,
such as a drawing to which the HRD input was related, He was
required to muke use of the HRD input even though he may have
indicated earlier that he could make little use of it. This
was because his subjective response might or might not be
related to his objective output.

B. Subjective Outputs

The kinds of subjective outputs to be sought of the subject
were as follows:

(1) Preference responses, e.g., I like/do not like the input.

(2) Utility responses, e.g., I can/cannot apply the input
to system design.

(3) Knowledge responses, e.g., I understand/do not under-
stand the input.
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(4) TImplication responses, e.g., I draw the following
implications from the input; the following consequences
result from the input.

(5) Schedule responses, e.g., the input is too early/too
late/just in time.

(6) Impact (effect) responses, e.g., my design is/is not
influenced by the input.

(7) Format responses, e.g.; I would prefer the input to
be in .ne following format.

Although there was some slight overlap among these responses,
each of these response types was considered separately because
they could be combined in different ways, such as understanding
an input but rejecting it as being inappropriately timed.

C. Product Outputs

Bacause the study was concerned only with the basic desigu
concept, product outputs were largely of an analytic or decision-
making type, eg, determinali on of functions, specification of
equipment characteristics and operating modes. These were ex-
pressed in terms of lists of functions to be performed by the
system, equipment descriptions, equipment flow diagrams nd
procedures for operating the test equipment.

Determination of Specific Measures

Measures of the effect of MR and SD inputs on subsystem
design include the following:

l, Number and skill level of personnel estimated as required
by subjects,

2, Number and skill level of personnel required by subjects'®
designs.

3. Number and tyres of manually operated equipment required
by subjects.

L, Number of automated equipments required.

5. Number and type of' special purpose equipment,

21




8.
9.
10,

To

necessary to consider them in terms of the overall experimental
of the study. This study design and related measures are

design

Numbexr of engineers in each group designing avbomated/
non~automated configurations,

Number and type of design changes made after manpover
requirements are changed.

Number of controls and displays required by subjects.
Number of manual operations specified.
Inter~-subject variability.

understand the rationale for these measures, it is

discussed in 6=2tail in the following section.
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Ce.

EXPERIMENTAL DESIGN

To explain the reason why the experimental design for this study
was created the way it was and the reasons for the various analyses
which were performed, this subsection has been organized in terms of
thc specific study goals listed in Section I.

l. Will differences in amount and timing of HRD inputs resuvlt in
different design concepts?i

The basic hypothesis was that engineers receiving highly compre-
hensive SOW's, including all the HRD inputs considered necessary for
system design, would create design concepts different from those
engineers who received incremental HRD inputs.

To test this hypothesis the eight subjects were divided into two
groups of tour. The Omnibus group received all of its inputs, in-
cluding HRD, prior to beginning design. It received no additional
inputs throughout the remainder of the study. The Incremental group
received prior to beginning design a basic SOW, including all equipment
inputs and, of the HRD inputs, only a minimally restrictive manning
requirement. In sessions 3 and 4 the Incremental group received the
remainder of its HRD inputs.

Presumably, if the difference in amount and timing of the HRD
inputs influenced design, it would be reflected in the basic design con-
cept the engineer created. In addition to the actual design output for a
system which would implement design requirements, subjects were asked
to decide which of three concepts (manual, semi-automatic, or auto-
matic operation) would best solve the design problem. The overall
subsystem design could then be evaluated to determine in which of the
three categories it belonged. Differences between the two groups
could be evaluated by comparing the frequency of particular types of
design concepts produced by subjects. Where changes in treatment
conditions occurred (ie, in sessions 3 and 4), it is possible to

determine what modifications, if any, were made to the design output
of sessions 1 and 2,

The effect of diferences in amount and timing of HRD inputs

could also be determined qualitatively by the following questions
vhich were asked following the first design session:*

* A complete list of questions asked after each design session is
presented as part of Appendix I.
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1.

2.
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Did you have enough information in the SOW to develop the
design councept’

Enough equipment information? Enough personnel information?

Is this equipment inforwation characteristic of SOW's you
work to?

Is this personnel information characteristic of SOW's you
work to?

What information that you did not have would you wish to have?

Was the information in the SOW useful in helping you decide
upon your system configurations? Has enough information been
included in the personnel requirements statement? (For the
Omnibus group only): What design implications would you
draw from the personnel requirements?

What information would you ordinarily have at the start of
design?

8. What items of information in the SOW particularly affected
your design decisions? Why?
9., What was the effect of personnel requirements on your design

concept?

At the conclusion of the second design session the following
relevant questions were 2sked:

l. Have the equipment requirements acted in any way to constrain
your design concept? If so, how?

2. Have the personnel req .rements acted in any way to constrain
your design concept? If so, how?

3. What equipment and personnel information which has not been

provided to you would you wish to have? Why?

Individual session by session effects ¢ ‘4 be discerned by means
of the responses to these questions.

A word about the retionale for these questions. It was cousidered
possible that because they received only the basic SOW, the Incremental

group might also feel that the minimally restrictive personnel
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requirement did not provide very useful information. One might also
find that the different personnel requirements affected the design
concepts of the two groups differentially.

2., Will quantity constraints produce different effects on design
than quality constraints?

Manpower requirements are of two types: quantity (ie, number
of personnel) and quality (ie, skill level). The previous study
indicated that both of these requirements would exercise an effect
only if they were formulated as constraints on design. The quantity
requirement would therefore have to be phrased in the following
manner: equipment must be designed so that no more than N personnel
will be required to operate/maintain the equipment. The quality
requirement would have to be phrased as: equipment must be designed
so that it can be operated/maintained by personnel with a 3 (5, or T)
-level skill capabilit--,

Two questions can be asked. One mey ask whether one type of MR
is more constraining than another. This question would be important
in evaluating the relative emphasis to be placed on an MR in tradeoff
decisions,

One can also ask whether a detailed stringent MR has more effect
on system design than one which is phrased in general terms only.

In order to determine the differential effect of the two types
of constraints, the two major groups (Omnibus and Incremental) were
further subdivided into two halves. Two of the Omnibus and two of
the Incremental subjects were asked to design to the quantity con-
straint. Two of the Omnibus and two of “he Incremental subjects were
asked to design to the quality constraints. The Omnibus subgrouping
occurred in the first session; the Incremental subgrouping, in the
third session.

This further subdivision produced the following subgroups:

0-N: Omnibus subgroup receiving only the personnel quantity
constraint.

The requirement levied on this subgroup was as follows:

"5.1 Personnel Manning Requirements

Use of AGE for the maintenance and testing of any indi-
vidual system, subsystem or component of the missile and
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associated missile-carrier aircraft shall not require more
than two operators--one at or in the aircraft and one at the
checkout or test equipment."

0-S: Omnibus subgroup receiving only the skill level con-
straint. The requirement levied on them was as follows:

"5.1 Personnel Manning Requirements

Equipment shall be designed tc be operated by military
technicians with an Air Force Speriality Code three-level
skill only (see Appendix for definition of skill levels)."

Incremental Croup

The Incremental group was not svbdivided in the first
two sessions, They received and functioned for the first two
sessions under the following minimal personnel requirements:

"5.,1 Personnel Manning Requirements

Equipment design shall minimize the quantity and skill
level of military persomnel required to operate the equipment."

3. Will .he imposition of MR constraints affect equipment char-
acteristics after the basic design concept has been developed?

The Air force sometimes redefines its system requirements
during the development of the system. The purpose of asking question
(3) above is to determine the effect on design when such a reorien-
tation occurs. Moreover, the effect of adding personnel requirements
would help to indicate how influential MR constraints can be.

In the first two design sessions the Omnibus group had received
differential MR constraints. Half the group was constrained to
design to the 3~-skill level (skill constraint or 0-S group). The
other half was constrained to design for a crew of two men (number
constraint or O-N group). To test the effect of imposing additional
design requirements, the subgroup constrained by the skill require-
ment (0-S) now also had to design for two men. The subgroup
constrained to design fcr two men (0-N) now had also to design for
8 3-skill level.

The additional requirements were added in the following manner:

26
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"At this time the Air Force customer has decided to make his
personnel requirements a bit more stringent than they were when you
started your design.

"(0-N Group) If you look at section 5.1 of your SOW which
describes operator requirements, you will see the following state-
ment:

"Use of AGE for the maintenance and testing of any individual
system, subsystem or component of the missile and associated
missile-carrier aircraft shall not require more than two operators--
one at or in the aircraft and one at the checkout or test equipment.”

"In order to minimize the skill level of the nersonnel needed
to operate the maintenance ground equipment, the Air Force has
levied the following additional requirement upon you:

"Equipment shall be designed to be operated by military
technicians with a three-skill level only." (Please refer to the
definition of skill levels ircluded in the Appendix to the SOW,)

"(0-S8 Group) If you look at section 5.1 of your SOW which
describes operator requirements, you will see the following state-
ment:

"Equipment shall be designed to be operated by military tech-
nicians with a three-skill level only."

"In order to minimize the number of personnel needed to operate
the maintenance ground equipment, the Air Force has levied the
following additional regquirement upon you:

"Use of AGE for the maintenance and testing of any individual
system, subsystem or component of the missile and associated
missile~carrier aircraft shall not require more than two operators~-
one at or in the aircraft and one at the checkout or test equipment.”

"In this session we ask you to review the design concepts you
created previously in the light of the additional requirements
imposed upon you, and to make such changes as you feel would be
necessary to bring your desigr in accordance with the added person-
nel requirements."

At the conclusion of the session the following questions were
asked:

1. Did the additional personnel requirements make any difference
to your design? If so, what changes did you make?
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2, What design implications did you draw from the added
personnel requirements?

3. Are these added requirements too stringent? Easy to handle?

4, Was there enough information provided in the added require-
ment?

5¢ What information would you wish included in the personnel
requirements section of the SOW?"

In the third session the Ineremental ~roup was subdivided in
the same fashion as the Omnibus group in the first session. This
produced the following subgroups:

I-N: Incremental subgroup receiving only the personnel
quantity constraint.

I-S: Incremental subgroup receiving only the skill level
constraint,

These constraints were levied in the following manner:

"In this session we are able to provide you with additional
information secured from the Air Force. This information describes
the personnel requirements to which you should design; in addition,
the Air Force has made a number of analyses, included in an Appendix
to the SOW, which describe what they think the maintenance techni-
cians in the system under design would be doing.

"Please replace section 5.1 of your SOW which describes
operator requirements with the following statement:

"(I-N Group) Use of AGE for the maintenance and testing of any
individual system, subsystem or component of the missile and associated
missile-carrier aircraft shall not require more than two operators--
one at or in the aircraft and one at the checkout or test equipment.

"(I-S Group) Equipment shall be designed to operate by military
technicians with a three-skill level only. (The definitvion of skill
lavels is included in the Appendix.)

"In this session we ask you to review the design concepts you
Created previously in the light of the additional requirements and
information now provided, and to make such changes as you feel would
be necessary to bring your design in accord with the more stringent
personnel requirements,"
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At the conclusion of the session the following questions (among
others) were asked:

1. Did the revised personnel requirements make any difference
to your design? If so, what changes did you make?

2. What design implications would you draw from these require-
ments?

3. Are these requirements too stringent? Too easy?

4, (I-N Group) What level of skilled personnel would you need
to have to run your system under the personnel requirements
imposed? Why?

5. {I-S Group) What number of persomnel would you need to have
t- run your system under the personnel requirements imposed?
Why?

The effect of imposing these requirements on the subgroups could
be tested by analyzing any changes made in subsystem design and also
by responses to the questions asked following the design session.

b, Will the removal of MR constrainis affect equipment characteris-
tics after the basic design concept has been developed?

This question is parallel with that of question (3). If MR had
earlier constrained equirment design, then removal of the MR should
leed to design changes. Such design changes would provide additional
evidence for the influence of MR on design.

To study this problem zll personnel constraints were removed
from all sutjects in the fourth design session. Instructions were
provided in the following manner:

"Up to this point in time you have designed your systems to
rather stringent personnel constraints. In this session we would
like you to consider that all personnel constraints have been elim-
inated. In other words, consider that you are able to design for
an vnlimited number of personnel and any skill level which you thirk
you might need. Please review your design concepts from this stand-
point. In the event that you restricted your designs to fit the
personnel constraints, indicate what changes in your designs you
would wish to make, now that these restrictions have been voided.
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"(For incremental groups only: To help you in your design,
additional information is now available from the Air Force describing
its analyses of anticipated personnel characteristics and the tasks
maintenance men would perform.)"

After the engineer had completed his task, the following
questions were asked:

l. For incremental groups only: Did the additional information
provided by the Air Force help any? Did it affect your
design solution in any way? If so, in what way? 1If not,
why not?

2, Did lifting the persomnnel restrictions influence you in any
way in changing your designs? In what way? If not, why
not?

3« We had made the assumption that the personnel requirements
constrained your previous design in some ways. Is this
true? How had these requirements affected your design?

4, Did your preferred design change any over the past four
sessions when personnel requirements were changed? In what
way? Why? If not, why not?

5« Do you feel that these personnel requirements are realistic?
Unrealistic? Would you rather not be constrained in this
way? Why not?

6. If you had to trade off personnel number and skill level,
how would you do it? 1In other words, if you had a choice
between fewer skilled technicians or more unskilled per-
sonnel, which would you prefer? If you had more highly
skilled technicians, could you use fewer people? If you
had fewer people, would a higher skill level make up for
the small size of the crew?

5« Which HRD inputs are preferred and utilized by engineers and at
what stage in system development?

Obviously it would be useful to determine which HRD inputs
receive greater or lesser acceptance by engineers. Knowing this it
would be possible to examine those inputs which were not being
accepted in order to improve them.

An answer to this question could be derived in two ways: (a)
through the responses made by subjects to the quesiions asked

30




following each design session; and (b) through a paper and puncil
test of HRD preference administered following completeion of the
design.

The following questions asked following the design sessions
are pertinent to the problem:

l. What design implications would you draw form the personnel
flow diagrams; skill descriptions; from the QQPRI?

2. What equipment and personnel information which has not
been provided to you would you wish to have? Why?

3. Are the skill level definitions understandable?

L, Did the additional information provided by the Air Force
help any? Did it affieet your design sclution in any way?
If not, why not?

To determine at precisely what stage of system development
HRD inputs were most useful a questionnaire test (HRD inputs Test)
was developed., This is described in Section III.

6. How does the engineer's concept of manpower for his system
relate to his design and how does this concept relate to more
objective methods of predicting manpower (eg, Barton et al.'s
(1964) queuing model)?

See APPENDIX III.

Summary of Experimental Design

The experimental design for the study can now be summarized in
Table V which describes each of the two groups, the conditions under
which they designed and the inputs provided to them.

In sessions 1 and 2 comparisons are made betweer. the Omnibus
and Incremental groups to test the effect of different amounts of
HRD information and different personnel requirements (restrictive
vs. non-restrictive).
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In session 3 the comparisons are as follows:

(1) Between the Omnibus group responses of session 3 and Omnibus
group responses of sessions 1 and 2; to see if the added
personnel requirements affect design responses;

(2) Between 0-N+S and 0-S+N responses in session 3; to see whether
adding different personnel requirements produces a different’ial
effect on design responses;

(3) Between the I-N and I-S subgroup responses of session 3 and
the Incremental responses of sessions 1 and 2; to see if tight-
ening up personnel requirements and providing added personnel
information will change design characteristics;

(4) Between I-N and I-S responses in session 3, to study th: effect
of different personnel requirements,

In session 4 the comparison is between session 4 Ominbus and Incre-
mental responses and those of earlier sessimms; to see if removing
personnel constraints will affect existing designs.

The experimental design associated different amounis of information
with varying persounel requirements, so that the Incremental group not
only had less HRD information than the Omnibus group, but alsc had a
much weaker personnel requirement. As & consequence, it is impossible,
except in a qualitative way, to differentiate the two conditions. The
conditions were combined deliberately. Realistically, weak personnel
requirements tend to accompany incrementsl HRD inputs. Although the
reverse cannot be said to be true (i.e., that strong personnel rec.ire-
ments are associated with earlier HRD, primarily becavse this slicuation
is almost never found in actual procurement), the latter situation
represents an ideal which the authors considered useful to contrast with
the present situation. The point is not whether differences in personnel
requirements are more important than up-to-date HRD, or what the effect
of each is separately, but whether, as a cotal input package compre-
hensive HRD plus strong MR will lead to more effective designs than the

present system. What is being studied is a complex of factors, not
single variables.
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SECTICN III
RESULTS AND CONCLUSIONS

A. INYWRODUCTION

Before proceeding to the specific study results, it may te helpful
to the readcr if he refers to Appendix I1, (page 117) which presents
some representative design outputs which subjects produced and which
will give him a belter "feel" “or the nature of the design process. The
following is a list cf outputs illustrated in Appendix 1I:

Tradeoff Decision-Making Matrix;

System desecription;

Flow uiagram of system inputs and outputs:
Equipment operating procedure.

P N
Fw vk
NP N

Because of the complexity of the study results, we will summarize
the study results before we proceed to detailed results, in which the
resulis cre categorized by the individual quest ons which the study
sousnt £o0 answer,

TABLE VI
SUMMARY TABLE OF RESULTS

EYPERIMENTAL QUESTLUNS

1. 111 differences in amount and timing of HRD inputs result in
different design concents?

The anower is YES, as indicated below.

Group Design Concert Manual No. of Manpower Estimated by
(4 designers Teatures| Test Sets Subjecos**
2ach) Quantity skill
Omn: bus 3 automatic 166 22 01% 3-2 level
(- 11 data 1 semi-automatic 10-5 level
in S.cte- £-7 level
ment of 29 level
Work)
Incremental | 3 semi-sutomatic 77 23.5 16
{data in 1 autometic 63 level
stages) 8-5 level
2-7 level
0-G level
x Contains one 'don't know'. ** Tncludes both flight 1li:e and shop

This Jquestion is further discuse~d in paragraphs 1, 2, 3, 15 of the cmnmary
of results.




2. Will gquantity constraints produce different effects on design than
quality constraints?

The answer is YES, as indicated below.

rﬁGroup Manpower Estimated by
(4 designers| Design Corcept | Manual No. of Subjects ¥#x
2ach) Feature» | Test Sets| Quuntity Skill
Quantity 3 automatic 103% 15,5 22 2-3 level
Constraint | 1 semi-automatic 11-5 level
T-7 level
z-9 level
Skill 3 semi-automatic
Constrainy | 1 automatic 133 29 15%% T-3 level
7-5 lavel
1-7 level
0-G level

* Incomplete data on one subject
*¥ Contains one "don't know"

*¥¥% Includes both flight line and shop.

This question is discussed further in paragraphs 4 and 12 of the summary
of resulis.

3. Will the imposition of MR constraints affect equipment characteristics
after the basgic design 2oncept nas been developed?

The answsr is YES, as indica’ .d below.

arour MR Constraint Added Change
Yes No
Omnibus quantity plod
wuality X X
Incremencal Quantity x X
Qualidty XX

This question ic further discussed in paragraphs 7 =nd &.




k. Will the removal of MR constraints afiect equipment characteristics
after the basic design concept has been developed?

The answer is NO. This question is further discussed in paragraph 9.

5. Which HRD ‘nputs are preferred and actually utilized by engineers
and at what stage of development?

Most HRD information and requirements should be provided at the
start of design if they are to be utilized.

This question is further discussed in paragrapns 5, 10 and 11.
6. How does the engineer's concept of manpower for his system relate to

his design and how does this concept relate to more objective metheds
of predicting manpower?

This question is further discussed in paragraph 6 and Appendix III.

D. SUMMARY OF RESCLTS

1. Analysis of the types of subsystems developed by subje:ts
indicates a substantial difference between the Omnibus and Tncremental
groups. Three of the four Omnibus desigas were automatic; three of the
foir Incremental designs were semi-automatic. The difference between
the two groups falls to be statistically significant, primarily because
of the small number of subjects involved. However, it would appear that
tne timing and amount of HRD plus the different perconncl requircments
had some influence on the type of subsystems developed.

2. The Omnibus group also produced significantly (at the .005
lev:zl) more manual features in their designs than did the Incremental
gcoup. Differences between the two groups in terms .." manpower required
were also significant at the .08 level. There were no appreciable
differences between the groups with regard to the number of tecst sets
developed. However, the number of test sets developed by subjects
ranged from 1 to 10, suggesting that one can expect in the nommal design
situation considerable variability in design colutions.

3. Six of the eight subjects (three in each group) reported that

the personnel requirements imposed did affect their design decisions.
However, as they saw the design situation, reliability, amount of work
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required and time constraints were the primary factors in determining the
type of subsystem developed. Personnel requirements on their own were
not important enough to dictate design decisions, but did combine with
other factors to force the design concept adopted.

L, he type of manpower requirement imposed also appeared to
make some difference to subjects who were differentially constrained by
number and <kill level. The number of test sets developed was sibstant-
ially greater for subjccts receiving the skill restricticn (A7 level of
significance)., Skill restricted subjects also produced more manual
design features (at the .11 level). Skill restricted subjects also
required fewer jersonnel with lower skill levels (significant at the .09
level). The latter two points, in particular, suggest that the skill
restriction may »e more influential on design than the number restriction.

5. As in previous studies, engineers selected their basic concept
very rapidly. Only one of the subjects failed to establish his preferred
design concept in the first session.

6. Subi~nis experienced little difficulty in determining a level
of manning whic.. they considered appropriate to the eybsystem +they hod
designed. Omnibus subjects in general required a higher skill level and
a larger crev than did Incremental subjects, a finding which suggests
that the MR and HRD inputs provided this group had some influence on
their manpower estimates. Engineers Teel that a higher level of skill
and more personnel are required in the shop, primarily because more
manual, troubleshooting functions are performed in the shop.

T. The additional HRD information provided to the Incremental
group in the third session either resulted in a design change or would
have assisted (had it been provided earlier) in developing the design
concept.

8. The asaitional MR constraints imposed on the Omnibus group 1in
the third session did require engineers to make some changes in design
concept. However, the fact that engineers resist making desiyn changes
after their design has been formalized (also found to be true in pravious
studies) tended to reduce the extent of changes demanded by the new MR
constraints. Much the same eftect was found for the Incremental group.

S Removul ol the MR constraints did not ir six cases out of
scven cause changes in design concepts, although some subjects noted
that if the MR constraintc had originaily not existed, theixr design
would have been somewhat different., This result is entirely in accord
with earlier studies which suggest the relative inflexibility of design
concepts oncc they are formalized.,
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10. All subjects indicated that they would prefer most HRD infor-
mation and requirements to be provided at the start of design. Failure
to supply this information leads to some lack of clarity for engineer
and non-utility of this information when provided later in Jesign. The

following items of personnel information are particularly desired as
soon as possible:

(1) Maxinum number of personnel for which equipment is to be
designed;

(2) Description of jobs personnel will have to perform;

g,; Perscnnel skill level;

Number and type of personnel to be made available to run the
system,

+ W

11, Although engineers desire as much information about the system
as possible, and although this information does affect their design
concept, they have difficulty verbalizing design implications from the
information. 'this suggests that it is necessary for the human resources

specialist to specify for the engineer in the SOW the design implications
cf the HRD the former provides.

12, The engineer subjecis in thie study almost unanimously felt
that skill was of greater significance to the operation of the system
than the number of personnel available. Skill can compensate for lack

of personnel, but additional personnel cannot compensate for lack of
skill.

13. In general, the results of this study verify the hypotheses
advanced as an output of the previous study: that amount, timing and
nature of the personnel information supplied to design engineers will
exercise some effect on the design concept,
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C. DETATLED RESULTS

The effect of amount and timing of HRD inputs on design are
summarized in Table VII and are described in dctail in the
following pages.

TABLE VII

THE EFFECT OF AMOUNT AND TIMING OF HUMAN

RESOURCES DATA INPUTS ON DESIGN

Design Design Average Average Average Manpower

Group Concept * No. of ¥ | No. of Required

(4 each) Manual Test

Features | Sets Quantity | Skill Value

Omnibus 3 automatic 50.3 5.5 5.5 38.5
(all data
in SOW) 1 semi-auto.
Incremental| 1 automatic 17.5 6.0 6.0 ko.s
(date in
stages) 3 semi-auto.

* =

%

difference significant at .23 level

difference significant at .005 level.
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l. Will differences in amount and timing of HRD inputs result in
different design concepts?

The answer to this question is determined by the nature of the
system designs produced by subjects of the two groups. Subjects
were asked at the start of the study to make tradeoff decicions
among an automatic, semi-automatic and manual design.

In accordance with what has been learned previously concerning
the speed with which basic design concepts are developed by engineers,
(and the propensity for automatizing equipment) all subjects immedi-
ately iejected the manual design possibility. The reasons for
rejecting the manual alternative were the reliability, maintain-
ability and turn-around requirements.

Because of the rejection of the manual design alternative, the
essential comparison is between the numbers c¢f subjects selecting an
automatic vs. those selecting a semi-automatic solution.

In determining which design concept was utilized, the investi-
gators allowed subjects to characterize their designs; that is,
subjects assigned the semi-automatic or automatic description to
their own designs. These categorizations were later checked by the
investigators against the actusl subsystem design produced.

An automatic system was defined by subjects as a system in which
the maintenance man merely initiated machine sequencing and observed
the results. In a semi-automatic system the meintenance man initiated
machine sequencing, but the machine ran only to a predetermined stage
in its operation, afier which the technician had to decide whether
to continue the sequencing and, if there were alternative tests that
could be made, to decide which test to run next.

If there were no cousistent tendency on the pert of subjects to
select either a semi-automatic or an automatic design solution, one
would expect the frequency of types of solution to be: (1) equal
between the two groups (ie. the same numbers of automatic and semi-
automatic sclutions in both groups); (2) equally divided between
semi-automatic and automatic (ie, each group would have two automatic
and two semi-automatic solutions).
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are shown in Table VIII.

TABLE

VI1I

SUMMARY OF DESIGN SOLUTIONS

The design solutions for the individual subjects, together
with the number of test sets they required for these solu.tions,

. Nv aber of
Subject Grou System e
ubd P ysten Typ Test Sets
Y I-8 Semi-automatic L
L I-S Semi-automatic 10
- F I-N Automatic 6
Mc I-N Semi-automatic 2=k
Mo 0-5 Semi-automatic 5
Ma 0-5 Automatic 10
K 0-N Automatic 1
. v O-N Automatic 6
L3
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When the actual frequencies of design solutions are compared
statistically with the expected frequencies using the Fisher Exact
Probability Test (Siegel, 1956), the result is a probability value
of .23. The Fisher test, to quote the author,

"is an extremely useful nonparametric technique for analyzing
discrete data....when the two indepeident samples are small
in size., It is used when the scores from two independent
random samples all fall into one or the other of two mutually
exclusive classes. In other words, every subject in both
groups obtains one of two possible scores....The test deter-
mines whether the two groups differ in the proportion with
which they fall into the two classifications...” (p. 97).

Although the .23 value is insufficient to reject the hypothesis
that the system designs are the result of individual variability in
subjects, it is necessary to qualify the answer somewhat. It should
be noted that the two groups produced exactly reversed solutions,
which suggests a non-random factor. Unfortunately, the statistical
techniques available for making comparisons of discrete frequencies
do not take into account the difference in direction of response
between the two groups.

In considering the meaning of the statistical results, the
following must be kept in mind, The differential treatments
involving HRD inputs were only one factor determining the choice
of a design solution. The primary factors affecting the design
concept were the reliability, maintainability and time requirements,
with the MR and HRD inputs providing only an increment to these
factors. Verbally subjects indicated that MR/HRD inputs did
influence their design decisions. Since the primary factors affecting
the design concept will always be the equipment requirement, it must
be considered that, to the extent that they reflect the influence of
persomnel inputs, the differences in the frequency of experimental
decign solutions are in reality very indicative. The point is that
one cannot expect personnel requirements and inputs in and of them-
selves tc determine design responses. To the extent that HRD inputs
exercise any impact on design responses (as they did in this study),
their effect was as significant as one could reasonably expect them
to be.

Assuming that the differences in response frequency between the
two groups are no* merely rendom, it is necessary to explain them.
Why should the Omnibuc group have produced more automatic and the
Incremental group more semi-automatic responses? Since the Omnibus
group received more restrictive MR constraints, it would seem
reasonable that these constraints would strengthen the subjects'’




Ty

=

tendency to automatize their equipment. The fact that they were
required to design for two men or an Air Force Speciality Code
(AFSC) of three-level would cause them to throw the largest part
of the burden of system operation on the equipment. Both the
number and skill constraints would have suggested the desirability
of reducing the influence of the human in the subsystem.

On the other hand, the minimal MR constraint received by tre
Ineremental group would have reduced (to a certain extent) the
tendency to automatize their designs.

What evidence is there for these hyvpotheses, based on the
subjects' verbal responses?

Six of the eight subjects reported that the MR constraints did
affect their design solutions. The consensus of responses can be
summed up as foliows: the tasks required and <che personnel constraints
imposed, when combined with the time requirements, seemed almost to
dictate a particular level of automaticity. The level of personnel
to a certain extent constor.ined the level of automaticity selected.

One characteristic of c¢esign which never fails to surprise is
the great degree of variabil.ty found in the more detailed aspects
of the design solutions selec :ed to answer the same requirements.
This can be seen by referring again to Table Vi, The number of
individual test sets ranged from one to ten. Unfortunately, the
number selected did not differentiate between the Omnibus end Incre-
mental groups; both groups had a very similar range.

Other indices cof variability: One subject packaged all his
test sets in a single cart; another had individual test sets which
had to be houked up with cabling before the tests could be run.
Some test sets were individually packaged; others were individually
packaged but placed in a van or on a cart.

The implication of this wvariability for the writer of design
specifications or procurement documents is that as much detail as
possible is needed to restrict this variability. Since design is
so variable, the procuring agency ca.not be sure of getting the
design it wishes unless it attempts to restrict this variability
very severely by specifying as clearly as possible what it expects
from the designer.

With regard to the amount and type of information provided in
the SOW on the basis of which the designs were developed, the fol-
lowing was reported:




T

Mg

e o

Half the subjects stated that the level of information provided
in the SOW was very similar to that they are ordinarily given to
work with, while the other half indicated that it was much more
complete than they were accustomed to. Apparently there is great
variability also in the format and detail of existing procurement
specifications to which engineers must design.

Subject responses indicated that they hardiy, if ever, received
any date regarding personnel, In some cases they have to generate
the information themselves. While it cannot be said that the personnel
information was of major significance in affecting design decisions,
for certain subjects it was helpful. One subject found the descrip-
tive material in the QQPRI to be helpful in developing operational
procedures for his design. Another reported that “persounel had a
great deal to do with how I design" and so presumably the information
provided was of use to him,

The fact that most of the subjects reported that the HRD inputs
did not significantly affect their designs must be considered in the
light of their responses to the equipment information, which they
also said had little effect, except for system and checkout com-
plexity and required turn around time. The point is that except for
explicitly stated requirements engineers do not really know (or at
least cunnot verbalize) what items of information {either equipment
or personnel) really influence their design. They are unable to
indicate what items of information, except for minor specific
details, they would like to have in order to begin designing.

Another measure vwhich was applied to the subjects' design
outputs also indicated significant differences between the two
groups. It will be recalled that among the measures to be appliead
to the design outputs (see Section II) were number and types of
manually operated equipment, number of controls and displays
required and number of manual operations specified. Since the
number of instances of each of these measures was fairly small, it
was considered desirable to combine all of these instances intc a
single measure. The results are shown in Table VII. A "t"-test
indicates that the difference between the two groups is statistically
significant at the .005 level, even though one of the subjects of
the Omnibus group had incomplete data.

It may appear strange that the Omnibus group, which produced
m~st of the automatic “esigns, should also have indicated signifi-
cantly more manual design features (automaticity and manual features
being somewhat incons?stent). This is not a contradiction, but
rather a reflection of what appears to be a greater awareness on
the part of the Omnibus group of the need to consider operztor
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features. (This greater awareness might have been predicted as a
result of the presentation of all HRD inputs - ineluding stringent
manpower requirements- at the start cf design, which presumably
alerted these subjects to the "customer's" interest in operator
factors.)

A+ a consequence, Omnibus subjects were more painstaking about
detail ng the manual characteristics they needed for their systems,
even though they may have needed fewer of them. The Incremental
subjeccs, on the other hand, did not describe in as much detail the
manual characteristics implicit in their designs. Hence the dif-
ferences reflected in Table IX indicate a difference in sensitivity
to operator factors, rather than a difference in design. This added
sensitivity is of course essential to secure adequate consideration
of peisonnel requirements, and is the reason why elsewhere the
authors have suggested that the presentation of as much HRD as
possible (whether or not these serve to constrain design) is useful.

Differences between the Omnibus and Incremental groups are not
signilicant when one considers the number of test sets required by
subjects (see Table VII). The meen number of test sets for the
Incremental group is 6.0, while the mean number for the Omnibus
grour is 5.5. However, there are substantial differences between
the individual subgroups which will be discussed under guestion (2).

Another measure referred to in Section IT dealt with the number
and skill level of personnel estimated as required by subjects,
These will be analyzed in greater detail under question (6), whic -
asks how the engineer's manpower concept relates to his design; bu.
it is interesting to see whether the groups receiving different
amounils of HRD at the start of design also differ in terms of the
manpowWwer they reguire,

For this anslysis a manpower rating value was determined for
each subject. This was secured simply by multiplying the nuumber of
personnel the subject indicated that he required times the skill
level of those personnel, For example, if a subject said he needed
two 5-level and one T-level personnel to run his subsystem, he would
receive a value of 17 (2 x 5+ 1 x 7 = 17). Although this method of
quantifying manpower is highly arbitrary, it does serve to illustrate
major differences between the two groups.

Table X  lists the manpower values for each subject. When
the Kruskal-Wallis One-Way Analysis of Variance test (Siegel, 1956)
was applied to the dala, the results are statistically signiticant
at about the ,08 level (H = 3.5; H = 3.8% for .05 level). The
results suggest that the two groups e ndeed differentiated in
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SUMMARY OF MANUAT, DESIGN FEATURES

TABLE IX
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Subject Group System ‘type Number of
IManual Relerences
i
' X I-0 Semi-autcmatic 17
L -3 Semi-automatic 15
F I-N Automatic 25
Me I-N Semi-Automatic 13
Totel = TC, M = 17.5
Mo Q-8 Semi-automatic 43
Ma 0-S Automatic 58
K 0-N Automatic 50
W 0-N Automatic *
) * Incomplete Data
46
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TABLE X

SUBJECTS ESTIMATES OF MANPOWER REQUIRED

(FLIGHT LINE AND SHOP)

PR
Subject Group System Type Manpower Value* I
Pu——— r—a— P—
Y I-S Semi-automatic 18
5 1-S Semi-automatic 12
F I-N Automatic 20
N Me I-N Semi-automatic 22
Total = 72, M = 18,0
Mo 0-3 Semi-~-avtomatic 23
Ma 0-S Automatic 20
K C-N Automatic 52
w 0-N Automatic H
- 4

* Manpower value = Number x skill level.
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{:ems of the manpower they require. Again thL:> Omnibus group, which
received all its HRD inputs at the start of design, required osub-
stantially more and higher skilled personnel. One can hywothesize
that the greater amount of HHKD informatior prosided to the Omnibus
group at the start of design emphasized the importance of manpower
to the sutjccte of that group, end caused vaem to demand a larger
mrber of skilled personnel (despite the .act that most of their
subsystems were automatic).

The preceding analysis (Table X) was besed on the subyccts'
own estimetions of the manpower ttey felt they needed for tueir
systeme. In another analysis earh deslgr concept wes analyzed by
a human factors specialist not c¢u the #..dy team* and the number
and skill level of personnel wh .:h tlc* design concept would have
required was determined. In other wo-lis, this marpower analysis
was Independent of the subjects' own estimates. Table XI shows the
results of that analysis Tor the shop activity (all flight line
designs required the same number and skill level, one T-level, one
9-level).

Manpower required by Omnibus group designs was somewhat, although
not significantly, less than that required by Incremental group
designs, according to the Randomization Test for Independent Samples
(ciegel, 1956). This is in accordance with the hypothesis that
extensive HRD inforwiation plus stringent menpower requirements
supplied at tae start of design should result in more efficient
design (from the standpoint of MR requirements) than incremental
inputs end minimal manpower reguirements.

* Th> authors are grateful to Mr. E. A. Thompson of tne Bunker-Ramo
HBumen Factors Department, for performing this analysis.
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TABLE XTI

HUMAN FACTOR SPECIALISTS ANALYSIS OF
CIFFERENCE3 IN MANPOWER REQUIRED BY SUBJECT DESIGNS

Note: Table represents snalysis for shop activity only; all flight
line displays required the same number and skill level, ozne
T-level, one 9-level.

Subject Group System Type  Number ® _ ski11 (s) M zpower Value
Required = Level Req'd N x0)
Y I-S Semi-automatic 1x 5-level B 26
3x7T-level -
L I-S Semi-automatic 2x7-level 23
1x9-level i
F f-N Automatic 2X 5-]evel _ 31
3xT-level -
Mc I-N Semi-automatic 1x5-level - 26
3xT7-level
M = 26.5
Mo 0-5 Semi-automatic 1x5-level _ 32
4k xT7-level =
Ma 0-5 Automatic 1x5-level _ 19
2 x7-level = ‘%
K O-N Automatic 2% 5-1evel = 10 3‘3
‘W 0-N Automatic b xT-level = 28 %
::5}’
M = 22,5 £
:;::‘;.?ﬁ
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2, Will quantity constraints procduce different =ffects on design
than quality constraints?

Question (2) asks vwhether there are differences between the
subgroups, regardless of the major group treatments. In other words,
regardless of the amount and timing of HRD inputs, are there dif-
ferences between subjects receiving the skill restriction (design
only for 3-level personnel) and those receiving the quantity
restriction (design for a maximum of two men). A comparison must
therefore be made between I-S and 0-S subjects on the one hand and
I-N and O-N subjectes on the other. To make these comparisons the
reader should refer to Tables VII, VIII and IX.

In Table VII the measure of interest is the number of test sets
required, In both Omnibus and Incremental groups the mean number of
test sets requiicd by subjects receiving the skill restriction is
substantially greater than that required by subjects receiving the
number or quantity restriction. However, this difference is
statistically significant at the .17 level only (using the Randomi-
zation test for two independent samples (Siegel, 1956).

In Teble VIII,comparing the manual design features inciuded ir
subjects' designs, the differences between the sup-groups appears
to be submerged by tae over-whelming effect o7 the differences in
amount and timing of HRD information provided. In any event, the
fact that only incomplete data are available for one of the subjects
of the Omnibus group makes a statistical comparison highly tenuous.
Neverthelees, the differences are statistically sigrnificant at the
.116%eve1 (Randomization test for two independent samples (Siegel,
1956).

In Table IX, differences in manpower required by subjects to
run the subsystems designed, major differences are found between the
groups constrained by skill and tnose constrained by personnel
number. Skill-restricted engineers tended to require fewer and less
highly skilled persomnel. This is in accordance with the manpowe::
requirements imposed on these subjects. The differences are statis-
tically significant at the .09 level (Randomization test for two
independent samples (Siegel, 1956)).

There appears then to be some quantitative evidence that types
of MR constraint produce differential effects on design responses,
but further investigation is required if a definitive answers is
to be given to this question.

Qualitative data are also available from responses to question
number 6 in the fourth sessicn. This question asked subjects

generally how they would trade off skill against quantity of personnel.

The respouses given were as follows:
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Y: Skill level can compensate for numbers, but not vice versa.

L: Must be designed for the lowzct level of personnel, but
reising skill level does not compensate for lack of
rersonnel in operational systems,

F: Would prefer to see syscems operated by & lesser number
of skilled pecple and pelieves that skill can compensate
for number,

Mc: Fewer skilled people are "greatly preferable" to numerically
more unskilled people.... Too many uaskilled people are a
burden on the skilled people because they must supervise
and train the unskilled.

Mo: Similar to Y's response above.
Ma: ©Skill is the most important factor.

X: "How much work do I have to do is how many hands I need"
is the factor which allows him to arrive at how many
"hands" he would need because of simultaneous jobs. Then
"you look at whether you can reduce the number of hands
vith higher skill levels or design changes."

W: Skill can replace number.

It would appear then that although engineers do not view skill
and number as a black and white dichotomy, most of them assign a
higher priority to skill; and, faced with a qua.ntity/qum.ity tradeoff,
would almost always opt for higher quality.

3. Will the imposition of MR comstraints affect equipment charac-
teristics after the basic design concept has been developed?

The responses made by subjects to the manpower requireme:.is
added in session 3 indicated quite positively that these requii -ments
did or would influence design. Table XII indicates that six of .t
eight subjects would change their designs in various ways. However,
the influence of these added requirements was only moderate, because
of the well known resistance of engineers to modifylng their design
once ic has been fully conceptualized. The results of session 3
indicate once more the potential influence of stringent personnel
requirements oM the design process.
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TABLE XIT

DESIGN CHANGrsS RESULTING FROM ADDITION OF MR CONSTRAINTS

Type of MR ' 'I_‘y;e of Cha.nger '
Constraint No Simplify ‘lore More Not
Subject Group Added Change Design Manual Sophisticated Specified

4 I-S N X

L 1.8 N X

F I-R S X

Mc I-N S X

Mo 0-S N X

Ma 0-8 N X

K O-N S X

W O-N S X
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The following characteristic responses were made: "I might be
able to simplify my cesign somewnat"; "would probably give more
attention to automatineg che system than I did originally”, because
of "number of functions to be performed" and “"limited time to be
performed in"; "system would change to be a bit more mapually
oriented" (in order to accorplish the continuity testing he would
simplify his checkout equipument); "would add more sophistication
.0 my equipment”; "would reduce the atount of information fed back
to the technician on the flight line and place more emphasis on the
thop personnel",

There appear to be no significant inter-group differences in
effect of adding MR constraints,

4, Will the removal of MR constraints affect equipment character-
istics after the basic design concept has been developed?

Tn gerieral, the removal of the MR coastraints once the system
had been designed to personnel restrictions did not cause the engineer
to modify his design. Six of the seven subjects recponding (one
refused to reply) indicated that lifting the MR restrictions did not
influence their design. One subject reported that he could now 'get
by with a simpler system with lower cost," etc., The system would
be more manual, ie, "more buttons to push". He could proceed to a
lovwer level of maintenance and component replacement.

5. Which HRD inputs are preferred and actually utilized by engineers

and at what stage of development?

It is obvious from the results discussed previously that MR
constraints, viewed as a type of HRD input, are utilized by engineers

and do influence their design to a certain extent. Is this true of
other HRD inputs?

Two sources of data are available relative to this question. At
the conclusion of the design period a number of paper and pencil
tests were administered to subjects (described in Meister et al.,
1969), one of which (HRD Inputs Test) sought to cetermine at what
stage of system development various HRD inputs would be most accept-
able to engineers, The results of that test, expressed in terms of

frequency of engineers preferring to receive inputs at various times,
are shown in Table XIII.

The X2 technique was applied to determine whether the distri-
butior of subject responses among the four time periods varied
significantly from chance. The distribution of six of the data
items was significant at the .05 level or better.
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TABLE XIIT

PREFERENCE FOR HRD INPUTS AT SYSTEM DEVELOPMENT STAGES

In RFP At Start
or ofi’ During
Initial During Detail Detail 5
Information SOW Predesign Design Design X P

1. Maximum number of person-
nel for which equipment is T 1 17.0 .00
to be designed.

2. Description of jobs

personnel will have to 6 2 12,0 .01
perform.

3. Personnel skill level. 6 2 12,0 .01
i, Type and length of train-

ing personnel will have. 4 3 1 5.0 NS
5. Amount of experience

personnel will have, b 3 1 5.0 NS
6. Duration of each

personnel job, 5 2 1 7.0 .10
7. Rumber of personnel to

be made available to run 6 1 1 1.0 .02
system.

8. Type of personnel to be

made available to run 6 1 1 11,0 .02
system.

9. Cost of training personnel. 3 1 1 3.5 NS
10. Manpower life cycle cost. U4 1 1 5.0 NS
11. Probebility that personnel

will make certain kinds of 2 6 12,0 .01

errors.

12. Equipment characteristics
required by personnel charac- 4 3 1 540 NS
teristics or tasks,

13. Criticality of tasks per-
formed by personnel,

14, Difficulty level of tasks., 1 2 1 1 3.0 NS

5 2 1l T.0 .10
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For those items which reflect little consistency on the part
of subjJects and are relegated to later stages of system development
(ie, cost of training personnel, manpower life cycle cost, difficulty
level of tasks), subjects indicated that these itums are of little
importance in the performance of their design tas.:s; hence they are
not concerned with receiving this information imwediately. Indeed;
certain subjects refused to respond to a number of items on the
ground that the item waes an Air Force responsibi.ity and not a
contractor responsibility.

The following items of personnel informatior are, however,
desired as tscon 2s possible:

T T WY SR, T

[ ad

) Meximum number of personnel for which cquipment i3 to be
designed;

2) Description of jobs personnel will have to perform;

3) Personnel skill level;

4) Number of personnel to be made availablie to run the system;

5) Tvpe of personnel to be made availab’e to mun the system.

PN NN ~~
H

In general it cax be seid that engineers prefer 1o receive as
much BERD information as possible. Corroborating data can be found
in the verbal responses of Incremental subjects in the third session.
Two reported that they do not ordinarily receive this type of infor-
mation; of the other two, one said that the ordi.arily expects to
have to "generate” this kind of information on his own, wiile the
secornd said he "would almost have to receive this kind of information
to do the jobt decertly."

Another individual in session 3 indicated 1! it presentation of
HRD informetion earlier in the design time frame would have allowed
him to reach his design decisions earlier and earier.

It is important to note that engineers respo.d primarily to
inputs phrased as design requirements, and hence, with the exception
of MR, HRD inputs held little value to them. At the same time
engineers want to see as much information as poseible, so they can
pick and choose whatever they wish from iv.

In general, even when the engineer says that he Goes rot use
personnel inputs, they create a context or bias Lowarc one kind of
solution or another. If one wishes, then, to have engineers pay
more attention to personnel factors, it is desirible to provide them
with considerasble HRD information.

AT
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6. How does the engineer's concept of manpower for his system
relate to his design and how dces Lhis concept relate tO more
objective methods of predicting marpowe:i

It was possible to secure manning estimates from all but one
subject as the conclusion of session 1. These are shown in Table XII
beiow, together with revisions made dur.ng the course of their
design. F stands for flight line, S foi shop.

Examination of Table XIV reveals s-me interesting differences
betwer::. the Omaibus and Incremental groups. The Incremental group
unapnimously postulated two men for the flight line and two for the
shop. These were at the 3 or 5 level (with only one exception, a
T-level for the shop). Changes in Incremental group manning as a
result of new ERD inputs were minor.

In contrast the Omnibus group postulated samewhat higher numbers
of men required, particularly for the shop. A compariscn of Incre-
merital vs. Omnibus estimates for shop manpower (quantity) alone,
using the X2 technique, reveals that the difference is significant
et the .06 level., Skill levels were also somewhat higher. The larger
menning required by Omnibus subjects is attridbuted to their greater
sensitivity to the "customer's” interest in personnel factors
(resulting from the large mwmber of HRD inputs presented et the start
of design). The distribution of (revised) skill levels, broken out
by group and by type of system designed, is shown in Table XV. .

The following conclusions appear warranted:

l. Engineers can develop estimates of the manning needed for
their systems, but in a number of cases these estimates are not very
precise, It is apparent that they need expert help in developing
these estimates.

2. Engineers feel that a higher level of skill ani more personnel
are required in the shop situation, prim.rily because they conceived
more manual, troubleshooting functions teing performed in the shop.

3. Manpower estimates, as the engiieer sees them, seem to be
more highly related to the type of subsystem he designs than to any
imposed personnel constraint based on questions following design
sessions. Flight line estim~tes of skill varied s gnificantly (at
the .05 level) from what was required by she skill constraint.

One would 2xpect the automatic subsystems would elicit estimates
of fewer personnel or lower skill level, vut this hypothesis was not
reflected in subject estimates. For example, there is a clearcut
difference between skill levels predicted for semi-automatic and
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automatic subsystem designs with automatic designs requiring higher
skill personnel. This is particularly marked at the shop level,
vhere the distribution of skill levels estimated by subjects varied
significantly (at the .02 level)} from what would have been expected
on the hasis of the skill constraints.

These results are similar to those found in the study by
Meister et al., 1968, in which a wide discrepancy between type of
system designed and manpower requirements was also found. The
question can therefore be raised as it was in the previous study
vhether designer estimates of required manpower are realistic,
despite engineers'! insistence that estimated manning is actuaily

essential to operation of their systems,

4, It is noteworthy that the MR limiting manpower to two wes
violated in several instances, the designers either ignoring it or
classing it as unrealistic although in general it was compiled with.

An unanswered question is whether the number restriction to two men
was actually effective in those cases in which this number was not
violated, or whether the nature of the system desigred was such that
for these system designs only two personnel were needed. Engineers
feel that they are responsive only to the nature of the .ystems they
design, although other evidence (discussed urnder question (2)) suggests
that they are unconsciously infiuenced by MR.

It is interesting to note also that compliance with the personnel
quantity restriction was far greater than compliance with the skill
quality restriction. This may be related to the engineers' well
known difficulty in understanding the meaning of the skill require-
ments. Certainly skill estimates were more difficult for engineers
to develor than were the number estimates,

5. 'The skill level requirementv restricted manning to 3-level
personnel. It is significant that elmost all subjects violated this
restriction. If one compares the skill levels estimated bty subjects
who were skill restricted with the skill levels estimated by subjects
with the quantity restriction, there is some evidence (of a tentative
nature only, of course) that subjects on whom the skill restriction
was imposed had fewer higher level skills even when they violated the
requirement. From that standpoint it can bc sald that the skill
level restriction was somewhat effective,

6. An independent estimate of the manning required for this
subsystem was performed by a Bunker-Ramo human factors specialist#*
not involved in the project and using only the basic SOW (excluding

¥ Mr, E, A, Thompson of the Bunker-Ramo Human Factors Department

——— o s
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DISTRIBUTION OF ESTIMATED MANPOWER BY GROUP,

TAELE XV

MAINTENANCE AREA AND SUBSYSTEM TYPE

Skill Level by Group

Flight Line Skills Shop Skills

3 5 T 9 Total 3 5 T 9
I-S 2 2 4 3 1
I-N 1 3 I 2 2
0-5 2 2 L 2 1
O-N 1 2 1 i 3 4 2
Total 6 9 1 16 3 8 7 2

Skill Level by System Type
Flight Line Shop

3 5 1 9 Total 3 5 1 9
Semi- Semi~
Auto 2 3 8 AS.%%- 3 3
Auto.| 1 7 1 9 Auto."{ p 4 2
Total 6 210 1 17 3 8 7 2

¥ Includes one "Don't know" response.
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any personnel requirements and information) as the basis for his
estimates. Manning was estimated for both automatic and semi-
automatic configurations, as follows:

Automatic Semi -Automatic

Flight Line -« 2 men, both Flight Line - 2 men, one 5, one
5-level T-level

Shop - 2 man, both Shop - 2 men, both T-levzl
T-level

‘ It chou'd be noted that the skill levels estimated by the human

S factors specialict agree far more with Omnibus group estimates than
they do with Incremental estimates (see Table XVI). If we take the
independent estimate as the "true" manpover required by these sub-
systems, the violation of the skill constraint by the Omnibus group
is now much more understandable. If we assume the estimates made
by the independert human factors speclalist are more realistic than
that permitted by the skill constraint, then the Omnibus group
subjects were realistic in violating the skill constraints imposed

. on them. It is possible that in violating the skill constraint to

} a greater extent than the Incremental group, the Omnibus group was

i reacting to the additional HRD information they possessed, which

t; suggested an increased task complexity.

TABLE XVI

COMPARISON OF THE DESIGN ENGINEERS ESTIMATE
OF SUBSYSTEM MANPOWER WITH HUMAN FACTOKS AMALYSIS
OF SUBSYSTEM MANFOWER REQUIREMENTS

Dt Des%ﬁnﬁ'lé}%ﬁgggr's Human Factors Analysis
signe =
\ gnex Quantity | Skill "Value" || Quantity | Skill "Value"
: Y N 18 6 L2
L b 12 5 39
F i 20 T b7
; Mc h 22 6 4o
§ Mo 5 23 T k9
Ma 2(inc) 10(inc) 5 35
; K 8 52 L 26
b W 3(1inc) 17(inc) 6 Ly
g Average 4,5 21.7 5.1 45.0
£
!
:
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7. A comparison of subject manpower estimates with those
produced by more objective means (eg, Barton et al., (1964) queuing
model) is discussed in Appendix III.

What can one conclude from this examination of manpover estimates?
It cannot be said that the personnel restrictions imposed were out-
standingly successful in forcing engineers to work within these limits.
In some cases engineers felt the restrictions were unrealistically
stringent and could be complied with only by forcing a very costly
design. Others did not express this opinion.

The authors would like to offer an hypothesis at this point. I%
is that engineers do not respond explicitly to personnel requirements
(or, for thet matter, to equipment requirements), but only in a
general way. It will be recalled that six of the eight subjects
reported that the personnel requirements did influence their design
(and by extension their manpower estimates). On the other hend,
when question2d specifically about the influence of personnel
requirements, lhey did not feel that these requirements played a
major role in their design, pointing to reliability, system complexity
and turn-around time requirements as the basic factors influencing
their designs. The fact that a personnel requirement is imposed on
engineers dces not mean that they will necessarily design to the
letter of those personnel limitations, but that they will take the
personnel factor into greater account than they would if no personnel
requirement had been imposed at all. This would account for their
violation of manpower limitations in their estimates, and at the
same time for the fact that subjects restricted to a lower skill level
had lower skill level estimates than those not so limited. From that
standpoint the existence of a personnel constraint serves as a sort of
benchmark to the engineer, who then tends to work within the general
area of the mark even though he may deviate from it upon occasion.

The same element may be present in the presentation of HRD inputs.
Regardless of the attention paid by engineers to specific HRD items,
they still view the existence of the inputs as evidence that the
procuring agency wishes them to pay more attention to personnel factors
than they would otherwise. From that standpoint, too, the more HRD
infoimation supplied to the designer, the more conscious he will be

of the need to consider personnel limitations in his design.

Admittedly the fact that specific perscnnel requirements have
only & general effect on design is somewhat frustrating, but it
represents rether accurately, more so than the vague geaeralities
sometimes expressed in articles on the design process, the manner
in vhich the engineer designs. Specific hardware requirements, like
reliability, do have a more measurable effec  hence a seemingly
greater effect), but even with such specific hardware requirements,
the range of responses one finds (as was discovered in the 1968
study) indicates that hardware requirements are not completely
effective either.
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RECOMMENDATIONS

It appears quite clear now, as & result of the present study and
the one preceding it (Meister, et al., 1968) that HRD inputs supplied
to design engineers incrementally, following the issuance of the RFP/
SOW, will have 1little, if any, effect upon the design concept. The
basic design concept is largely fixed wivhin & short time after the
1 issuarce of the SOW. Although there is no guarantee that the engineer
3 will use HRD inpucs even when they are presented uuder optimal condi-
tions, it is quite clear that the present method of supplying them
incrementally reducee the probability of their being used.

Moreover, if the human resources specialist expects any consider-
- ation to be given by the engineer to his inputs, these inputs must
é be phrased as design constraints, they must be comprehensive and ex-
pressed in such a way that the engineer understands the design impli-
; cations of these iugputs.

] The situation is by no means as bleak as the preceding paragraphs
3 might suggest. Phrased properly and provided on a timely basis,

HRD inputs do exercise some influence on design. The more design-
relevant these inputs are, the more influence they have.

Y

The problem is one of being able to supply mesningful Human Resources

]
1 design relationships. If appropriate personnel inputs (i.e., mean-
f ingfully related to design) are supplied tc the engineer, he will use
them. The format of the inputs is less importaat then thelir content.
At the very least the RFP and the SOW must include the following:
hf? (1) Descraption of the manning structure for which the equip-

ment is to be designed. Requirements must be specified for:

\ (a) Maximum number of operating/maintensnce personnel allow-
ed to be in the crew by Job position. It should be clearly specified
that any system configuration requiring personnel in addition to that
number will be unsatisfactory.

(b) Maximun skill level allowed for each job position.
This skill level should be related to the specific taske to be per-
formed by personnel in the new system.

(c) The function and tack cspabilities of these personnel.
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(2) The design implications of the above must be clearly
expressed.

Although a few procurement documents do include information on
the manning scructure for new systems, none of them indicates the
design impiications. Indeed a mejor weakness of human resources
support data (SD) is that few, if any, design deductions are drawn
from the task, time-line and QQPRI analyses which make up those
data.

Additional research is needed regarding a number of picblems.
(1) Methods are needed for determining early during the conceptual
phase of a system the "likely" manpower force to be available during
the time period when the system would become operstional. This
"ikely" force would be derived from sources such as phzased out
systems, career personnel, new emwistees and current training
courses. (2) Techniques are needed for comparing the "likely" force
with alternate forces of varying quantities and skill distvributious
and determining their impact on the cost, capability, rel.ability,
availability, etc. of the system. Ultimutely a "desired" manpowe™
structure would be proposed for the system. (3) The design impli-
cations of manpower requirements need to be fully developed, s0
that the design concepts and characteristics which will yield the
"desired" manpower force can be specified in the contract stetement
of work. For this research to have maximum validity it shouwld study
the performance of personnel at operational sites in relatiorn to the
design concepts of the system. (U4) Methods are needzd for pcriodi-
cally testing the design during conception and development for

compliance with the nampower requirament constraints. (5) In additior.

to these improvements in HRD methodology, a document is needed which
could be used to supplement the SD analyses by specifying their desier
implications. Such a document would then be used not only by the
human resources specialist to make design recommendations, bi-t also o
the Air Porce manager and engineer to extrapolate the HRD inputs
provided to specific design relationships.
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APPENDIX 1

ABBREVIATED SCENARIO OF EQUIPMENT AND PERSONNEL
INPUTS PROVIDED TO ENGINEER-~SUBJECT

NOTE TO THE READER

The length cf some of the equipment and personnel inputs provided
to engineer-subjects in this study is so extensive that to have included
all inputs in their entirety would have made this report extremely
unwieldy. Consequently, less important inputs have been compressed by
reproducing oaly that material which is illustrative of the general
character of the input. Inputs considered by the authors to be of
major importance have been reprodiiced in their entirety.

Where the purpose of a particular input or part of an input may
have been unclear without additional explanation, explanatory material
has been added in brackets.

INTRCDUCTORY SESSION

Instructions for Participating Engineers

The United States Air Force, through a contract with the Bunker-
Ramo Corporation, is conducting a study to determine how engineers make
use of the information they are given (or develop themselves) to design
3 a subsyetem. Since any subsystem is composed of two basic elements,
;- equipment and people, ws assume that the engineer has available to him

ry

two kinds of information: information about equipment requirements,
characteristics, functions, etc; and information about or relevant to
the personnel who will operate and maintain that equipment.

The Air Force is interested in the engineer's use of both types of
information, but it is particularly interested in the use made of
personnel information. The reason is that although the engineer is
accustomed by training and experience to using equipment information,
personnel informstion may be relatively unfamiliar to him. The Air
Force is interested in finding out if the personnel information it
supplies to the engineer is used by him, and especially if that infor-
mation makes a difference to the overall subsystem design.

To answer these questions, it is necessary to present this infor-
mation in the context of the development of subsystem. Short of
actually conducting the study during the development of actual equipment,
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which would take an excessive length of time, the only other way of
creating a developmental/design context is to reproduce or simulate the
development of a subsystem in & highly abbreviated form. This simula-
tion will naturally have to be of the paper and pencil variety. However,
this does not concern us too much since we are interested in studying

the very early design phases, befcre detailed drawings are made and
equipment fabrica'ed.

What we have done is to take an already developed (operational)
subsystem, extract the items of information used in its development and
arrange them in a sequence which corresponds to the way in which they
were actually used to design that subsystem. The subsystem selected by
the Air Force is the ground maintenance subsystem for an air-to-ground
missile carried by a B-52 bomber. The reason you were selected as

subjects for this study is because you have helped to design similar
ground maintenance subsystems,

Obviously, such e maintenasnce subsystem is a very large one, and it
would be impractical to ask you to try to design the entire subsystem.
What we have done is to ask you to consider in your design only the
electrical components of the ground meintenance equipment. Consequently,
ve have arbitrarily simplified the subsystem by ignoring certain equip-
ments and operations which you, who are experienced in the design of
such subsystems, will obviously note. Do not be disturbed by this. The

subsystem is supposed only to represent maintenance subsystems in
general,

At the close of this introductory session you will be given design
statement of work which contains certein equipment and personnel re=-
quirements and information. On the basis of these design requirements,
plus additional information which you will receive at the start of each
subsequent session, you will design a ground maintenance subsystem
which best meets the requirements in your statement of work.

Since you are performing a conceptual design study, we ask you to
consider three possible design concepts: one appropriate to a manual
system, one for a semi-automatic system, one for an automatic system.
Although any definition of these terms can only be loose at best, we
define a manual system as one requiring a rather extensive involvement
of personnel in the system operation. An automatic system is one which
requires relatively little personnel involvement, and & semi-automatic

system involves equipment and personnel functioning in about equal
amounts.

We ask you to consider the design requirements in terms of all
three system configurations and to describe the system you would design
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if you decided to go automatic, semi-automatic or manual. We will also
ask you to trade off the various equipment and personnel factors involved
in each configuration and tell us why you selected a particular con-
figuration as being the best. You will also tell us which items of
information you found most useful and why.

Since we will have only 4 working sessions, and since designing a
complete subsystem is a big job, we will ask you to go into only enough
detail to indicate the general cheracter of the equipment you would
design or purchase. We particularly want to know such things as:

(1) How many and what types of equipment (both special purpose and
off-the-shelf) will be used by system personnel;

(2) The outstanding characteristics of that equipment and how
they are intended to function;

(3) How the equipment will be used by personnel;

(4} How many men and of what type will be needed to use the
system,

You will not be asked to develop detailed equipment drawings. How-
ever, you should sketch any equipment to be designed in enough detail
to let us know vhat you have in mind.

One thing I should emphasize. The questions we ask and the tasks
we ask you to perform are not tests in the conventional sense of the
work. The word "test" suggests that only one correct response can be
made to these design problems. In these design problems there are no
correct or incorrect answers, because only you cen tell us what the
correct answer should be, For this reason it is most important that,
although we cannoct completely provide all the conditions under which
you ordinarily design, you respond to these problems in the way in
which you would ordinarily solve zn actual design problem. Remember
that the value of the information you provide depends on how accurately
it reflects the way you ordinarily design on the job. Remember also
thkat this is not a test of your ability, although we want you to do
your best. We would not have selected you to do this work if we did
rot think you could do it.

We will probably meet once a week and the schedule will be adapted
to your convenience. Between our sessions you may, if you wish, refer
to the inputs you have been given. However, this part of the study is
rurely voluntary. During your sessions and in the interim, you may
consult anyone inplent from whom you wish additional information. We
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do ask one thing of you, however; do not confer with your fellow parti-
cipants in the study on any aspect of the study. To do so would
seriously reduce the value of the results.

Are there any questions?
Here is the Statement of Work which you as the project engineer for
the AGM-X ground maintenance system will have to work to. We would like

you to take it with you and to examine it carefully. PFlease bring it
with you when you return for the first session.
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STATEMENT OF WORK

AFROSPACE GROUND EQUIPMENT ( ELECTRONICS)
FOR MAINTENANCE OF THE AGM-X

1,0 PURPOSE AND SCOPE

1.1 ose

This statepent of work (SOW) establit s the requirements for the
conceptual design of the ground maintenance equipment for the AGM-X
system, including any peculiar checkout, maintenance and test equipment
required. The AGM-X system is a short range attack missile which con~
sicts of the AGM-X air to surface missiles including nuclear warheads,
B-52G and H carrier aircraft avionics equipment (CAE), carriage/launching
mechanisms, support and training equipment, facilities, dats and
personnel.,

1.2 System Description

l.2.1 Mission

The operational mission for the AGM-X carrier/missile weapon
system is oriented toward the strategic objectives of the nation's
general nuclear war forces.

The details concerning the concept of weapon system deployment,
system performance and capabilities, and program scheduling, are
classified.

l.2.2 Carrier Alrcraft

The B-52CG%H aircraft can carry eight missiles internally on a
rotary launcher with four MK-28 bombs in the bomb bay, and 12 missiles
externally (six per pylon). Carrier avionics incude the bombiag
navigation equipment, an inertial measurement unit, a master computer,
the radiating site target acquisition system (RASTAS), and controls
and displays necessary for the operation, control and launch of the
ACGM-X missiles. (Location and descriptions of these squipments are
provided in the Appendix.)

1.3 Scope

The contractor shall conduct feasibility or trade studies for the
design of an electronics checkout subsystem required to perform a
complete operational check of missile and CAE electrical systems,
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including the maintenance functions of malfunction isolation, calibra-
tion and checkout of malfunctioning AGM~-X nissile system components and
subassemblies, The MGE requirements presented herein are limited to
electrical/electronic equipment necessary for indirect field site sup~
port of the various system checkout and lsunch functions performed by
OGE.,

1.3 Scope

The contractor shall conduct feasibility or trade studies for the
design of an electronics checkout subsystem required to perfomm a
complete operational check of missiles and related CAE systems, in-
cluding the maintenance functions of test, malfunction isolation, cali-
bration and checkout of malfunctioning AGM-X missile system components
and subassemblies. Based upon these feasibility or trade studies, the
contractor shall select, describe, and design the optimum system for
satisfaction of system design goals.

The Maintenance Ground Equipment (MGE) requirements presented here-
in are limited to electrical/electronic equipment necessary for indirect
field site support of the various system checkout functicns.

1.3.1 Assumptions and Prerequisites

1.3.1.1 For AGM-X, the conventional three levels of maintenance will be
used and will be compatible with existing maintenance proce-
dures and facilities.

Organizational maintenance down to the lowest replaceable unit
will be performed by teams and specialists on the flight line
and in the hangar. Flight line functions include removal and
replacement of carrier aircraft equipment, installation and
removal of single missiles or launcher/missile packages, inte-
grated checkout of carrier and missiles and installation/
replacement/exchange of warhead. Organizational level functions
in the hangar include missile checkout, removal and replace~
ment of missile components, missile insiallation and removal
from launcher, and installation/replacement of warhead,
Missiles will be repaired by removal and replacement of

modular units after testing with a fault locater., Missiles

are removed from the operational cycle for test and checkout
only after onboard carrier tests show a malfunction. Periodic
maintenance consists of a pre-flight and post-flight inspection
on the carrier and replacement of time change items such as
missile battery and cartridge-activated devices.
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l.3.1.3

1.3.1.4

10301.5

1030106

1.3.1.7

1.30108

Meintenance fimctions to be performed at the field site repair
shop will include malfunction isolation, calibration and check-
out required for the repair of faulted subassemblies which have

been removed from airborne and ground systems for repair and
callbration.

(Eliminated)

MGE shall be available for malfunction isolation, calibration
and ckeckout in the field site repair shop.

Where required, calibration capabilities shall be specified
for instruments and MGE. '

Items of MGE shall be of such variety and gufficient quantity
to perform the maintenance functions required to fault isolate
and restore to operating concition, AGE and airborne items of
electrical/electronic equipment which are designated field
repairable,

Electrical/electronic MGE is required to provide a meaus for
functionally verifying the signals from the missile/pylon/
launcher interface to the CAE subsystems. The following
capabilitites must be included in the MGE: °

(a) Verify the programmed events in a predetermined chrono-
logical, timed sequence and supply the resulting signals
to the umbilical interface.

(b) Verify the status of prerequisites to each event.

(c) Respond in a predetermined manner to hold and recycle
functions.

(d) Verify correctly programmed stimuius signals and eval-
uation of vehicle responses during vehicle checkout.

(e) Verify correct evaluation of vehicle discrete and analog
functions which are used to determine vehicle readiness
status.

1.3.1.8.1 In addition to the MGE required to accomplish the above

functions, a simulation device will be required which will
allow CAE equipment to be functionally checked without
missiles/launchers/pylons being present. This simulator
shall have the capability of electrically simulating missiles,
launcher, and/or pylon functions
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1.3.2 Requirements

The contractor shall emn~nre that at a minimwm the following aspects
are considered in these tradz studies:

(1) Cost (Hardware costs only)

(2) Eguipment maintainability (see paragraph 8.0)

(3) Equipment relisbility (see paragraph 7.0)

(4) Number and type of personnel required (see paragraph 5.0)

(5) Performance efficiency

(6) safety

The trade studies will analyze three alternative equipment configur-

avions: manual, semi-automated and automated, and document the reasons

for selection of the contractor's chosen alternative.

2.0 Applicable Documents

General - The following documents form a part of this specification
to the extent specified herein. In the event of conflict between the
requirements of this specification and any document referenced herein,
the requirements of this specification shall govern. References in the
following documents will be considered only as a guide,
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Technical Orders

T. 0. 00~20K(series) -

Manuals
AFSCM 80-3
AFscM 80-6
AFsCM 80-8
AFsCM 80-9
AFSCM 127-1
AFSCM 375-5

Specifications

Militery
MIL-T-152B
MIL-S-8512B
T2

- LN <okl e
sz 5 s B R ARG

Inspection and AGE Control,
USAF Equipment

Handbook of Instructions
for Aerospace Personnel
Subsystem Designers

Handbook of Instructions
for Aerospace Ground
Equipment Designers

Handbook of Instruction
for Missile and Space
Vehicle Design, Vol. 1
Ballistic Missiles

Handbook of Instructions
for Aerospace Systems
Design, Vol. 1 General
Design Criteria

System Safety Management

Systems Engineering
Management Procedures

Treatment, ,Moisture - and
Fungus-Resistant, of Com-
munications, Electronic,
and Associated Electrical
Equipment

Supp. & Equipment, Aero-
nautical, Special, General
Specification for the
Desig. of




Standards

Federal

Military

MIL-S-38130

FED-STD-595

1 Feb. 1961

MIL-STD-143

MIL~-STD-454A

MIL-STD-808

MIL-STD-210M

MIL-STD-1472

MIL-STD--T0

73

Safety Engineering of
Systems and Associated
Subsystems, and Equipment,
General Requivements for

Colors

Specifications and Stand-
ards, Order of Precedence
for the Selection of

Standard General Require-
ments for Electronic
Equipment

Finishes, Protectives »
and Codes, for Finishing
Schemes for Ground and
Ground Support Equipment

Climatic Extremes for
Military Equipment

Human Engineering Design
Criteria for Military
Systems, Equipment and
Facilities

Maintainability Program
Requirements (for systems
and equipments)
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3.0 Engineering Inspections

3.1 Preliminary Design Review

The contractor shall conduct & preliminary design review not later
than 60 days subsequent to award of the coatiact. This review shall be
in accordance with AFSCM 375-5, and shall be subject to approval of the
AGM-X Project Office.

3.2 Critical Design Review

The contractor shall conduct a critical design review 180 days after
awvard of contract., This review shall be in accordance with AFSCM 375«5,
and shall be subject to approval of the AGM-X Project Office.

3.3 Final Acceptance

Final acceptance of the contractor's work shall be indicated by
accomplishment of a DD Form 250 reflecting the technical acceptance of
the designs provided by the contractor and completion of all contractual
requirements as specified in this SOW and associated documents. In the
event there are exceptions to the acceptance reflected on the DD Form
250 or attachments thareto, the contractor shall be required to correct
all exceptions as specified within the time limit mutually agreed upon
during the execution of the DD Form 250.

k.0 Performance Requirements

4,1 Checkout and Test Equipment

Support of the missile and associated carrier aircraft system shal.
be accomplished through She use of checkout equipment which shall enable
the operator to perform a gross operational performance analysis of the
system. Test equipment shall be identified as that required to perform
a more detailed analysis of the system down to Lhe lowest level of re~-
placement unit.,

4,2 Checkout and Test Time

The time required to connect the checkout and test equipment to the
missile a.nd/or associated missile-carrier aircraft system, warmup,
conduct the required tests, and disconnect the equipment shall be held
to a minimum, and in no case (other than malfunction correction) shall
exceed two hours. Lightweight cable assemblies and connectors, and
quick disconnects, shall be used in order to facilitate ease of handling,
connection and disconnection.
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4.3 Degree of Testing

The test method utilized shall employ the minimum number of tests
necessary to check out the missile and associated missile~carrier air-

?rafg system or isolate 2 malfunction to the lowest replaceable unit
LRU).

hh Test Tolerances

The extent of test tolerances shall be limited to that necessary to
establish realistic acceptance or rejection criteria for tne missile and
associated missile-carrier aircraft systems based on operational re-
quirements. The major test tolerances shall further be predicated on
the operational tolerances of the systems. The test equipment shall not.
be required to test to the design tolerances of the system, except in
instances where design tolerances and operational tolerances are identi-
cal and/or can be obtained without additional penalty.

4,5 Communication

Equipment shall be provided for communication between personnel.

4,6 Interconnections and Cables

The contractor shall give consideration to the utilization of the
interconnecting devices which are compatible with the missile, currier-
aircraft, and associated maintenance equipment. This will include
electrical, hydraulic, and penumatic interconnections, as well as hitches,
towbars and full servicing vehicle fittings. Interconnecting cabl.c
shall be provided as necessary to connect the test equipment to the
missile/aircraft system, and to any portable antennas, etc., that are
required for flight line maintenance. Cable lengths shall be sufficient
to permit positioning the checkout equipment so as not to interface with
normal missile/aircraft servicing during checkout of the system. Pro-
vicions shell be made for storing all interconnecting cables and other
accessories within the checkout equipment.

4,7 AGE Size and Weight

The contractor shall give consideration to the design of AGE with
regard to weight and size (refercnce MIL STD-1472). Checkout and test
equipment should be transportable by the minimum number of personnel and

should be capable of being carried aboard the aircrafi through existing
access 40Ors.
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4,8 AGE Maintenance

AGE shall be designed, wherever possible, to utilize non-repairable
(throw-away) components to facilitate ease of maintenance and to minimize
the requirement for detalled maintenance logistic considerations. The
contractor shall give consideration to the maximum utilization of the
modular concept in the design of AGE to facilitate fault isolation and
maintenance repairs within the AGE.,

L.9 Calibration

Electronic and electromechanical AGE shall be designed to permit
calibration at specified intervals. Test points will be provided to
permit calibration.

4,10 Flight Line Checkout and Test Equipment

The flight line checkout and test equipment shall provide the opera-
tor with the capability to asnalyze the functional performance of the
system, subsystems, and. components statically and/or dynamically with
the optimum degree of accuracy in test results. Utilization of standard
and commercial equipment is encouraged. Checkout ard test equipment
shall perform integrated system tests where integrated airborme systems
are utilized. Whenever a dynamic testing concept is employed, the AGE
shall be capable of vresenting test problems representative of those
encountered by the systems in operation in order to determine the system
performance level under normal environment. Testing, whether static or
dynamic shall be sufficiently comprehensive to anrlyze and isolate to
the LRU level, in the optimm period of time, the functional performance
of the airborne systems, Testing and monitoring displays shall be so
designed as to minimize interpretation by operators.

4,11 FElectronic Electrical AGE

Flight line electrical/electronic AGE will be designed to perform
the following:

(1) Verification of hazardous current safety when electrically
mating the missile or launcher/missiles to the carrier-
installed system.

(2) 1Inserticn and verification of mission data into the carrier
master computer prior to committing an aircrait to ~lert.

(3) Simdation of missile or missiles/launcher to permit integrated
test of carrier CAE prior to actual installation of the missile
or missiles/launcher.
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(%) Verificat' 1 of system integrity.
(5) Fault isolation to the Line Replaceable Unit level,

4,12 Shop Checkout and Test Equipment

The primary utilization of shop checkout and test equipment shall
be that required for the more detailed analysis of systems, subsystems,
and/or components that have been removed from the missile/carrier--
aircraft after being diagnosed as malfunctioning and placed in the
environment of the field shop. This type of AGE will enable t.e tech-
nician to test the airborne equipment to the lowest level of removable
units with the maximum practical accuracy. Periodic maintenance and
system overhaul shall alco be performed with shop checkout/test equipment.
This equipment shall provide the following:

(a) Performance of routine maintenance tests and complete
functional tests of line rejected units,

(b) Detection and location of malfunctioning module assemblies
of line rejected units,

(e¢) Facilities for the replacement, adjustment, calibration, and
repair of defective line rejected units.

(d) A self-checking capability for use in checking the shop check-

out and test equipment without the use of any ancillary test
equipment,

4,13 FElectrical Equipment

A1l electrical equipment shall conform %o the general requirements
of AFSCM 80~6 and specification MIL-S-8512 and shall be compatible with
the aircraft and missile systems. Electricel power equipment designed
for 400 cycles, 3 Phase, 208 VDC shall be compatible with the power
characteristics defined in specification MIL-STD-TO4. Electrizel systems
designed for operations on 220V, 3 Phase, 60 Cycles, shall be readily
convertible to 44OV, 3 Phase, 60 Cycles, without replacing componenets.
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5.0 Personnel Subsystem

5.1 Personnel Manning Requirements (for O-N Group)

Use of AGE for the maintenance and testing of any individual
system, subsystem or component of the missile and associated missile~
carrier aireraft shall not require more than two operators--one at or
in the aircraft and one at the checkout or test equipment,

5.1 Personnel Manning Requirements (for 0-S Group)

Equipment shall be designed to be operated by military technicians
with an Air Force Speciality Code three-level skill only (see Appendix
for definition of skill levels).

5.1 Personnel Manning Requirements (for Incremental Group)

Equipment Design shall minimize the quantity and skill level of
military personnel required to operate the equipment.,

5.2 Humen Engineering

As outlined in MIL-STD-I4T2, the contractor will apply human
engineering to hardware and system design to assure optimum operation
and maintenance, utilization of the human as a component in the system,
and reduction of tasks affected by human limitations to a minimum. This
will include human design considerations for maeintenance, operations,
commmnications, illumination, noise level, reliability, safety, climate
and environment (Ref., MIL~-STD-1472). Studies and recommendations will
be directed by AGM-X Project Office for the improvement of procedures
and design as inefficient operations situations are detected.

6.0 Safety

A1l designs shall incorporate maximum protection for operating and
maintenance personnel against hazardous conditions. Adequate provisions
shall be made to warn a.nd/ or protect personnel and equipment against
injury and damage. All designs shall be reviewcd by qualified engineers,

7.0 Reliability

The AGE subsystem shall have a minimum mean-time-between-failure
(MIBF) of LU0 nours wheu sperated under the environmental conditions
specified in Table I, Failure is defined as the inability of the AGE
subsystem to perform within the limits specified.
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8.0 Maintainability

The contractor shall establish a maintainability program in accord-
ance with applicable sections of MIL-STD-4T0 Maintainability Program
Requirements. The terms and definitions for maintainability not other-
wise described or delineated shall be in accordance with MIL-STD-T78.

As a design goal, the MGE of AGM-X shall incorporate factors that
enhance its ease of maintenance and accessability. The maintainability
characteristics equipment, inspection, servicing, test, replacement and
overhaul operations required to restore operational capability with a
minimm expenditure of time, men and materials. When necessary to
accomplich this requirement, special tools and service equipment shall
be identified. The inclusion of maintainability characteristics as an
inherent feature shall occur simultaneously with initial design and shall
be continuslly analyzed and controlled throughout the development cycle.
The equipment shall be designed so that the following system mean main-
tenance time shall not be exceeded:

Mean Corrective Maintenance Time (Myy), 1.0 hour within 3.0 hours
=1 o,
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Environmental
Conditions

Low temperature

High temperature

Temperature Shock

Humidity

Atmospheric
pressure
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TABLE XVII

ENVIRONMENTAL CONDITIONS

Storage, Trexsportation, and

Operation Handling Limits

~65° minimum ~80°F (maximum duration 2k
hours) followed and preceeded
by equilibrium at -40°F

125°F with a +160°F for U4 hours daily

daily maximum

of 160°F for

4 hours

Not applicable

5% to 100%
relative
humidity with
condensation
at 85C°F and
below

15.4 psia to
Tel poia

-80°F to +125°F within 5
minutes

Same as operation

15.4 psia to 1.68 psia with
maximum rate of descent of
5000 feet/min. and maximum
rate of ascent of 2500 feet/
min,

FURTHER REQUIREMENTS FOLLOW
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The following material was appended to the statement of work, It
vas available to the Omnibus group as part of the basic SOW, and was
provided as a separate input to the Incremental group in Session 3.

APPENDIX

The material provided in this Appendix contains information secured
from design analyses performed by the Air Force, It presents information
which the government feels will be useful in performing previously
specified contractual activities. The Appendix is, however, to be viewed

as being advisory only, and should not be considered as a contractual
requirement,
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DESCRIPTION OF THE AGM-X MATNTENANCE MAN

skills and a specific level of proficiency must be able to operate and
maintain the AGM-X weapon system, These airmen constitute a very critical
element of the system. An understanding of this element of the Personnel
Subsystem is essential to design of the AGM-X Weapon System.

‘ The System Specification establishes that airmen with certuin basic

To assist in defining what kind of individuals will be working with
the weapon system, the following discussion describes the skill level
codes used by the Air Force. Some historical information is also
E included.

Air Force career fields are identified by the first two numbers in
the airman's Air Force Specialty Code (AFSC), such as 43XXX indicates
Aircraft Mechanic, 46XXX indicates Weapons Mechanic. All officer spe-
cialties are explained in AFM 36-1 and all enlisted specialties are
explained in AFM 39-1.

Possibly, the most significant position in the AFSC designation
number is the fourth position, e.e., 46X3X or 3iX5X. The fourth number
establishes the skill level of the individual described by the AFSC,
This skill designator is the key to designing a weapon system which can
be maintained by the personnel spelled out. The skills assigned by the
specification and described in AFM 39-1 are very broad in scope. Seldom
do individuals qualify in all the required areas., Pressures of war,
enlistment rate, etec., more frequently than not will cause downgrading
of technical qualifications.

AIR FORCE MANNING ~ AUTHORIZED VS ACTUAL

The authorized numbers, and the skill level of the personnel to be
assigned to a given AF unit, are indicated numericelly as 3, 5, 7 and 9 )
level and can be translated as follows:

3 level - Helper/Apprentice

5 level - Specialist/Mechanic

7 level - Technician/Supervisor
9 level -~ Superintendent

A further translation is from indicated skill level to actual
technical experience and is approximated as follows:

3 level -~ A basic AF technical school plus one year maintenance
experience,
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5 level - A basic AF technical school plus training on a specific
weapons system plus one to five yearrs overall experience.

T level ~ Additional training and five or more years cxperience.
9 level ~ Additional training and 10 or more yeers experience,

After graduation from a basic techrical course, the three-level
airman will generally be assigned to work location at some operational
base. His job assignments will be primarily removing and replacing
components using technical manual procedures. The three-level alrman
is not permitted to deviate from procedures provided by technical manuals.

An airman with five-level skills has progressed through the three~
level skill in the same or associated career field. He will have com-
pleted two to three years of work experience at the three-level and
received some additional technical training and on-the-~job training.

Most sirmen holding a five-level skill have at <nded one additional
technical school which was oriented to a specific ».apons system. The
training course was probably one to two months in iength for elect:ro/
mechanicael fields and two to five months for electronics, and provided
specific information on operation, trouble analysis, checkout and repair
of equipment for wheih he will be responsible., Experience in the five-
level skill consists of trouble analysis, repair and checkout using
voltmeters, electronic scopes, and tape programmed checkout equipment to
take specific measurements. All activities of maintenance are directed
by technical manuels, but, in some cases, may require use of basic
theory for interpretation and analysis.

The five-level airman has been in the service three years, of which
approximately 10 months were taken up in training. This leaves a 26~
month period of time in which he could be considered actively engaged in
his "trade." However, because of non-technical military activities and
Air Force work load scheduling problems, the average direct labor man-
pover utilization rate is approximately 45%. When this 45% is factored
iuto the 26 months not in training, the total experience gained in both
the three-level and five-level skills is 11.7 months, In 84.6% of the
cases, the airman is not highly motivated toward a military career and
will take his discharge in one year.

An airmun carrying seven-level skills is very likely to be a
career alrman. He has been in the service five years or more and holds
the rank of S/Sgt. or T/Sgt.
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PERSONNEL AVAILABILITY

The personnel to be available at the beginning of AGM~X training
are anticipated to be from B-52 and B-58 units. The following personnel
and related experience levels are anticipated:

Missile Electronic Maintenance Technician

31650/XX 1 year experience on a similar or related missile system

Munitions and Weapons Maintenance Technician

46250/XX 1 year experience on a similar or related missile system
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PRELIMINARY QUANTITATIVE AND QUALITATIVE
PERSONNEL REQUIREMENTS INFORMATION (QQFRI)

Anslysis of the functional requirements of ground maintenance of the
AGM-X system has resulted in the following preliminsry descriptions of
the personnel needed to perform ground maintenance,

The following Air Force Speciality Codes (AFSC) are required for
performance of the integrated system checkout of the missile and carrier
aircraft equipment.

The integrated checkout team will consist of the following AFSC's:
1515B, 31650/XX, 46250/XX.

Lo 1515B. Operations Support Officer

The Operations Support Officer assigned to the Plans branch of the
Wing Operations and Plans Division is responsible for developing the
AGM-X mission plans from source data provided by higher headquarters. He
is responsible for the loading of the mission tape data into the carrier
aircraft master computers. He supervises the Missile System Analyst
Specialist/Technician, AFSC 31650/70, in the operation of the data
inserter monitor set (DIMS) during Mission data loading.

2. 31650/XY. Missile Systems Analyst Specialist/Technician

The Missile Systems Analyst Specialist/Technician is responsible for
AGM-X maintenance activities at both the flight line and integrated main-
tenance facility.

At the flight line, he performs data loading into the carrier master
computer using the operationsal, mission, and training tapes and the AGM-X
data inserter monitor set. He performs integrated AVE/CAE tests on the
AGM-X missile carrier aircraft systems, He performs scheduled inspections
and organizational level maintenance of AGM-X missile launch control
system and AGM-X carrier aircraft equipment,

In the integrated waintenance facility he prepares for and performs
missile checkout and isolates missile malfunctions., He disassembles
missile sections, removes and replaces faulty electronic components, and
verifies repair. He tests, removes, replaces, and repairs faulty missile
wiring. He removes and replaces the electronic and flight control
sections during rccket motor replacement.

The Missile Systems Analyst Specialist/Technician performs bench
testing of the AGM-X missile and carrier aircraft system components. He
removes and replaces assemblies or subassemblies in the components and
verifies component repair.
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3. AFSC 46250/XX. Weapons Mechanic/Maintenance Supervisor

As a member of the AGM-X Weapons Loading Team, the Weapons Mechanic/
Maintenance Supervisor performs missile-to-carrier hazardous current
checks and uploads and downloads the AGM-X missile, the launcher/missile
package, the pylon/missile package, and bomb rack, in the B-52 aircraft.
He performs/veriﬁes ordnance and warhead safing and enabling during
ground operations. He performs payload to missile hazardous current
checks and installs/ removes payload sections at the flight line. He
observes and verifies launcher rotation during integrated system test.
He transports the missiles, pylons, launchers, payload sections, and bomb
racks to and from the flight line, inte -ated maintenance facility, mis-
sile/mmitions storage facility or nucl._ar weapons storage facility, and
empty pylons from the CAE/aircraft preflight maintenance facility to the
integrated maintenance facility.

He performs organizational level maintenance on the launcher, pylons,
bomb rack, AGM-X weapons status and control panel, and AGM-X consent panel
in the aircraft., He performs organizational and field level maintenance
on the munitions handling and transportation AGE.
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SKILL LEVEL DEFINITIONS

The following is a definition of the Air Force skill levels referenced
in this statement of work:

3 level --Usually acts as helper or assistant, but can do simple tasks on
his own, such as simple checks. Performs simple manual operations readily
(without assistance) but requires assista.ncem?supervision or use of
manuals) with more complex operations. The following activities are
characteristic of the 3 level maintenance technician:

(1) Performs simple preventative maintenance without supervision;

(2) Performs emergency respons-s only when advised to do so by
higher level technician;

(3) Removes and replaces modules under supervision;
(%) Performs potentially hazardous checks under supervision;
(5) Monitors and records equipment status values from displays;

(6) Performs programmed equipment checks in accordance with written
procedures;

(7) Makes simple (discrete) electrical connections without
supervision.

5 level ~--Performs most maintenance activities with the help of the
3-level. He may require assistance (supervision or use of a checklist)
with more complex operations, particularly those requiring significant
decisions or a high degree of hazard. The following is characteristic of
the S5-level maintenance technician:

(1) 1s capable of performing all activities of the 3 level techni-
cian;

(2) Performs potentially hazardous checks with minimal supervision;
(3) Removes and replaces modules without supervision;

(4) Decides what equipment checks should be made and when they
should be taken;

(5) If test equipment malfunctions » corrects malfunction when crew
chief not available;

(6) Assists crew chief in performance of complete subsystem check-
out;
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(7)
(8)
(9)

(10)

Capable of performing most troubleshooting activities;
Analyzes malfunction displays to diagnose equipment failures;

Coordinates information from miltiple displays to assess sub-
system status;

Supervises 3 level technician when crew chief not available.

T level -~Performs all tasks including those involving significant
decisions and hazardous operations. The following activities are charac-
teristic of the T level maintenance technician.

(1)

(2)

(3)
(4)
\5)

(6)

Is capable of performing all activities of lower level
technicians;

Supervises lower level technicians and is responsible for all
crew activities;

Performs highly hazardous checks on own responsibility;
Mekes special purpose, elsborate electrical hookups;

Takes responsibility for performance of complete subsystem
checkout;

Capable of performing all troubleshooting activities,
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FUNCTION
NAME

Figure 12, REQUIREMENTS ALLOCATION SHEET

DESIGN REQUIREMENTS

PREPARE
CARRIER FOR
MISSILE(S)
LOADING

TEST LINE
ITEM 1

PERFORM
ORGANIZA-
TIONAL MAIN-
TENANCE

(U) Prior to loading missile(s) and/or launchers onto the carrier,
it is required that a hazardous current check be made of the CAE.

(U) An adapter is required to provide an electro-mechanical inter-
face between the hazardous current checker and the side of the
misesile, Necessary switching is required in that adapter to per-
mit the hazardous current checks.

(U) Ar. integrated AVE-CAE test will be run on the carrier-
installed systems prior to committing it to ready alert status.
This same integrated test will also be run on carrier-installed
CAE with a simulator replacing the launcher/missiles assembly.
This test, in conjunction with certain additional fault isolation pro-
cedures, will establish the GO - NO GO status nf each missile,
the rotary launcher, and line-replaceable CAE.

a. (U) Test equipment shall be identified as that required to
fault isolate the system to the lowest level of base replace-
able unit.

(U) The test method used shall employ the minimum number
of tests necessary to checkout the missile and associated
missile-carrier aircraft system or locate a defective re-
placeable unit.

b.

(U) The time required to connect the checkout and test
equipment to the AGM-X System or Subsystem, to warmup,
to conduct the required tests, and to disconnect the AGE
shall be held to a minimum. This time shall be compatible
with the specified aircraft turn-around time.

(U) To facilitate ease of handling, connection, and discon-
nection of the AGE, light-weight cable assemblies and con-
nectors shall be used.

(U) The test tolerance within which the AGE ctecks and tests the
missile and associated missile-carrier aircraft systems, shall
be based on the operational tolerances of the system.

(U) Equipment shall be provided for verbal communication be-
tween operators.

(U) Transportable checkout and test equipment shall be of a size
and weight to allow handling by as few men as possible and to
allow carrying aboard the aircraft through *he normal access
doers,
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REQUIREMENTS ALLOCATION SHEET

DESIGN REQUIREMENTS

FUNCTION
NAME
PERFORM 9.
ORGANIZA-
TIONAL MAINA
TENANCE
0.

11,

Fz.

p3.
CHECKOUT
AGM-X CAE

(U) AGE shall make maximum use of non-repairable (t}.row away)
nucdules and components to facilitate ease of maintenance and to
minimize the requirement for detailed maintenance logistic consid-
erations,

(U) All electronic and electrc mechanical and electro-pneumatic
AGE shall be subjected to a calibration process at such intervals as
will be commensurate with the functional requirement of the equip-
ment.

a. (U) All electrical equipmert shall conform to the genera! re-
quirements of AFSCM 80-6 and Specification MIL-S-8512 and
shall be compatible with the aircraft and missile systems.

b. (U) Electrical power equipment designed for 400 cycles and
28 VDC shall be compatible with the power characteristics de-
fined in Specification MIL-STD-704.

c. (U) Electrical systems designed for operations on 220V, 3
Phase, 60 cycles shall be readily convertible to 440V, 3 Phase,
60 cycles without replacing components.

(U) The mean corrective maintenance time for the AGM-X missile
shall not exceed minutes.

(U) A positive means shall be provided to assure that the missile
is in a ''safe' condition prior to maintenance operations such as
misgsile or missile rack unloading, missile or missile rack trans-
porting, or missile checkout. The missile shall remain in a
""'safe'' condition during these operations. Safe - All missile ord-
nance devices shall be mechanically and electrically in safed con-
dition.

(U) A requirement exists to have the capability to perform an
AGM-X CAE checkout without missiles aboard.

(U) The CAE checkout shall:

a, Verify a suspected malfunction, and
b. Verify a replacemcat or repair of CAE installed in the carrier,

(U) The CAE checkout shall verify the following components:

a. Master Computer,

b. Inertial Measurement Unit,

c. Display and Control Panels,

d. Processor & Distribution Unit,
e. ECU,

f. Cabling
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NAME

AEQUIREMENTS ALLOCATION SHEET

DESIGN REQUIREMENTS

17.

{U) A means is required to electrically simulate a missile when no
missiles are aboard the carrier. A means is required to electric-
ally simulate the launcher/missile package when no launcher/mis-
sile package is installed on the carrier. The simulator must be
functionally capable of:

a. Receiving input data and supplying simulated outrut data.

b. Receiving missile alignment commands and providing simu-
lated alignment status.

c. Providing simulated missile status information for verifica-
tion at the carrier displays and carrier computer,

d. Accepting and returning SAF discretes to the carrier.

e. Monitoring carrier power and power control signals.

f. Accepting missile release mechanism commands and return
appropriate status responses.

g. Electrically simulating rotary rack response to positioning
signals.
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SESSICN 1

Instructions to Participating Engineers

Now that “ou've had a chance to go over the SOW, we want you to de-
velop the basic desigr concept of a system which will meet the renuire-
ments specified in the SOW. Among these requirements, you will note,
are those which refer to the number and type of personnel. We ask you,
therefore, in developing your deasign to particularly keep in mind the re-

quirement to design to minimize personnel needs.

In describing this design rconcept, you should include the following:
(1) The number and types of major equipment items you would aeed;
(2) What each equipment would test;

(3) The characteristics you would design into the equipraent;

(4) The functions to be performed by the equipment:

(5) The functions to be performed by the maintenance technician;

(6) The sequencing of equipment and personnel fun.tions (in the form

of a flow diagram).

Since this is a trade study, we want you to describe the design con-
cept for each of the alternative types of configurations, manual, semi-
automatic, automatic, Be as comprehensive as you can be with the in-
formation you have. If you need extra time, you can continue your anal-

ysis at the next session,

To help you remember the information we want, here is a form (see
Table XV) which may help you in writing your answers. If it will help to

describe the systems you are designing, you may make sketcher of your
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equipmeni on a separate sheet of paper. Remember, however, that

highly detailed drawings are not required. The flow diagram of person-

nel/rnaintenance sequences will, of course, be on a separate sheat of

paper.

To sharpen your answers, indicate just how your basic design

concept varies among the three configurations.

You may ask any questions you wish at any time duriny che session,

and I will answer it if I can.

At the conclusion of this sce2ion, ask the following .

l'

Did you have enough information in the SOW to develop the design
concepts ?

Enough equipment information? Enough personnel information?
Is this equipment information characteristic of SOWs you work
to?

Is this personnel information characteristic of SOWs you work
to?

What information that you did not have would you wish to have?
Was the information in the SOW useful in helping you decide upon
your system configurations? Has enough information been in-
cluded in the personnel requirements statement? What design
implications would you draw from the personnel requirements?
(For omnibus group) From the personnel flow diagrams? Skill
descriptions? From the QQPRI?

What information would you ordinarily have at the start of de-
sign?

What items of information in the SOW particularly affected your

design decisions? Why?
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9.

10.

ll.

12.

13.

14,

15,

What was the effect of the equipment requirements on your de-
sign?

What was the effect of personnel requirements on your design
concept?

Is there any particular system configuration which you prefer?
Why ?

What are the major differences among the system types in terms
of: reliability; maintainability; cost; number/type of personnel;
design efficiency; safety?

For skill constraint group: predict the number of personnel you
need for each configuration; why do you feel you need this num-
ber of personnel?

For number constraint group: tell me the personnel skill level
you would need for each configuration; why do you need this skill
level?

For incremental groups: tell me the number and personnel skill

level you would need {for each configuration; why?
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SESSION 2

Instructions to Participating Engineers

In this session, we would like you to continue describing the various
system configurations you began last time we met, but now in greater
detail. If you have not already done so, please describe the functicnal

characteristics of each major item of the maintenance ground equipment

you think will be required.

In addition, we would like you to describe how the equipment you
have designed would function in actual operations by listing in step-by-
step fashion the procedures the maintenance personnel would perform
in conducting -

(1) flight line maintenance checks;

(2) shop mainienance checks,

At the conclusion of the session, ask the following questions:

1. Has your design concept changed in any way from the preceding

session?

2, If so, how? Why?

3, Did you have any d:ifficuilty in listing the operational procedure
for your equipment? If so, why?

4. Was any of the information given you of any particular use in
listing that procedure?

5. Have the equipment requirements acted in any way to constrain
your design concept? If s>, how?

6. Have the personnel requirements acted in any way to constrain

your design concept? If so, how?
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10.

11.

12.

What equipment and personnel information which has not been
provided to you would you wish to have? Why?

For skill constraint group: Predict the number of personnel you
need for each configuration; why do you think you need this num-
ber?

For number constraint group: tell me the personnel skill level
you would need for each configuration; why do you need this skill
level?

For incremental groups: teli me the number and personnel skill
level you would need for each configuration; why?

Is there any change in the system configuration which you prefer
If so, why?

In addition, please describe the personnel who will operate the
maintenance equipment in terms of the skills which they must

pos sess in order to handle e¢ach type of system.
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SESSION 3 (Incremental Groups)

Instructions to Participating Engin<ers

In this session, we are able to zrovide you with additional information
secured from the Air Force. This inform.ation describes the personnel
requirements to which you should design; in addition, the Air Force has
made a number of analyses, included in an Appendix to the SOW, which
describe what they think the maintenance technicians in the system under

design would be doing.

Please replace section 5.1 of your SOW which describes operator re-
quirements with the following statement:

(I-N Group) Use of AGE for the maintenance and testing of any
individual system, subsystem, or component of the missile and
associated missile-carrier aircraft shall not require more than
two operators -- one at or in the aircraft and one at the checkout
or test equipment,
(I-S Group) Equipment shall be designed to operate by military
technicians with a three-skill level only. (The definition of skill
levels is included in the Appendix).

In this session, we ask you to review the design concepts you created
previously in the light of the additional requirements and information now
provided, and to make such changes ag you feel would be necessary to
bring your design in accord with the more stringent personnel requir =-
ments. Use a fresh copy of the same form you used previously to des-

cribe the change’s you would make.

At the conclusion of the session, the following questions will be




asked:

1.

Did the additional information included in the Appendix to the SOW
help you in modifying your design? If so, how?

What design implications would you infer from the personnel flow
diagrams; QQPRI; skill level definitions, etc, ? Are the skill
level definitions unde rstandable?

Do you ordinarily receive the kind of information contained in the
Appendix?

Did the revised personnel requirements make any difference to
your design? If so, what changes did you make?

What design implications would you draw from these requirements?
Are these requirements too stringent? Too easy?

(I - N group) What level of skilled personnel would you need to
have to run your system under the personnel requirements im-
posed? Why?

(I - S group) What number of personnel would you need to have to
run your system under the personnel requirements imposed?
Why?

Of the three system configurations, which do you prefer? Why?
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SESSION 3 (Omnibus Groups)

Instructions to Participating Engineers

At this time the Air Force customer has decided to make his
personnel requirements a bit more stringent than they were when you

started your design,

(O-N Group) If you look at section 5.1 of your SOW which describes

operator requirements, you will see the following st. tement:

'""Use of AGE for the maintenance and testing of any individual
system, subsystem or component of the missile and associated missile-
carrier aircraft shall not require more than two operators--one at or

in the aircraft and one at the checkout or test equipmnent, "

In order to minimize the skill level of the personnel needed to
operate the maintenance ground equipment, the Air Force has levied

the following additional requirement upon you:

"Equipment shall be designed to operate by military technicians
with a three-skill level only,!' (Please refer to the definition of skill

levels included in the Appendix to the SOW.)

(O-S Group) If you look at section 5.1 of your SOW which describes

operator requirements, you will see the followin, statement:

""Equipment shall be designed to operate by 1ailitary technicians
with a three-skill level only,

In order to minimize the number of personnel needed to operate the
maintenance ground equipment, the Air Force has levied the following

additional requirement upon you:




"Uze of AGE for the maintenance and testing of any individual
system, subsystem or component of the missile and associated
missile-carrier aircraft shall not require more than two operators--

one at or in the aircraft and one at the checkout or test equipment."

In this session we ask you tc review the design concepts you
created previously in the light of the additional requirements imposed
upon you, and to make such changes as you feel would be necessary to
bring your design in accordance with the added personnel requirements.
Use a fresh copy of the same form you used previously to describe the

changes you would make,

At the conclusion of the session the following questions will be
asked:

1. Did the additional personnel requiremerts make any difference
to vour design? If so, what changes did you make?

2. What design implications did you draw from the added
personnel requirements ?

3. Are these added requirements too stringent? Easy to handle?

4. Was there enough information provided in the added
requirement?

5. What information would you wish included in the personnel

requirements section of the SOW ?
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SESSION 4 (All Groups)

Instructions for Participating Engineers

Up to this point in time you have designed your systems to rather
stringent personnel constraints. In this session we would like you to
congider that all personnel constraints have been eliminated. In other
words, consider that you are able to design for an unlimited number of
personnel and any skill level which you think you might need. Please
review your design concepts frcm this standpoint. In the event that
you restricted your designs to fit the personnel constraints, indicate
what changes in your designs you would wish to make, now that these

restrictions have been voided.

(For incremental groups only: To help you in your design, additional
information is now available from the Air Force describing it: analyses
of anticipated personnel characteristics and the tasks maintenance men

would perform, )

Please complete a blank form such as you filled out previously,
indicating the changes you would make in your -~ -~igns with the
personnel restrictions lifted. After you have . this, se compare
the three system designs you have produced in terms of the foliowing
criteria:

(1) Effect on personnel; number; skill level;

(2) Cost;

(3) Reliability;

(4) Design adequacy;

(5) Maintainability.

After the engineer has completed this task, ask the following
questions:
1. For incremental groups only: did the additional information
provided by the Air Force help any? Did it affect your

design so n in any way? If so, in what way? If not, why not?
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The following questions are for all groups:

2. Did lifting the personnel restrictions influence you in any way
in changing your desigus? In what way? If not, why not?

3. We Lhad made the assumption that the personnel requirements
constrained your previous design in some ways. Is this
tric? Hnw had these requirements affected your design?

4. Did your preferred design change any over the past four
sessions when personnel requirements were changed? In
what way? Why? If rot, why not?

5. Do you fzel that these personnel requirements are realistic?
Unreatistic? Would you rather not be constrained iu this
way? Why not?

6. If you had to trade off personnel number and skill level, how
would you do it? In other words, if you had 2 choice between
a few skilled technicians or moxre unskilled personnel, which
would you prefer? If you had more highly skilled techniciang,
could ycu use fewer people? If you had fewer people, -vould
a higher skill level make up for the small size of the crew?

7. As far as your preferred desigr is concerned, which of the 5
criteria you used to compare the three systems would you
consider to be the most important in determining your
preference?

16
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Note: The following equipment information
wili be provided only if subjecivs feel
they require it.

Test Equipment

This part of the specification establishes the requirements for
performence, design, test and qualification of the subsystern Test
Equipmens required to checkout missile electronics in the assemblzd
missgile and a5 separate subsystems. The test equipment shall provide

power, stimuli and signal processing as required to checkout the
AGM-X electronic subsystems.

Tunctional! Characteristics. The Test Equipment shall provide
power switcking, si:fety monitoring, test stimuli and signal processing
as required to test the AGM-X missile, missile electronic subassemblies
and the AGM-X CAE electronic subassemblies,

The Test Equipment
shall have the capability of isolating faults in the AGM-X .nissile,
missile electronic subassemblies and the CAE electronic subassemblies
tc the replacement level and of verifying the capabilities of the missile
and subassemblies to perform within operational limits subsequent to

repair,

Interface Requiremeonts

Missile Electronics. The Test Equipment shall interface with
the following AGM-X miss.le electronic units:

a, Master Computer
b. PDU

c. Multiplexer and Conversion unit
d. Control and Display panels,

Test Set, Environmental Control Unit

The primary purpcse of the ECU Test Set is to functionally test

the B-52 ECU {CAE). This is accomplished in conjunction with a

GFP Blower aad a GFE Nitrogen Filler System by monitoring the

B-52 ECU output while providing a thermal load and pressure drop

via the Test Set., Flex hoses direct the air flow between the Test Set
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and the ECU under test.. There are two closed loops in the Tz2st Se:
one for the avionics ciscuits and one for the missile circuit:. Circuits
contained on tae Test Set include temperature, prossure and flow
gages and elect.ical heatexrs. 40082 and 28VDC switching to the

ECU under test is provided through the Test Set from facility power.
The Test Set is used in the Integrated Maintenance Facility.

Pcilormance

Functional Characteristics. The T'est Set shall provide for
checkout and fault isolation of th: CAE, ECU 'vhen the CAE, ECU is
in a non-installed condition,

Primary Performance Chazictes stics, The Test Set shall be
capable of:

a. Simulating that portion of the cooling system (AGM-X
missile and carrier aircraft avionics) which is not an
integral part of the CAE, ECU,

b. Providing a heat load to the conditic .‘ng fluid of the CAE,
ECU which is equivalent the maxinim expected heat load
Jf the AGM-X missile and ca:rier avionics.

c. roviding CAE, ECU monitoring capabilities that will
indicate in tolerance operation or component fauit.

Secondary Performance Characteristics. The test set shall be
capable of:
a. Providing a visual indication of CAE, ECU conditioning
fluid temperature, pressures and flows.
b. Monitoring the signal output {rom the CAE, ECU cooling
effoct detector,

Inte>face Requirements. The Test Set shall functionally interface
with the following:

a. The conditioning fluid interface on the Environmental
Control Unit, B-52/AGM-X (CAE).

(Additional material was provided vhen requested, by subjects.)
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Figure 14, System Description

Ar fuliy automated s system ss possible, coataining:

- a computer to chick out the missile and A/C computer

- would design flight test set to check to the module level and use
it in the shop as well

- self-diagnostic capability

- 2 or 3 programmaole power suppiies (from digital word generates
required signal only

- computer provides flexibility to test set, missing in hard-wired
equipment

- reduce operators role as decision maker

- sufficient level of information must be provided to reduce boredom
and keep operator on his toes without overwhelming him. Minimum
number of displays (test No & Go-No &)

- Provide test set with ability to lower or raise operational voltage
levels to provide "marginal® checks of equipment.

- feedback to include test performed and results and would include a
print-out record

- modular construction

- vwheeled cart, to include all cables, etc,

- would include data inserter function

- minimum number of computer controls accessible to operator
- would incorporate location of fault infcrmation on printout
- cculd very well be used to checkout other systems

-  checkout - approximately 1% hours.
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Figure 16, Equipment Operating Procedyve

GME TEST PROCLIURE Dute

Before Going to Ramp

R —
> v § v . I ———"

g
[
Ve ——

1. Check Test Set {or: Initia]

Valid calibration date

Valid maintensnce dgte

et emed s b

Overall condition

Nt

Correct supply of accessories

Obtain Tapes (cartridges) for:

All. required ramp test programs

Valid mission duty tape

3. Determine

A/C number

Take~off time

Flying operators name

Information file on Previous test and/or maintenance

wer | W

After arrival at A/C before Missile Install
b,

Interconnection (Cables)

Al) main switches Orp
(both test equipment and airborne)

[V o]
R LR Tk

Connect Aux Power unit

Connect cables to A/T interconnect boxes

jonp.
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GME TEST PRCCFOURE (Continued)
5 Start Up

Start APU (time )

Turn Airborne equipment ON (if necessary)
Tarn test set ON (allow 30 minutes warm-up)
During this vime energize tape deck and printer and

visually inspect airborne equipment for unlocked
components or visual sign of melfunction (und cleanliness)

6. Testirg

Insert test set self test program

Initiate program

Results OK
If not (explain what to do)
Insert Program 2
Initiate
Results OK

Note: Last program will double check current level o insure
non-hazardous condition for missile inctallation and
properly set equipment switches.

Missile Pre-installation Checkout

INSTALL MISSLE

ceed

Proceed

Insert program y

Initiate y

(Continue)

Log completion time

Log A/C number
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GME "IS't PROCEDURE (Continued)

Insert Mission program

Initiate program

L1

Return Equipment and logs to shop

Signed
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APPENDIX III

AFPLICATIONS TO THF DESIGN PROCESS OF THE QJEUING TECHNIQUE FOR

DETERMINING SYSTEM MANNING REQUI*:EMENT3

At the start of the study it was planned to test the utility of the
queuing mod-:l method of predicting manpower requirements in system design.
Barton ev al. (1964) indicated as a consequence of their study “hat "sub-
system design enginceriag may be directed to estimate manning requirements
using the manning prediction technique proposed in this report” (zection
5.4, pe 97). Manning prediction techniques useo in the military services
are £till largely intuitive; any formalized methematical prediction method
which coull be applied to system design would tierefore produce significant
benefits to that design, provided, ot cou—se, that the recommended method
vwas compatible with “the manner ir which systems were developed.

The queuing technique is too lengthy to describe in detail in this
Appendix. Generally, however, the technique requires the analysis of the
various parameters which enter into the determination of operational
readiness. These parameters include:

(1) Productive time spent in maintenance;

(2) Non-productive time spent in maintenance;

(3) Identification of system functions with task responsibility;

(4) sShift schedules;

(5) Operational performance requirements;

(6) skill w?rkload (ie, number of personnel of given skill levels
per Jjob);

(7) Operational performance readiness, including maintenance require-
ments;

(8) Reliability requirements, including down ime.

Since number of personnel and skill are essentlal inputs to operational
readiness, optimal manning requirements can be ictermined by varying the
readiness requirement and determining the manning needed to support that
readiness requirement.

it is necessary to point out that the test of the queuing technique
projected for this study was not a test of its va_idity. Such a test has
already been performed by Purvis et al. (1965). tioreover, validation of
the queuing technique requires comparison of the operational readiness level
predicted by the model and based on a specified manning level, with mea-
sured readiness ~:tually achieved by the cystem i1 the field. Since the
present study involved only the simulation of the conceptusl design effort
for a waintenance subsystem, no operational system was available as a
standard against which to measure technique valiidity.

However, since our engineering subjects were asked to specify tbe

manpower required to exercise the systems they had designed, it appeared
feasiblz in planning the study tc compare these maapower predictions with
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those produced by implementing the gquruing model, If the subjects'
predictions aid unot differ significantly from those produced by the model,
one could infer that the design engineer, given wmerely the appropriate
data, could develop manpower predictions essentially equivalent to those
produced by the model. The latter would then not be a significant improve-
ment over present methods of predicting manpower. Such a conclusion

would not invalidate the moael, but would merely suggest that engineers,
when given the raw data inputs used in the model, could integrate those
data subjectively with the same degree of efficiency as does the model.

On the other hand, if there were a significant discrepancy between model
and subject estimates, and if the moael ertimates ~orresponded with the
manpovWer prov.... for the operational subsystem used as the basis for the
design requirements in this study, the utility of the model as a predictive
device would be enhanced.

As it turned out, it was not feasible to compare queuing model pre-
dictions with manpower predictions made by subject engineers because >f the
security classification required for the data inputs. To exercise the
model would have required dats on the actual operotional reliability and
availability of the B-52 aircraft and the predicted reliability and avail-
ability of the AGM-69A. The parameters for vhich in“ormation was required
were:

(1) Arrival rate of missiles to be maintuined in the shop (somewhat
analogous to failure rate);

(2) Mumber of B-52 aircraft in the smsllest organizational element
to be serviced by the shop (eg, wing, squadroa);

(3) Fumber of B-52 flights per day;
(4) Amount of work time available in the shop;

(5) Amount of time required to check out the electronics subsystems
in the missile and in the CAE brought to the shop for fault
diagnosis;

(6) Number of spares available for missile and CAE components;

(7) Operational readiness requirements of the smallest organizational
element serviced by the shop.

In addition, our engineering subjects made their manpower predictions
based on only a few of the parameters required by the model (eg, system
functions, operational performance requirements, skill workload and reli-
ability requirements). Even when the designer utilized the same parameters,
the iaformation describing these parameters was at a much grosser level than
‘ that presumably available to the user of the queuing teclinique. For example,
the engineer had the reliability requirement available to him, but this was
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not broken down by the actual or allowable down time, Hence, any comparison
between the predictions made from the two sources would in any event have been

faulty. For all these reasons the analysis originally contemplated was
discarded.

It was, however, possible to ask the question; what are the problems
involved in having design engineers use the model in the course of early
system development? Specifically,

(1) What kind of input information does the design engineer need to
make e~rly manpower predictions?

(2) How should that information be presented to him?

(3) Can/vin the design zngineer use the inform tion supplied by
tne queuing model to influence his design?

In answering the first question it is necessary to review the infor-
mational inputs ordinarily provided to the engineer during development.
This was ascertained by asking the engineer, whenever an item of informa-~

tion 7as given him, whether he ordinarily received that information during
system development.

1% is apparent from results of the present study that only a few of
the informational inputs required by the queuing model are o:dinarily
available to the design engineer. Certainly none of the data items
referred to earlier as being necessary inputs are ordinarily available
t5 him. When the subject engineers were asked whether they ordinarily
received inputs such as those provided in the £OW, about half of them

responded negatively. Queuing models inputs would be even less available
to them.

From this stendpoint it would be & reasonable hypothesis that the
queuing manpowexr prediction would be more exac* and hence more valid than
the engineer's subjective prediction, if only because the former is based
on many more informational inputs.

There may be two possible reasons why the design engineer does not
receive all the informaticnal inputs required by the model. First, the
information may not be available at an early enough stage in system
development for the engineer to make use of it, We have pointed out
elsevhere (Meister et al., 1968) that the human factors analyses required
by AFSC 375-5 are not ordinarily performed at the time for which they are
specified. This is corroborated by the fact that Jdesign engineers report
that they do not ordinarily receive the results of such analyses.

Second, it may be that even where the model outputs are available

early enough, they are not provided to the design engineer because they
are assumed not to have any design value for him.
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With regard tc this second hypothesis, the results of the present
study suggest that manpower predictions made by exexcising the model
would significantly influence design if these predictions were formulated

28 design requirements (ie, requirements to which the engineer must
design).

Information which is not or camnot be interpretel oo a design require~
ment is generally ignored by the design engineer. Thus, raw data inputs to
the queuing model (eg, shift schedules) would probably be received by the
engineer as largely irrelevant unless design requirements were implicit in
these data. On the other hand, he pays great attentir to information
which is clearly labelled as a requirement. If a r ..ser prediction is
presented to him as a desirable goal, or even &s a liacly to be accomplished
goal, it has no impact on the engineer's design. However, if the prediction
specifies that equipment will be designed to a maximum of N personnel, it
does have a significant effect on his design conceptuallzations. The
results of previous studies suggest that engineers can modirfy their
design in accordance with the mu ber of personnel required to operate

and maintain that design. The same is true, within more restricted limits,
for different levels of skill.

The point is that the queuing model manpower predictions must be
formulated to the engineer as 2 design requirement rather than either as
raw data inputs, a prediction or as "nice to know" information. Con-
sequently the queuing model will be useful in design only if the analysis
is performed prior to the time the RFP is issued anud if the model pre-
dictions are incorporated in the RFP as design requirements, eg, the
equipment will be designed so that no more than a maximum number of

personnel with designated skill levels will be required to service the
equipment,

It should be pointed out that any requirements presented to the design
engineer must be formulated in terms of the individual major equipments
wiich he is designing. Thus, the requirement must be in terms of N
personnel to maintain X equipment. This may present a problem to the
queuing model because its outputs are phrased in terms of number of repair
channels required by the supported system, This mey pose & difficulty
when one wishes to determine the mannirg requirement within a singlz
channel, such as a specific ground support equipment or test set. The
requirement must be broken down to number of personnel of required skil]
levels performing specific tasks on specific equipment.

The technique does, however, predic“ the total number of personnel
for the individual squadron or wing. If .ne knows the number of eg ipments

required for the squadron or wing, it should be possible tc alliocate
manpower per equipment unit.

As a corollary to the concept of providing the designer with the man-
pover prediction as a requirement early in system development, it follows
that he cannot personally be expected tc perform the model analyses needed
to derive the manpower prediction. While it is relatively simple for him
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to make an intuitive manpower prediction based on the relatively few inputs
he ordinarily uses, it would be grotesque to expect the design engineer

to perform the sophisticated mathematical computations inherent in the
model, if only because he would not berse the time needed. This is especi-
ally so, since, for the manpower pre .ction to have maximum design conse-
quences, it should be provided by Ll.e customer in the RFP, The model
analyses and the tradeoffs should thereforc be performed by operations
researchers preferably in the Air Force and then its outputs should be
transmitted t» the engineer as a design requirement.

The two m: jor _cumponents of the manpower prediction are personnel
r ber and skill levei. The engineer finds it easier to design to the
¢.antity than to the skill level requirement. The reason is that number
is a very simple concept, whereas skill is, as we have seen, a composite
of many parameters, The Air Force's 3, 5, T level categorization of skill
is almost uninterpretable by the engineer in terms of quantity of skill,
much less the cnnsequences of that skill. Moreover, we know little about
the relatlonship between quantity of skill and individual design charac-
teristics., From that standpoint the queuing model manning prediction can
be used for design primarily in terms of its persomnnel quantity rather
than its skill level parameters. This is not a limitation specifieally of
the queuing model but of the design capability inherent in the manpcwer

parasmeters.

The model manpower predictions, if specified as requirements, will
permit design tradeoffs., For exampie, if the queuing technique suggests
two possible elternatives, eg, 2 or 4 men, then the engineer can analyze
the design consequences of these two alternatives and select the more
desirable. Any such alternatives must be phrased in terms of whole indi-
viduals, eg, 1, 2, 3 men, and the altcrnatives presented to the designer
should represent extremes of the range of alternatives,

The engineer cannot, however, be expected to make formal maticmatical
analyses in these tradeoff problems, because a formal mathematical method
of combiring various design tradeoff parameters (eg, reliability, main~
tainability, cost) does not exist.

The queuing model technique may also be used as a "arter the design
fact" method. Once design has been accomplished and a maming level
specified, the actual operational readiness for the system can be secured.
If that operational readiness does not satisfy system requirements, it will
be of interest to determine whether system manning can be modified to
improve operational readiness. The analysis of the queuing model is per-
formed in reverse: knowing the operational readiness achieved, one
anal yzes for the varsmeters (among them manpower) influencing that read-
iness. Changes in realiness might then be secured by modifying manning
skill levels, However, it must be remembered that manpower is in part
dependsnt on system design, and where design is fixed, as it would be in
an operational system, changes following development of the hardware are
not easy tc achieve,
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(3)

(k)

(5)

In summary, then, one can say the following:

The queuing model can be useful to design if the necessary anulyses
are performed quite early in system development (by the time the
«FP/SOW is issued) and if the results are presented as design
requirements, not as information. (This statement is true of any
manpower prediction, from whatever source.)

To be maximally useful; manpower predictions saould be formulated
ir terms of the number/skills of personnel needed per unit to be
designed,

The personnel quantity component of the manpower prediction is more
easily utilized by *he engineer than is the skill component.

The wmathematical analyses required *o make the queuing model pre-
dictions must be performed by someone other than the design =ngineer.

The queuing technique may also be used in an "after the design fact"
evaluation of uchieved operational readiness levels, but is less
valuable ir this way because of the difficulty of achieving design
changes following hardware development.
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