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FOREWORD

This study was directed by the Human Factors Iingineering Divi-
sion at the Naval Air Development Center. Warminster, Pennsylvania,
under Contract N63369-71-C-0014.

This contract is a part of the overall cffort in support of advanced
development objective (ADO) 43-15N: Human Foctors Fngineering Tech-
nology, which calls for the development of "reliability simulation models
and analysis which permit the inclusion of the human varianze term in re-
liability prediction and cvaluation.”
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ABSTRACT

Solution to the problem of estimating the probability that a giv-
en electronic malfunction will be corrected within a given time is ad-
dressed through compatible, complementary techniques, One technique
compounds Fleet derived job factor success probability data to yield a
[ robability of malfunction correction success. The complementary
technique, based on computer simulation methods, yields the antici-
pated time for malfunction correction, The two techniques were ap-
plied to two different operational Navy systems. The results are pre-
sented and discussed in the context of technique reliability, utility,
discriminating power, and reasonableness of obtained results,
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CHAPTER 1

INTRODUCTION

Techniques and methods for predicting equipment reliability,
in terinis of mean time to failure, have become an integral part of the
engineering armamentorium, However, parallel methods pertaining
to human reliability (the probability of successful performance) have
not evolved, Yet, total system reliability determinations are some-
what incomplete when the human aspect is ignored, Total system re-
liability is viewed as some function of both equipment and technician
reliability, Since techniques for determining equipment reliability are
available, Applied Psychological Services, Inc,, in the past few years,
has addressed itself to the problem of developing techniques for deter-
mining technician reliability.

A technique for determining the reliability of the human compo-
nent in a system must, if it is to be useful, incorporate several differ-
ent concepts and characteristics, First, the technique should yield a
numerical estimate of predicted reliability, Second, the predicted hu-
man reliability estimate should be amenable to compounding with an
equipment reliability estiraate so as to provide a total system reliabil -
] ity estimate, This requirement indicates that the human reliability
statement should be expressed as a probability,

3 Third, the human reliahility predictive technique should be able

| to yield not only a total system or task reliability statement, but also
statements of why a given human reliahility determination is high or
low. Since an equipment designer is interested in learning the areas

] in which his system is weak, an overall human reliability numeric rep-

[' resents a necessary, but not sufficient, index, The human reliability
index should provide statements of task subsequence reliability, as well
as a total sequence, reliability estimate. In hardware reliability, the
counterparts for subsequences and total sequences are subsystems and
systems,




Fourth, the technique must be applicable early in the system
development cycle, If the required human reliability prediction fails
to become available until late in the design cycle, the cost impact of
any indicated design change could be excessive,

A fifth requirement involves technique practicality. Practi-
cality infers cost minimization as well as ease of application, A tech-
nique which can be employed by a minimally trained analyst is held to
be more practical than one which implies excessive mathematical or
other sophistication. Similarly, a technique which is compatible with
hand calculational or desk calculator methods is considered to be more
practical than one which rests on the availability of high speed digital
computers,

Sixth, the technique must be applicable to a wide variety of sys-
tems, i.e., the technique must possess generality. A technique which
is too broadly based will tend to lose veridicality for any specific situ-
ation. On the other hand, a technique which is highly specific will pos-
sess high relevance for the given situation, but may drastically miss
the mark when applied to other situations, For maximum utility, a
technique is sought which optimizes applicability and veridicality.

Seventh, the technique should be fully compatible with specified
end products that emerge from human factors analyses, currently per-
formed during system development, Moreover, the technique should
impose few analytic requirements other than those imposed by actual
technique application, More specifically, if task or operational sequence
data are required by the technique, the data requirements should be di-
rectly based on information which is customarily made available during
the equipment developmental cycle.

Eighth, the technique should be valid, Validity in the present
sense means predictive validity as well as content and construct valid-
ity., Validity, in the present context, also relates to the mathematical
procedures which are involved and to the reasonableness of the math-
emeatical assumptions,

Ninth, the technique should be psychometrically reliable, Dif-
ferent users should obtain the same numeric when applying the tech-
nique to the same system, Additionally, the same user should obtain
the same numeric when applying the technique to the same system, on
different occasiong,
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Finally, the human reliability technique should yield a state-
ment of the time it will take a technician to complete a given task, as
well as the probability of satisfactcry task completion,

Overall Logic and Event Flow

Our overall logic for the develoonment of a technician reliabil-
ity determination technique rests on two approaches: (1) a determin-
istic method for calculating the probability that an average maintenance
technician will successfully accomplish the sequence of acts required
for malfunction correction, and (2) a stochastic, digital simulation
method for predicting the time that it will take to accomplish the cor-
rection,

Figure 1 pres~nts the overall flow of events leading to and in-
cluded in the prisent effort, The heavy lines in Figure 1 enclose
those steps which were completed prior to the present study and on
which the present study attempted to build. The logic on which the de-
terministic calculation is based calls for a multidimensional scaling
analysis to yield the factors (in the factor analytic sense) involved in
electronic maintenance, Having isolated these factors, technician re-
liability was determined on each of the factors. In the present context,
technician reliability refers to an estiinate of the probability that an
"average' maintenance technician will perform each factor, isolated
in the multidimensional scaling analysis, satisfactorily when the fac-
tor is involved in a malfunction correction, Since a malfunction cor-
rection involves several of the factors, the next step involved the de-
velopment of a method for compounding technician reliability on each
factor in such a way that a numeric would result which expressed the
probability of a maintenance technician satisfactorily performing in
combination those factors involved in any given malfunction correc-
tion. The technique was then applied to a sample of malfunctions, all
representative of malfunction corrections in the Navy,
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A computer simulation model was previously developed which
has shown considerable promise for predicting operator performance
in man/ machine systems. The model, which has become known as the
Siegel -Wolf simulation model, has been fully described elsewhere
(Siegel & Wolf, 1969) and is used, in the present context, for predict-
ing malfunction correction time, For the purpose of employing this
model in a manner which possesses maximum synergism with the tech-
nician factor reliability data employed in the deterministic calculation,
certain modifications were implemented in the logic of the model. These
modifications were implemented through a preprocessing technique.
This preprocessing serves to enable the model to act on the same tech-
nician factor reliability data employed in the deterministic calculation.
The advantage of the preprocessing technique is that it Leaves the in-
ternal logic of the model, and accordingly, the model's validity, un-
changed. The end result is a prediction of time to complete the mal-
function correction in a manner that is entirely compatible with the
deterministic calculation of the probability of satisfactory malfunction
correction,

The details and rationale for each of the steps completed earli-
er are presented in subsequent sections of Chapter I of this report. »
Subsequent chapters describe the tasks completed in the first year of ]
the current program of work toward the establishment of a human re- '
liability predictive technique for application in maintainability predic- !

tion situations,

Multidimensional Scaling

ST o

Multidimensional scaling analysis is a comparatively recent
technique for defining or structuring an unordered universe, The
technique has a history of test and application in a variety of contexts,
including work on attitudes (Messick, 1954, 1956a; Abelson, 1954),
personality (Jackson, Messick, & Solley, 1957), jobs (Reeb, 1959), .
facial expression (Abelson, 1962), civil defense (Smith & Siegel, 1967), '
and display evaluation (Silver, Landis, & Jones, 1965),

-




Originally developed by Richardson (1938), multidimensional
scaling represents an expansion of factor analysis to qualitative do-
mains. Gullicksen (1961), in suraming up his feelings about the value
of multidimensional scaling, said that it:

...1is a rather powerful technique for investigating

a wide array of situations., The basic experimen-
tal question is a very simple one. Despite a super-
ficial appearance of difficulty and unreasonableness,
one can get consistent answers and can come up with
rather interesting conclusions--some of which veri-
fy the results of unidimensional scaling and others
which go beyond (p. 17).

The basic logic of multidimensional scaling may be stated as
follows, If similarity estimates among a variety of stimuli in a set
can be assumed to be measures of the ''psychological distances'' be-
tween the stimuli in Euclidean space, the analytical problem becomes
the determination of the number of axes in that space and the projec-
tion of the stimuli on these axes, Factor analytic methods represent
the final stage of a multidimensional scaling analysis and, as in factor
analysis, the result is a statement of the minimum number of dimen-
sions (factors) which can be employed to describe the set of stimuli,
The scale loadings of the stimuli on eachdimension, or factor, enable
the analyst to attach meaning to and so to name the dimensions,

The major difference hetween multidimensional scaling and uni-
dimensional scaling is that in tt.e typical unidimensional experiment the
dimensions or scales are preseinted to judges whose task is to order the
stimuli on the dimensions defined by the experimenter, Conversely,
there are no such a priori definitions made in the multidimensional
scaling experiment, Rather, the purpose of the analysis is to discover
the characteristics of and the number of underlying dimensions in the
empirical data.

In areas where the variables are complex and the dimensions
unknown or doubtful, it is appropriate to delineate the variables through
multidimensional scaling analysis, rather than to establish the dimen-
sions arbitrarily, Evidence of the validity of the multidimensional meth-
od has been cited, especially in research where dimensions are well




established, Messick, in his studies on color, concluded that ''since
multidimensional scaling procedures yielded structures which correlat-
ed highly with the revised Munsell system, it would now seem reason-
able to apply these procedures for purposes of exploration and discov-
ery in areas of unknown dimensionality' (1956¢c, p. 374).

H To obtain the dimensionality of the job of the electronic main-
| tenance technician, Siegel and Schultz (1963) performed a multidimen-
sional scaling analysis of the job of Naval technicians concerned with
electronic maintenance. The consensus of Fleet personnel interviewed
indicated that the job of the technician was best described by some 29
different tasks. Examples of tasks were: "using schematics for com-
plex circuits... " and "troubleshooting/isolating malfunctions in avionic
equipments, ' The 29 tasks constituted the stimuli and both supervisory
and line personnel constituted the sample who provided the basic inter-
stimulus distance estimates for the analysis, Sixty-five subjects dis-
tributed over 14 separate maintenance units were involved, The cor-
rected matrix of scale values was factor analyzed by the principal com-
' ponents method with rotation according to the equamax criterion (Saunders,
] 1962), Nine factors emerged. These factors were named: Electro-cog-
nition (EC), Electro-repair (ER), Instruction (I), Electro-safety (ES),
Personnel Relationships (PR), Electronic Circuit Analysis (ECA), Equip-
ment Operation (EO), Using Reference Materials (URM), and Equipment
Inspection (EI). These factors are fully defined in Table 1.
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Table 1

Definition of Factors

1. Electro-cognition This factor is associated with any routine men-

2. Electro-repair

3. Instruction

tal activity invalved in the troubleshooting acts.

It includes the mental formulation of simple hy-
potheses regarding the cause of a malfunction,

the mental synthesis of elementary cause-effect
relationships, logical thinking of a routine nature,
and the integration of test results with pretest hy-
potheses. Simple sequential tests do not involve
electro-cognition, For example, continuity tests
would not involve this category. This is a "how
to make it work'' factor as opposed to electronic
circuit analysis, which is a "why it doesn't work"
factor, Tasks which might involve electro-cog-
nition are:

1. making logic changes in a data processing unit

2. comparing an output waveform to a manualized
form

3. observing fault lights and inferring module to
be replaced

This factor includes the motor and manipulative
aspects of physically repairing a component which
has failed, It does not include module or compo-
nent replacement but does include module or com-
ponent repair., Examples of tasks including electro-
repair are:

1, replacing a broken solder joint
2. adjusting the contacts on a relay

This factor involves teaching others how to inspect,
repair, operate, or maintain electronic equipments,
Examples of tasks involving this factor are:

1, instructing another technician on how to use
test equipment

2. instructing a subordinate on how to perform a
test or repair act

3. instructing an operator on how to work an
equipment

8




4, Electro-safety

5. Personnel
Relationships

6. Electronic Circuit
Analysis

Table 1 (cont, )

This factor involves implementation of special
safety procedures so as to minimize personnel
hazard during a repair or so as to minimize the
possibility of additional equipment damage. An
example task involving this factor is;

1, observing high voltage protection instruc-
tions on equipment

This factor includes the management and super-
visory aspects of maintenance organization func-
tions, Examples of tasks involving this factor are;

1, supervising the operation/inspection/ main-
tenance of an electronic equipment

2, assigning personnel to an electronic repair

3. developing a repair schedule

This factor is purely mental in nature, It includes
the application of electronic principles to the cor-
rection of a fault, Electronic principles include
the selection and use of circuit formulae and the
application of the results of calculations, the ap-
plication of principles of electrical/ electronic
functions, and the like, This factor is different
from the electro-cognition factor in that electro-
cognition is almost directly effect-cause related,
whereas electronic circuit analysis involves more
sophisticated consideration of intervening processes,
For example, if in the case of a faulty output, the
technician can decide that either module A, B, or C
is malfunctioning and that he can complete the re-
pair by sequential replacement of modules until the
correct output is obtained, then the factor involved
is electro-cognition, On the other hand, if the tech-
nician must perform a test on each of A, B, and C
and then apply Ohm's Law to determine the faulty
module, then electronic circuit analysis is invoived,
Electronic circuit analysis might also be involved
in certain aspects of failure reporting, Examples
of electronic circuit analysis are:




7. Equipment
Operation

8. Using Reference
Materials

9. Equipment
Inspection

Table 1 (cont, )

1, determining why an oscillator yields an
improper frequency response

2, determining why the time delay of a tim-
ing circuit is too long

3. determining why a power supply goes into
an overvoltage shutdown mode

This factor involves the operation or exercise of
prime equipment and electrical and electronics
test equipment, Examples of this factor are:

1. employing repaired equipment
2, using an oscilloscope

This factor includes the use of supporting docu-
mentation, The use of schematics and block dia-
grams is included under either electro-cognition
or electronics circuit analysis.

This factor includes inspections of electronic
equipment, including those inspections and ex-
aminations required after performing a correc-
tion or repair to the equipment,

10




Reliability of Maintenance Technicians on Each Factor

The factorial based, empirically derived taxonomy described
above provides a basis for describing electronic maintenance tasks, It
provided a structure which is manageable and relatively unencumbered.
As such, the technique was used in studies in which the ability of Naval
technicians to perform the functions subsumed by the factors was ex-
amined. In order to obtain evaluations of the Naval technician's ability
on each factor, a scheme was developed which was drawn from the
work of Whitlock (1963). Whitlock investigated the relationship between
observation and pe: .ormance evaluation and pointed out that: (1) perform-
ance evaluation represents a response to observations of performance,
(2) observations associated with performance evaluation are observations
of performance specimens, and (3) observations of performance speci-
ments can be remembered over reasonahle rating periods and reported
accurately at the end of the rating period. A reasonable rating period
for Whitlock was up to six months in duration,

Whitlock defined a performance specimen as "an incident of rele-
vant performance which is uncommonly effective or uncommonly ineffec-
tive [1963, p. 15]. ' Regarding the definition of uncommon performances,
Siegel and Pfeiffer (1966b) pointed out that this definition, in a sense,
represents an adaptation of Flanagan's critical incident technique (cf.,
Flanagan, J. C. The critical incident technique, Psychological Bulletin,
1954, 51, 327-358.) Recall of such incidents will depend on the time in-
terval between the event and the rating and, in part, on who does the re-
porting,

Sie,rel and Pfeiffer examined, in the Naval situation, the relation-
ship between peer ranking of personnel proficiency and peer estimates of
job proficiency. Peer estimates of job proficiency were determined,
ti:rough the magnitude estimate method, of the number of uncommonly ef-
fective and uncommonly ineffective performances over the immediately
preceding four month period. The correlation coefficient obtained be-
tween these two sets of data was ,73. The researchers commented
that since peer rankings are consistently found to be one of the most use-
ful indicators of personnel proficiency, the correlation of ,73 suggests
that the judgments of uncommonly effective and uncommonly ineffective
performances possess merit for the same purposes,

11




Siegel and Pfeiffer (1966b) employed the above described fac-
tor analytically determined job activities and obtainzed, for each ac-
tivity, magnitude estimates of the number of uncommonly effective
and uncommonly ineffective performances relative to a short prior
period for avionic personnel. Two Fleet electronic maintenance ob-
jectives were involved: ''readiness'* and 'performance. ' ** The
technicians were both ratees and raters. Each technician rated the
other nine in the group. Three Naval rates were involved: aviation
electronics techrician, aviation fire control man, and aviation elec-
trician's mate. A ratio of uncommonly effective (UE) performances
divided by the sum of uncommonly effective plus uncommonly ineffec-
tive (UI) performances (ZUE/ ZUE + Z£UI) was used as the performance
index, This index yields a value which varies between 0, 00 and 1, 00,
The researchers, in their discussion of this index, claimed that it
normalizes across the opportunity to perform. The resultant data
tended to support the use of the ratio, in that emergent differences
were in the anticipated direction, Specifically, in the case of the two
squadrons involved, one of the two squadrons possessed technicians
who were considerably more experienced than the other., The ability
of the technique to differentiate in this manner was considered as evi-
dence supporting its discriminating power. Additional significant dif-
ferences were indicated between technicians and between job activities,
Although there was no a priori basis for predicting the direction of
these differences, Siegel and Pfeiffer argued that these results also
supported a contention in favor of the discriminating power of the tech-
nique, Siegel and Pfeiffer concluded that: (1) magnitude estimates of
uncommonly effective and ineffective performances yielded useful data
which could form the basis for a personnel subsystem reliability index,
(2) the ratio of the sum of uncommonly effective performances to the
sum of the uncommonly effective plus uncommonly ineffective perform-
ances yields an index which distinguishes in the anticipated direction,
and (3) the obtained avionic personnel subsystem index could be util -
ized for posttraining performance appraisal, personnel placement, and
squadron evaluative purposes,

*Readiness: Completion of any given mission in minimum
time with an appropriate level of accuracy and
reliability.

**Performance: To maintain self, subordinate personnel, equip-
ment, ard systems in a state of readiness con-
sistent with Fleet requirements,

12
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Siegel and Pfeiffer (1966a) also provided basic information re-
garding the nature and characteristics of the underlying scale when
magnitude estimates are employed to collect performance related data,
The investigators concluded that the method yields a scale in which
standard deviations do not increase with mean values (metathetic scale),
These data again suggest the utility of the magnitude estimate method
for collecting data relative to job performance,

Siegel and Federman (1970) employed the same factor analyti-
cally derived maintenance job dimensions and the same approach (mag-
nitude estimates of uncommonly effective and uncommonly ineffective
performances)to obtain data on a Fleet sample of 533 technicians, The
technicians represented the following ratings: electrician's mate (EM),
electronics technician (ET), fire control technician (F'T), interior com-
munications electrician (IC), radarman (RD), radioman (RM), sonar
technician (ST), ard torpedoman's mate (TM). The data were based on
the following destroyers: USS Roan, USS Dyess, USS Sperry, USS
Basilone, USS Ingraham, USS Page, USS Fiske, USS Eaton, USS Cony,
USS Hank, and USS Conway, These destroyers were based at Philadel -
phia and Newport.

The data obtained on these technicians were treated in the same
manner (ZUE/ZUE + ZUI) as in the Siegel and Pfeiffer (1966b) study.
The data were analyzed separately for each rate by pay grade, ship,
and squadron,

Several of Siegel and Federman's conclusions were that: (1) a
statistically significant difference existed among the electronics rat-
ings, (2) no significant difference was found among the three squdrons,
(3) the job activities differed significantly among themselves, and (4)
there were no significant differences among the 11 ships sampled.,
Since there were no significant differences among ships and squadrons,
the data were combined across ships and squadrons. Figure 2 presents
the combined data for the individual ratings on each job activity.

13
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If the position is taken that: (1) the estimates of unusually ef-
fective and unusually ineffective performance represent the tails of a
distribution, (2) the remaining performances (viz., that are neither
unusually effective or unusually ineffective) will distribute themselves
equally over the central area of the distribution, and (3) performances
above the mean of the distribution are satisfactory, whereas perform-
ance below the mean are unsatisfactory, then the nameric yielded by
the ratio ZUE/ZUE + ZUI can be held to represent the probability of
satisfactory performance by a member of a given Naval rating on a
given job factor, It is this set of probability numbers which forms the
basic data for the present study.

Method for Compounding

Several different job activities and persons may be involved
in the performance of a task., Task performance, to be successful,
may require the successful performance of all involved job activities
by all persons or the successful performance of some particular com-
bination of job activities. The probability of successful performance
will be increased when several persons are assigned to the same task,
i. e., when they perform a job activity in parallel with each other. In
addition, the probability of successful performance will be increased
if a technician is permitted to repeat the performance or one aspect of
the performance,

Siegel and Miehle (1967) presented methods for determining over-
all probability of successful task accomplishment when the probability
of accomplishing each of the elements of the task is known. The meth-
ods suggested are reviewed below, The methods were developed to ex-
ploit the job factors isolated in the multidimensional scaling studies,
as well as the personnel reliability data on each factor as collected origi-
nally by Siegel and Pfeiffer and later by Siegel and Federman.




8 = sgatisfactory task performance

r = satisfactory performance of job activity m
by technician n

s R = reliability of technician n on activity m

Pr[rmn] = probability that statement ron is true,

Thus P [r ] = R__and P_[s] = reliability of task performance,
r mn mn r

Suppose performance of a task involves technician b on three job
factors: 3, 4, and 6 and technician g on three factors: 3, 5, and 8. Both
technicians perform factor 3. The condition for satisfactory task per-
formance is:

s = (r3b \Y; r3g) A r4b A r6b A r5g A r8g

V is a symbol for inclusive or (inclusive disjunction)
A 1is a symbol for and (conjunction)

= is a symbol for "is equivalent to. "

We are not limited to an "and'" and "or' logic. Statements could con-
ceivably be connected by conditional or biconditional symbols. These in
turn can be expressed in items of "and, " "or, " and negation, The nega-
tion of rjj is ryj

If all activities must be performed satisfactorily, the condition
is expressed by joining all statements by '"conjunction' (A), s= ri Aty
This might be called a series task. :

Pr[sl ) Pr[rla A rZa] i Pr[rlaera] pr[r2a]




Prrj,|ry,] is a conditional probability which is read "the probability of
ria, given rog." It is the probability that ri, is true under the condition
of ro, being true, When the truth of ry, is independent of the truth of ry,,
we say that ry, and ro, are independent statements, In this case, Pr[s] =

Pr[rla]Pr[rZa]'

Lets =1 aAr3dAr

2 6a

Pr[S] = Pr[r2aAr3dAr6d]

- 1Dr[rZa Ir3d 4 r63.] Pr[r3d IrGa] Pr[rGa]'

If all statementis are independent, this reduces to:
Pr[S] ) Pr[rza] Pr[r3d] Pr [rSa]'

If the satisfactory performance of one or the other factor (or both) ¥
is required for the satisfactory performance of the task, then the task is \
called a parallel task, The satisfactory performance of parallel tasks is
expressed as;

S =r, Vr
e

3 Te’
In this case, job factors 3 and 7 are involved and the task is performed
by technician e,

When the same job factor is performed by two technicians and ac-
ceptable performance of either technician will constitute acceptable per-
formance for the team, the condition is expressed as:

8 =r, Vr
a

3 3¢’ 1

This condition is also referred to as a parallel performance. Here, job
factor 3 is performed by technicians a and c.

17

Bl ok, o




T g, gt
Ak o e B e e e e e e S o— -
Leel > rmyte e s R m—

4 s ieal N D e Tt v N = L e e L

~ Qs adl e i

i U i sy VR N O [ o

SRR e Tars STy et i i 2 b S i E
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' 1:’r[sl 1:,r[r3a v r3c] 1:,r[‘r&al A r3c)'] 1 Pr[rﬁ)'a A réc]

1- 1:.r[ri'ia ,réc] Pr[r::Ic]

- - ! -
- 1:'r[r3at, r3c])(1 Pr[rSC)
If the statements are independent, then:

Pr[s] = 1-(1- Pr[r3a])(1 - Pr[rSC])'

Let s o
! rlb \ rlc \ rlg'

= . = - t !
Pr[s] Pr[rlb Vi e V rlg] 1 Pr[rlb A e A rig]

- ' ' 1 1 ' N ‘
1 Pr[rlb ’rlc A rlg] Pr[rlc ,rlg] P [1 lb] ]

L@ Pl e Ay DA - P el - P Lr) 1.

For independent statements, this reduces to:
Pr[s] =1-(1- Pr[rib])(l - Pr[rlc])(l - Pr[rlg]).

Both the series and parallel formulas can be extended to larger
numbers of activities or performers, These formulas can be written in
many different forms if conditional probabilities are involved,

e T T —

sielia o

AL, g
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Kxample 1, Assume that Task A is performed by technician c
and that job factors 1, 3, 4, 7, and 9 are involved, Performance will
be considered satisfactory if, and only if, either (or both) factors 1 or 7
are performed satisfactorily, either (or both factors 3 and 9 are per-
formed satisfactorily, and factor 4 is performed satisfactorily, This
is symbuolized by:

S5 = r \ o ~ o 2 3
() Vg lrg Vg Y Ar,

= P v v 0 A 0 o S 0
Pr[b] ! 1_[(1“ v 17(:) |(13c Vi 9(:) " Ifltc] pr[(ISc v 19c) II4(:] pr[l 4CJ'

le

The first two probability expressions would require further ex-
pansion to remove the expression r CVI' o in the first term and the ex-
pression rq.Vrge in the second term, T¥1is would produce a very com-
plicated appearing expression, still containing conditional probabilities,
for P [s]. However, it can be argued that such expansion is not war-
ranted,

In the study of systems reliability, it is generally assumed that
the proper operation of one component does not depend on the proper oper-
ation of another, This assumption docs not ulways hold. For example,
suppose that two beams arce used to support a weight, If one beam fails,
the whole weight is then placed on the other which will now possess -
greater probability of failure, although cuch beam was designed to tiold
the whole weight, This is the "domino effect,

*This cxpression might be read as follows: this maintenance tusk
will be successfully performed if cither clectro-cognition or cquipinent
operation is completed successfully, and either an instruction or an
cquipment inspection is performed acceptably and safety precautions
are obscrved throughout,  All activitics are performed by technician o,




o ke

For independence to hold, a failure of one component must not
influence the operation of another, If there is a cause for failure of one
component, that cause should not operate on the other components. If,
for satisfactory overall performance, all components must operate
properly, then when one fails, the whole system fails. In this case, it
is irrelevant whether other components also fail as a result of the fail -
ure of the first component. Here, the reliability value of interest is
the conditional probability of proper functioning, given that all other
components function properly. Usually a component is tested in isola-
tion, and it is assumed that when combined with other components its
reliability will not be influenced. Otherwise, each component would
have to be assigned as many reliability values as there are systems in
which it is used,

This consideration may also hold for persons on a job factor,
If reliabilities were not independent, then a single value such as r
would be useful only if technician b worked on job factor all hy himself.
If technician b performed several job activities or worked with other
technicians, then his reliability would be determined on a particular
task under a variety of ''given conditions." Overall task reliability
would then be determined directly rather than on the basis of the com-
ponent reliabilities.

Assuming independence, i.e.,, that success or failure of one job

activity does not affect the probability of success or failure of another
job factor, the formula simplifies to:

P[s] = 1:,r[rlc A I‘7c] Pr[r3c A rgc] Pr[r4c]

P [s]= {1-q -P_[r, D( - Pr[r7c])}{1 - (1-P [r, DO -Pr[rgc])}Pr[r4c].

If the reliabilities (ZUE/ ZUE + ZUI values) for technician ¢ on job
factors 1, 3, 4, 7, and 9 are , 88, .82, .88, .82, and , 89, respectively,
then the overall probability of successful task performance is:

20




{1-(-.8801-.82)}{1-(1-.82)(1-.89)}.88

P [s] -
= {1-(12).18)}{1 - (. 18)(. 11)}. 88 -
= {1-.0216}{1 - ,0198)}.88
= , 845,

Example 2, Assume that Task B involves technician j who per- g

i forms job factors 1, 2, 5, 7, and technician e, who performs job factor6.
Both technicians work on job activities 3, 4, and 8.

S= r Ar

rs

2] /\rsj, .r7j /\r6e/\ (r3j Vr3e)/\(r4er4e) A (r8j Vv r8e)'

Polsl= Polry ) Plryd Polrg 1P g ) P, [, ]
{1-(1- Pr[r3j])(1 -P [rg Dp{1-(1- 1°r["4j])‘1 “P [r 0

{L-(1-P [ry D - P [ry 1}

(.82)L79)(. 9. 77)(. 86) {1-(1-.81)(1-.76)}

P [s]

{1-(1-.87)(1-.80)}{1-(1-.88)(1-.75)}

(. 82)(.7T9N. 91)(. 77)(. 86) {1 - (. 19)(. 24)}
{1-13).2) 1 - (.12)(,25)}

(.82)(,79)(.91)(.77)(.86)(1 -,0456)(1-.026)(1-.03) {

(.82)(.79)(L 91)(. 77)(. 86)(. 9544)(. 974)(. 97)

= ,352.
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Job Aciivity Repetition

It is often possible to improve the unsatisfactory perform-
ance on a job by repeating a process or by calling on another tech-
nicirr, However, in order for reliability to be affected by the
repetition of a job activity, the realization of the unsatisfactory
performance must come prior to the completion of the entire task,
Otherwise, the entire job performance may be considered unsatis-
factory, The repetition of job activities is equivalent to parallel
operations which yield reliability factors of: 1 - (1-R)(1-R) =
1-(1-2R+R?) = 2R-K? = R(2 -R), instead of R itself, Thus, if
R = .8, the new reliability factor is: ,8(2-.8) = .8(1,2) = .96,

The expected number of attempts, E, is a function of the max-
imum number (n) of attempts permissible or the number of attempts
necessary to give a specified resultant reliability.

En R

where n is the maximum permissible number of trials.

In the limiting case, as n increases indefinitely, E approaches
1/R. Thus, if R = .8, E approaches 1,25, This means that, if many
trials are allowed, or equivalently, if the required reliability must be
close to 1, then for R = ,8 the average increase in number of trials is
not more than 25 per cent, For R = .6, E approaches 1,67,

Let R, equal the reliability attained by allowing up to n trials:

R =R + R(1-R) + R(1 -R)? +...+R(1-R)“'1

n

1-(1-r™

This formula also applies when n technicians work in parallel on the
same job activity.

22




Computer Simulation

The computational technique described above in association
with the Fleet data of the Siegel and Federman (1970) study provides
a method for estimating the probability that a maintenance technician
will satisfactorily perform a given task, The question of how long it
will take the mairtenance technician to complete the repair task is
now considered, For this purpose, the present program relies on a
computer simulation technique, The specific computer simulation in-
volved is the model known as the Siegel-Wolf man-machine simulation
model (Siegel & Wolf, 1969), ]

Computer simulation has had a wide and varied background of
utilizaticn, It has been used to investigate investment behavior in the
{ stock market, plant flow, and social behavior, It has also been used
to test a number of military systems, from the man-machine interac=-
tive point of view, Digital computer simulation, made possible by the
advent of the high-spced digital compicmmpggsesses at least the follow-
ing attributes and advantages: Bilamanttd

e

® allows consideration of the idiosyncratic and i
variable aspects of human performance

RER——

® often costs less than physical simulation

® allows hypothetical procedures and systems
to be tested

® facilitates the consideration of myriaa vari-
ables in interaction

23
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Over the years, the Siegel-Wolf model* has been successively
revised, improved, and validated, Initially prepared to simulate the
actions of a single operator, the model was later expanded to allow
simulation of a two-operator man-mackine system, New variables
were added and computational routines modified and updated as the
model matured. Similarly, the model has been continuously updated
in terms of more modern computing equipment and in terms of more
symbolic programming languages, Prepared originally for the IBM 650
computer system using the SOAP programming technique, the model
was later programmed in AUTOCODER, and more recently, it was pre-
pared in FORTRAN 1V,

The Siegel-Wolf model has been documented in professional
journals, addresses to professional associations, and technical reports.
The most up-to-date description of the technique is found in Siegel and
Wolf (1969), Other documentation is summarized in Tables 2 and 3, Ad-
ditional documentation, expansion, and elaboration of the technique has
been produced by the Boeing Company, Honeywell, the General Electric
Company, Autonetics, the Naval Air Development Center, and the Aero-
space Medical Research L.aboratory of the Wright-Patterson Air Force
Base,

*The word "model" as used here is defined as a logical math-
ematical representation of a concept, system, or operation program-
med for solution on a high-speed digital computer (Martin, 1968), As
such, digital simulation models are distinct from replication (analogy)
and formulation (mathematical) models.

24




T J——

T e g — Yoo
1°pON
y10d Buyyoune] ssnan) (19pow uew 2) €961 Jom Ler °r uoneInwig sutydely-uely jendiqg € jo
-aa1 jdafload ewdo IISSIW A1E-0)-J1Y 111 soL W4l UNO 1 Ainp 1ada1g °] aniay  uonenjead Jayling pue UcIeIJIPONs €1
¥ oH dasaaur CCo b , ad,
‘¢ "l1oA ‘sotwouodiag a1e-0}- J1E pue OSV NSQ 2961 nom Kep °r swoiséy m:_cun?-:mu—z JojezadO-om
Jonde feudnor  Buljenjar ydijj-ug Il soL Wil dNO 4 120 138315 ] Jnyiay jo uonenuite 1eNs1q J0J |3pOW Vs zZt
uewl|Q 343qoy 23ueyoxd uollPWIOJU] pUe SUOLIDY
2961 Jlom Ker ¢ JojesadQ 2121yep ojjody Bunejnuwig
110daa (eury -- =0 H-W z 3dag  1aBatg "l ANy JOj [3POJN MNK(EUY SMONUNUOISIQ Ve I
(wasds fem|rea uosualos ‘L 'Y 131 K10ojeaoqeT] palloajuo) e
wod  |3pow) ysEy Juiyd QOSV NSn 2961 Jjlom Lepf “p  ySnoayl (IpoN dAnenieAm waisdg 10}
-31 330ad |swiog -eWw-UBW DJIIYIULS 111 soL WHl UNO F4 LIng 198315 ‘] Inlay  -euadQ-OM]L ® JO AUQ ® JO UOIIEN|BATS. o1
oltody Joj
jJuadap OSV NSN (19pow uew 2) 1961 nom Sef ‘r  saduanbag yited-o1-1uadsaq Lseurwyy
11odas eurd Wneuonsy III soL W4l a9 1 dag 1adalg 'l Inguay -231d pe1d3lag jo Apmg uoneinuig y 6
AONJIE SMIIA 1961 SW 1345 auUlYOR-UB\ Ul IdUCW.IO)
-3Y yoJIeaIsay [eaeN - - 4YNO z aung t(38a\s ] anguay -1ad 8,uely jo uone|nwis Iaandwo) 8
SWaisks aulyoey-uey JoyeaddGy
wi0d wdedaau) OSV NSn 1961 Jlom Kegr *f  -om] Jo 3uQ jo uonejnwis tendig Jac)
-ax 1d3load rewdog Jie-03-a1y I soL WHI HNO 4 aung 133315 [ anyPdyY | 13pOoN,, ® jo uonjesyiddy Joylang Ve L
ured) Ylauuay swasis auyd
3aod Bunang OSVY Nsn 1961 Jom Ker ¢ -BIN-UB\ JOjelxi(Q-OM] pue Jup
-a1 afoad swaog -a1 3ydnj-ul 0L WHI HNO z yare 13da15 °p anyry Jo uoneinwig 1endiq J0j 13O Vs 9
1_"ON
€ "ICA ‘Sl1010%j uswiny 1961 Jlom Aer °p sudisag waisfy suryd
Jldopae [susnor aaoqe om ], 059 W4l HNO 1 ‘uer 13835 ] anylay  -epx-uep Bunenjeag Joj anbruysey v S
110d 0961 Jlom Kep p s103ea3d0 om ] £q pauuey WasAy
-3d Joafoad wadaug -- - UNO 4 ‘uef 138315 [ AnYIly e AE|RWIS 0} (PO € Jo uolididosa(e [
CHISSI| v
ja0d Buyoune) asnoydupisam 6S61 Jlom Aep [ -03-J1V UE Jo Hulyoune-| Iyj 01 |IPOIN
-3 3103foad |BwI0d  IissIW JIE-0}-J1Y 059 W4l dNO 1 aunf 138315 °[ JnylIY  PIALIIS(Q AISNO1AILJ ® JC Uolledlddye €
zod OAVYN 6S61 JIom Aep -p uoneoilddy 1sd14 sI] jo siins
-3a 3dafoad [ewaoyg Buipue] Jaraaey 09 W4l 4UNO 1 ‘qad 13331S ‘[ Inyy - 3Y Y} pue [IpOR E jo uondiIoFay Va 2z
SWsAs aulyoe -uely ul Suipeo] Joi
ja0daa gs61 Jiom Keg °p -eaadQ ay) Sunenjeag Jo) anbruyoe]
1wdfoad Lseujwijaag -- .- HNO 1 Kel 1eda1g °] anyay 1a3ndwo) endi e jo juswdolara( 1
oday jo adly paleinuls yse ] uolIed0] Josuodg paelnwig  aeq sioyiny L wai}
pue U3l JOo ‘ON
aandwuo)

uoleINWIS JuIYdeW-Uey uo si10day Jo AJewwung

mad i P

T 3qel

25

3

e

Ry

S p——




Lt i

swayshs auyoey-tmp wt durpeur] JojeradQ Bunjeniead 1o0j sonbiuyoal a3ty Jolew uowwo) o

(CIVILNIAIINOD) ymaoa1y
901 -4 <y} 10j uonelnwiy {e131u] pue

adiog 198215 ‘1 anyiay ‘sigi|euy jysel °‘d1do] weadoigd ‘|
110d £a1ieA '3 'O 6961 oA fep ' :uouejnuty J3indwo) y#nodyl uoljew
-31 H1v4 3foaq 1 S€9 '3 'O ddvdm 1 ooq Ayest "U°m -us3 Liiqeataans [Atiqesauiny 144
SLUPIN WM yyjuneas) 3uipeoy 10i13d() JO Suols
1tod 6961 JIom Aef *f - u9ix3 Jaylang pue uonelnWly JUI]
-3 SSIN 123foag o =0 gdvdMm T Ling (adayy ] anyuay -uQ 10j UOLIEDIPOW 13POIN 1eldiq ¥2
#3104 103215 1 dnygiay (TVILNIAIANOD)
1a0d Aarep '@ 'O 6961 Jlom Lep ' uonenung Jandwo) rendig ydnoay
-2 ¥Ivd ¥d3loag uoyyerado 1euog ge9 ‘d 'O JSSN F4 *aaQg 14814 'V "I sjuawaainbay Juures, zojesadg €2
Nom Aep ¢
sjood snotsep snolJep -- 4 6961 123315 °I anyuay S19POJ UOHEBINWIS JUlyoeN-Uey 44
883UIANDI}}? SWANSLAS 23104
aujydew -uew jo slapouwr Atea ‘4 O 8961 nom Aer (Ssaulls Jo ‘Aae
pandde uo wn)sodwis snotxe A v60L WAl HNO z *AON 198313 ‘] <nyiay -nisueg liolaes uonejnwis iandwo) 12
S8UIAIDIJD
swaysls Ul uopedIy N adaog
-uenb Jouewatojsad uetu Lattea "3 "D L961 uonenwiy Jandwo) £q IdouewIO;
-ny uo wnisodwAg snotaep y60L KAl F4 ‘uep 138315 °[ JNYMIY -d43d MaJdD PUE |enplalpu] JO uoldipaad 0z
aduog UD1IOBIAU] JUIYIEN - U\ J0IEdI
3a0d Aaep ‘A 'O dNO L961 nom Ley °r  -do-om] Bupe|nwig 10} |3po uoneln
-aJ HIVd ¥d3foag uonedado aeuos y6oL Wdl DSSN 4 *aoN 188915 ] Jnyldy -wig (endig a3 0) SUOISIAIY UIDY 61
(IVILN3Ald
adacy -NCJD) waisds HIvd a4l jo wswdo
3a0d £L311eA '3 'O UNO L961 [L B G2 ' -13A3Q 3y} Juranp [3pOJy uolIRINWIS
-24 gIvd 1d3foag uopyesado seuog ¥60L INdI JSSN 4 *3ny 123315 °p anylay autyse [endiq e jo uonestiddy 81
adaoyg
j10d Kaytea "3 'O HUNO 196 Yosdaudoe 'y "q uotiejnwis uoljeaad( Jeuos Joj
-3 HIVA d3foad uoneaado Jeuog ve6oL WLl JSSN 1 Lel 198215 ] Jnypay anbruy>aL 1e3131q © Jo uonEIIIIAA L1
EYRLE (TVILNIAIINOD) wasig Jeuog e jo
110d KanepA "3 O UNO L961 1Yds1d "y W  2oueuajutejy o) anbruyoa}l uoijernung
-a1 HIvd 1daload adueuauiew Jeuog veoL Wgl DJSSN [4 1ady 128315 1 anylay 1andwo) [endig e jo uoneosiiddy 91
305u3D Jo ssIId
2314 ‘lojamyay urw
~0NH pue sjudwuoJtaug nom Ker g swaske auyd
1ensnun) uy aadey) oo oo -- & £961 123315 °1 Jayjay -ej{-Ue\ jOo uoneInwis Jaandwo) ct
(wasss Lemjred uewaajue] S 'Y
dod  |apow) ysey duty> §s1an) €961 jlom Keg °p 19pOJX uolje[nuilg aulydely-uey
-a1 joafoad |ewaod -ew- uew d13IYIuL3 111 soL WLl HUNO z 120 138815 1 anyiay ® JO UOl}EN{eAq PUE 183] JAYIIN s (%
1roday jo adAy pajelnuis ysel uoned0] Josuodg paeinulg  aeg sloyiny ML way
pue ual jo ‘oN
Jandwo)




g g

T

e n.av:m; Lt o~

T L T W g oryr T T v o

duruuelg PuUUOS

198915 °1 anyjay - 194 pue xamoduepy 03 pajejoy se

sTopow 2ulydew /uew d1}SeYd03s Jo L[Twie] v jiom Lep °r uonemuis gaindwos, uo wnisodwds 1261 €1
Liniqeataans /L31niqegauna waiss - - Sut
- [opow Wa3SAS SUTYOeW fUuelu UT S2OUBAPE JUSI3Y 188318 °1 anyjay  °qer] Yoaeasay [eOIp3]N 2 edsoaay  0L61 21
swajsfs auryoew 128218 °I anylay
-UBUI JO UOTIENWIS OTIe)) 3JUOI JO ssaadoad Jiom Lep °r £39100g sJ030ed urwingy 6961 11
*d10) T1eMYO0Y uedIIdWY YIION
pue Yoaeasay TeAeN JO 29130
SSaUlINs Jiom Lep °p 90URW.I0JID J SWaISAG SUTYO B
Jo0 ‘Aienjoues ‘JOTARS--UOLIBTNWIS DIISBYDOIS 128315 °I anylay -uey Jo sTopoly pa11ddy uo wnisodwds 8961 01
uope nu 1s xa3indwod £q
aourwaoj1ad mal1d pue TenplAIpUl JO UOTIOIPa L] 198915 °I Inyiay fiteatwpy ysutrg L9861 6
uoneMUIS
Te1181p y8noayl ssauaanoayys waisLs Sunndwo) 128015 °I anyjay uonyezruedaQ £L1vaa] STIURTIV YIION  L961 8
uonenuits Jandwod SurasaurBuyg jJo Lwapedy Teuon}
£q souewa0jaad maad pue TenprarIpul Jo UOMDIIPAIJ 198915 °I anyjay -eN pue puewwio)) Teli23je]A TeAeN 1961 L
uonientead LjIfIqer(ad uewnyg 198215 °1 anyjay saaautduy olpey Jo 2IMIMISU] €961 9
swajs£s aurydew Jiom Lep °p
-uew ut aduewtojiad wesl Juriolpaad J0J dpowr v 198915 ‘I Jnylay UOTIRIDOSSY Ted130[0yd4S Juedlaawy 1967 €
uotnyeoridde arayy ueyderzQ °H
pue JoTAeya2q uewIny JO UOTIENWIS 3y} JO STOPOIN 199315 T anylay £13100Q 19)00Y uwDTId3WY  [961 ¥
swaisfs aurycew-uew ut Sutpeo] Suryorpaad
J0J sTopowl 13ndwnd pue fedTjrWaYjeW JO 3SN YL 198215 °I anyjay  ddouaaajuo) Surassurduyg urwinyg Y18 0961 €
swolsAs auryorw
-uew ur Surpeolraao axojeaado Suryorpaxd pue Sur JIom Lep °r
-Iedwod 10} [9pow Jedonewayiew - ed18ojoyoLsd y 197315 °I anyjay UuUOTeIdOSSY TedlfojoydLsguedtiawy 66T &
su1a3sds aurydew -uzw ut Sutpeo] Jojerado Suroip Jiom Lep °p
-axd ao3 poyjaw ® ;o uonyedridde pue juswdororaq 1989218 ‘I anylay uoNeIdOoSSY Tedtfojoyodsg uiajseq 6S61 1
aptL Jajuasaad /Ioyny aosualpny areq

UOTIPTNWUTS SUTYIBA-UBJA UO S3SS3IPPVY JO Arrmiwing

€ 2198y

27

T —

I

kit adat




The validity of the model's predictions has been demonstrated
in a wide range of applications, The validational studies completed at
Applied Psychological Services included carrier landing, air-to-air
missile firing, in-flight refueling, air intercept, sonar employment,
and a series of other simulated :nan-machine interactive situations,
Additional validity studies were completed by the Boeing Company
(Outcalt et al., 1966) and Honeywell Incorporated (Lane et al,, 1966).
The ability of the model to predict independent outside criteria data
was tested in all of these valiawtional studies., With one exception,
the results of all validational efforts reveal satisfactory correspond-
ence (differences which are not statistically significant) between the
model's prediction and the criterion data, Additionally, certain of the
model's internal constructs were validated, and the ability of the mod-
el to predict part-task success was verified, The model has been
adapted and successfully employed by a number of industrial and gov-
ernmental organizations, Thus, the model has withstood reasonable
tests of both validity and utility., Complete descriptions of *hese prior
tests and applications are found in Siegel and Wolf (1969) and in the
sources listed in Table 2.

Overview of the Moce_l

The model provides the capability to simulate stochastically
the acts and behaviors of a human as he performs the sequence of
subtasks associated with the performance of a total task, On the basis

f task analytic input data, the model sequentially mimics the "per-
formance" of each subtask by each person simulated, The normal se-
quence of subtasks, whether linear or non-linear, may be modified if
actions have to be skipped or repeated due to failure of a subtask by
the operator or as a resuit of operator decisions, During the course
of the computer's "performance’’ of the task, results are recorded
indicating the area of operator overload, faiiure, idle time, peak
siress, etc,, for the given set of selected parameters, The model's
output of principle concern in the present context is the time for task
completion, The model receords the amount of time involved in com-
pieting each subtask in the total task, the cumulative time for ecach
subtask in the total task, and the total time for total task completion,
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The major feature of the model of interest in the current context
is calculation of task execution time, The following important items are
also calculated or otherwise considered in the model;

® task precedence (variable sequencing of tasks)

® maximum stress encountered

® operator interaction (waiting for a partner)

® joint tasks (performed by both operators simul -

] : taneously) :
3 ® equipment delays i
® operator decisions }J

® skipping of nonessential tasks 1
® operator cohesiveness

o idle time spent waiting for a prespecified event

| ® time allotted fo;' the mission

® time precedence (idling until a given time occurs)

The simulation of intra and interindividual differences in per-
forming any individual task is based, in part, on a random process,
The total simulation process is a repetitive process, i.e,, tasks are
FI simulated sequentially to comprise a task trial and the task trials are

repeated (iterated) many times to obtain averages of the data generated
- by randomization techniques,

The nature of the model is such that specific subtask input data, !
independent of parameter data, are required, Each discrete subtask is
described for each technician by the data given in Table 4. A limit of
300 subtasks for each technician, prepared one per caid in accordance
with the format of Table 4, has been established. '
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The following paragraphs describe and explain some of the data
specified in Table 4, A joint task (type J) is one performad simultane-
ously by both technicians, An equipment task (type E) is introduced to
produce a delay in task performance due to a factor other than human
performance, No stress functions are calculated for the type E tasks,
A decision task (type D) is incorporated into the sequcuce to allow
[ branching, skipping, or looping in the performance sequence, If the

current subtask is a success, subtask (i, j)g is selected with a prob-
ability of Bij- If the current subtask fails, the next subtask selected
is subtask (i, j)f with a probability 1-pjj. A "cyclic' subtask (type C)
provides for the case in which a subtasi cannot be started until the
next cycle time in a series of equitempvural intervals,

The subtask precedence 1nput, dj;, (mnemonic delay) repre-
sents a subtask number which must be successfully completed by the
partner before a technician, j, can begin his own subtask i. The time
precedence, (lji), is the time from mission start before which a tech-
nician is not permitted tc begin a subtask, The values of essential and
nonessertial time remaining, TiE and Tf{ are calculated after other
performance data are available, "2ccording to the procedure given in
Siegel and Wolf (1968).

Two Special Jump Subtasks are provided, Special Jump Sub-
task 1 enables both technicians to jump to an individually specified sub-
task if one of the technicians ignores the Special Jump Subtask type 1.

If a subtask, so identified, is ignored (due to stress levels), operator j
will go to NXTJ{I,J) for his next subtask, and his partner (j') will go to
NXTJP(1,J). If the subtask is not ignorcd, NXTS(I, J) and NXTF(I, J)
apply as usual. Special Jump Subtask type 2 provides a team decision
capability to the model. If a subtask, so identified, is a success(prob-
ability = pj;), then tcchnician j will go to NXTS(I, J) for his next subtask.
However, if the subtask is faiied, tecnnician j goes to NXTJ(I, J) aud

his partner goes to NXTJI’(I,J). In these ways, one technician can make
a decision which will determine the future sequence of subtasks for both
technicians,

7
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Four parameters are provided to the model on input cards in
the format shown in Table 5. A pair of cards, one card for each oper-
ator, is supplied for each computer run desired. A runis composed
of the simulation of N task performances (iterations). The stress
threshold is considered the operator's '"breaking point," The model's
simulation is based on the psychological concept that time~-pressure
stress organizes behavior up to a threshold point and disorganizes it
beyond that point, Stress is calculated as the ratio of tlie average time
to complete the remaining essential subtasks to the total time remain-
ing available to the operator, A value for stress greater than unity will
increase both his speed and success probability, At the threshold, the-
effect of stress is reversed, simulating disorganization and confusion
of the operator,

The F factor for each operator is an individuality indicator repre-
senting operator speed or proficiency. An average operator is given an
F factor of unity; faster and more proficient operators have lower values.

The third parameter pair is the total time available to complete
task performance~-a time limit, Both operators must finish before
their time limit is reached in order that an iteration can be considered
successful,

The fourth parameter pair is the period of time applicable to
cyclic (typc C) subtasks, A cyclic subtask will be initiated only at a
time which is a multiple of the period, P, If necessary, the simnlated
operator will wait until such a time occurs.

The task and parameter input data are preceded in the computer
input deck by three cards which supply information on the general con-
ditions of the runs, The card format and contents of these cards are
shown in Table 6.

Figure 3 displays pictorially the sequence of cards in the input
deck by card type. A maximum of 300 subtask input data cards are per-
mitted per operator,
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CARD
TYPE

ONE PAIR OF CARDS FOR
EACH RUN DESIRED

|

Figure 3. Card deck loyout.
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A variety of tabular data are available from the model. These
data are typically recorded on magnetic tape during the runs for sub-
sequent printout on a high-speed line printer. The following categories
of results are available:

Title Frequency Remarks
detailed listing every task optional, 1 line per task
tteration summary end of each iteration optional, 7 lines ?er iteration
run summary end of run 9 lines plus several frequency
distributions (1 line per task)
plot end of a series of runs 1 page per plot

In the optional detailed listing, the following data are recorded
for each operator:

1, subtask number
2. type of subtask

3. essentiality (indicator)(N = nonessential, otherwise
blank)

4, stress as well as augmented (total) stress (aug-
mented stress is a stress value for one operator
based on his stress value and that of his partner)

5. waiting time, time spent waiting for partner

6. subtask execution time

7. cumulative subtask execution time




8. result indicator

9. cohesiveness indicator - a factor indicating
team cohesiveness based upon the stress and
stress thresholds of each operator

blank = success
F = failure
I = ignore

The following information is optionally displayed in the itera-

tion summary for each of the N iterations in a run:

iteration number

run number

trial number(indicator for a series of runs)

result indicator

total time used - the larger of the total time used

overrun =
underrun =

by either operator

the following data are provided for each operator:

a,
b.
c.
d.
€.
f,
g.

ho
i.

task failure (time overrun)
task success

operator number

stress threshold, M

speed factor, F;

time available, T,
time used for this iteration
difference {time available - time used)

J

total waiting time (does not include

item 1 below)

value of highest (peak) stress
the task number on which the peakstress

occurred

stress at end of iteration
cohesiveness at end of iteration
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1, time spent in waiting for the period on

cyclic tasks
m, goal orientation - difference at end of

iteration (goal - performance)

n, goal orientation - maximum difference
in goal orientation during iteration

o, goal orientation - minimum difference
in goal orientation during iteration

p. performance at end of mission iteration

q. initial input goal orientation value (task 1)

The results of each run (set of iterations with constant parameter
values) are displayed in tabular form, It contains the following:

run number

total number of iterations performed, N
number of successful iterations

per cent successful iterations

time available, T

the following data are listed for each operator:

a, operator number 1

b. stress threshold, M.
) J

c. speed factor, Fj

d. time available, Tj;

e. average time used over N iterations

f. average difference (time available -

time used)

g. average waiting time

h, average peak stress

i, average final stress

jo average cyclic waiting time

38
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k 7. the following frequency distributions are displayed
and values presented for each task. The items
identified, below, with an asterisk are also totaled
and averaged, per iteration, over all tasks:

a, subtask number
b, last subtask completed before
finishing the iteration or running ,
out of time--for both operators |
*c., count of the number of subtasks
failed--for each operator
*d. count of the number of subtasks :
ignored--for each operator ]
*e, time spent in performing subtasks :
which were failed
| f. count of the number of subtasks for 1
which the peak stress occurred--for i
both operators
g. time from beginning of mission that
the subtask was completed on the aver-
age--for each operator
h, average stress prior to beginning each
subtask--for each operator
i. average cohesiveness value--for each
operator

In order to employ the model in the present context, a number of
changes were implemented in the form of an independent subroutine, The .
changes serve to adjust the input data in such a manner that the subtask
success probability for cach subtask, in a total maintenance task, is con-
cordant with the factor reliability values presented in Figure 2. This pro- 3
gram modification was implemented by means of an independent preproces- :
sor, and thus the structure of the simulation model (and, accordingly, its
validity), per se, was left unmodified.
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Specifically, the preprocessor takes the factor reliability val-
ues and allocates them across the sequence of subtasks involved in
performing a maintenance task, The specific factor reliability values
chosen depend on the Naval rating whose performance is to be simu-
lated (i. e,, if a technician in the radioman's rating is to be simulated,
the factor reliability values for this rating are allocated). The per-
formance of a specific repair is then simulated within the Siegel -Wolf
model to yield an estimate of the time for malfunction correction, The
details of the preprocessing subroutine are presented in Chapter II of
the present report.

When the computer simulation and the computational technique
are both applied to the same malfunction correction, the end result is
a statement of time for malfunction correction (from the stochastic digi-
tal simulation) and of the probability of satisfactory performance (from
the computational technique).
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CHAPTER 1

METHODS AND PROCEDURES

Chapter I of the present report reviewed the logic of a set of
complementary methods for predicting human performance reliabil -
ity in regard to electronic maintenance situations. Chapter Jalso de-
scribed the results of efforts completed toward this goal prior to the
present program, The purposes of the present program were to try
these methods in a Navy context in order that an indication might be
gained of the general applicability and reasonableness of the approach-
es described above, To this end, two current Navy systems were se-
lected, the Radio Set AN/URC-35 and the Radar Set AN/APS-115,
These two electronic equipments are described in Chapter II, In addi-
tion, the methods are described which were employed to select a mal-
function correction sample which would provide a basis fo: evaluating
the reasonableness and appropriateness of the proposed deterministic
procedure for predicting the probability of successful malfunction cor-
rection and cf the stochastic, digital computer procedure for predict-
ing the time to perform the sequence of subtasks associated with mal-
function correction, Then, the modifications to the Siegel -Wolf model
which were implemented to achieve this time calculation are described.
Finally, the methods for applying the deterministic calculation and the
computer simulation to the selected sample are described,
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EQUIPMENT DESCRIPTION AND SAMPLE SELECTION

Description of Radio Set AN/URC-35

As described in the technical manual, the Radio Set AN/URC-35
is a single sideband, high frequency set designed for use on shipboard,
vehicular, and shore installation, The set also has capabilities for gen-
eral purpose use, beach landing parties, and emergency operations,
Transmission and reception on 280, 000 channels, spaced 100 cps apart
in the 2 to 30 MC range are provided, Circuits are employed for auto-
matic digital tuning in 100 cps increments, The equipment includes
vernier control for continuous tuning between 1 KC increments to permit
compatibility with less stable transmitters, Transmission and reception
can be performed in upper sideband (USB), lower sideband (L.SB), con-
tinuous ware (CW), and coympatible amplitude modulation (AM). A re-
mote radio control set permits transmission and reception in USB, LSB,
and AM from a remote station,

The receiver-transmitter accepts audio from a handset, micro-
phone, or coded intelligence from a CW key and converts it to one of
280, 000 operating frequencies, In all transmitting modes, except CW,
voice signals modulate a 500 KC local carrier. The resulting double
sideband signal is filtered according to the operating mode and con-
verted to the desired RF operating frequency by a triple conversion
process, Inthe CW meode, the 500 KC carrier is inverted directly into
the IF amplifiers at a coded rate and then processed in the same manner
as the voice signals, The frequency standard and synthesizer circuits
of the receiver-transmitter generate the 500 KC local carrier and the
injection frequencies required for the IF to RF and RF to IF conversions.
In addition, the 500 KC signal is used as the carrier reinsertion signal
during single sideband reception,

The Radio Set AN/URC-35 consists of the following units: Re-
ceiver-Transmitter RT-618/ URC, RF Amplifier AM-3007/URT, An-
tenna Coupler CU-937/UR, Shock Mount MT-3761/URC-35, Whip an-
tenna AT-1047/U, Handset H-169/U with cord and plug assembly CK-
1846A/U; and the following optional items: Power Supply-Battery
Charger PP-4679/URC-35, Remote Radio Control Set C-3697/URC,
Microphone M-109/U with cord and plug assembly CX-1846A/U, CW
Key, Headset, Rechargeable 28-volt Battery BB-421/U,
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Selection of Failed Subassemblies :nd Components--AN/URC-35

To achieve a sample of failures which is representative of the
failure distribution within the AN/URC-35, equipment reliability and
maintainability data were employed., These data were developed by
the manufacturer of the Radio Set AN/URC-35, General Dynamics, who
performed maintenance task analyses for the Receiver-Transmitter
unit (RT-618/URC) and the Radio Frequency Amplifier (AM-3007/URT).
General Dynamics also developed equipment reliability data in terms of
anticipated mean time between failure and failure rate (provided in per-
centage of 10,000 hours), Mean time between failure was given to the
subassembly level, while failure rate was given at the component level.

The first phase of the sampling procedure involved subassem-
bly selection on the basis of mean time between failure, Subassemblies
were selected so that a representation across the range of mean time
between failure was acquired, The range of mean time between fail-
ure given by General Dynamics for the 28 subassemblies in the AN/
URC-35 was from 8, 136 hours to 965, 251 hours, with a mean of 157,950
hours and a standard deviation of 248,617 hours, Fifteen subassem-
blies were selected for inclusion in the present work from the 28 avail -
able, The subassemblies selected were distributed around the mean of
157,950 hours, The extremes at both the high end and low end of the
mean time between failure distribution were not selected so that those
subassemblies finally selected tended more toward the mean of the dis-
tribution,

A frequency distribution of the time between failure of subas-
semblies was constructed on the basis of the data presented by General
Dynamics, This frequency distribution appears in Table 7, Table 7 in-
dicates that 20 subassemblies fall in the first two class intervals, 1rom
1,000 to 100, 000 hours time between failure, The sample of subasscin-
blies for inclusion in the present study was stratified to reflect this dis-
tribution, The predicted time between failure for the subassemblies se-
lected for consideration in the present work is also presented in Table 7.
Thus, 71 per cent of the subassemblies (11) in the sample were from the
first two class intervals of Table 7 and 29 per cent (4 subassemblies)
were from among the remaining time intervals,
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Table 7

Actual and Sample Frequency Distributions of Time Between Failure
for the Receiver-Transmitter and the Radio FFrequency Amplifier Units

Time
Between Failures
(in thousands of hours)

Frequency

Sample

950-999
900-949
850-899
800-849
750-799
700-749
650-699
600-649
550-599
500-549
450-499
400-449
350-399
300-34¢
250-299
200-249
150-199
100-149
50- 99

1- 49

1
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Twenty-five component failures were selected within the 15 se-
lected subassemblies, These were selected primarily on the basis of
component failure rate data. In order not to select components that
required very frequent repair/replacement or very infrequent repair/
replacement, the mean failure rate was computed for all the compo-
nents in a selected subassembly. If a subassembly contained several
component types, twe diiferent component types were selected from
around the mean failure rate for all the components in the subassembly,
If a subassembly contained only one or a few component types, a com-
ponent failure was selected in such a manner as to yield a variety of
different electronic component failures in the sample and to represent
the continuum of predicted malfunction correction time, *

Table 8 identifies the components within subassembly so selected
as well as the failure rate,

Description of Radar Set AN/APS-115

The Radar Set AN/ APS-115 is an airborne radar designed for
search and detection of surface targets, The equipment is a portion
of the antisubmarine warfare system of the P-3C aircraft, The radar
has a manually tunable transmitting frequency of from 8,5 to 9,6 GHz,
Other characteristics of the radar set include its 60 MHz frequency
bandwidth, 143 KW peak power, 0.5 and 2,5u sec transmitter pulse
width, 400 Hz line-locked with 2,5u sec pulse width and 1600 Hz line-
locked with 0,5u sec pulse repe:ition frequency, 6 rpm with 2,5u sec
pulse width and 12 rpm with 0, 5u sec pulse width antenna scan speed,
antenna scan modes of searchlight, 452 sector, and 360° scan, manual
tilt coverage of + 10 to -20 degrees, and pitch and roll tilt stabilization,
The complete radar set is composed of the following units: Antenna Po-
sition Programmer MX-7930, Receiver/Transmitter RT-889, Antenna
AS-2146, Control Antenna C-7511, and Conirol Radar Set C-7512,

*Such data were provided as a part of the task analyses per-
formed by the General Dynamics Corporation,
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Table 8

Sample of Components 1or Technician Reliability Analysis
of AN/URC-35

Failure Rate
(per cent per
Subassembly Componeni 10, 000 hours)
Receiver-Transmitter R1-618/ URC

1. FFilter Box 1. Capacitor . 344
1 Filter Box 2. lilter . 350
2. Mode Selector 3. 500 KC Amplifier 2,683
3. Receiver IF Audio 4, Conncctor . 331
Receiver IF Audio 5. Amplitude Modulation Detector 3,745
4, Transmit Audic 6. Transformer 213
Transmit Audio 7. Printed Circuit Board . 200
9. RF Amplifier 8. Megacycle Assembly . 699
R Amplifier 9. RIF Amplifier Asscmbly 1,023 j
€. Frequency Standard 10. Oven Housing .310
7. Noise Blanker 11, Connector . 052
Noise Blanker 12, Blanker Board 9.943
8. 1 & 10 KC Synthesizer 13. 10 KC Switch . 460
1 & 10 KC Synthesizer 14, Output & Blanker 2,728
9. Spectrum Generator 5. 100 KC spectrum 11, 367
Spectrum Generastor 16, Pulse Inverter . 856
10, RF Translator 17, Cordwood Module 7,177
11, Code Generator 18, Code Generatol 2.365
12. 20 v. Regulator 19, 20 v, Legulator 18, 936
13. Switch Assembly 20. Resistor Variable . 949
Switch Assembly 21, Switch Section . 600 -
Radio Frequency Amplifier 1
14, Filter Box 22, Capacitor Feedthrough L7119 )
I'ilter Boa 23. Capacitor 2,908
15. Interlock Switch Assembly 24, Interlock Switch 1,200
16. R Board 25, RIE Boaud 1,628
A sixteenth subassembly was added 1o provide a4 greater range of
components in the final sample,
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Selection of Failures--AN/APS-115

The basic source for selecting the sample of AN/APS-115 fail-
ures for inclusion in the present study was Fleet collected time between
removals data (the ratio of removals of faulted components to unit fly-
ing hours), Maintainability recurds for the AN/APS-115 covering the
13 months from January 1970 to February 1971 were made available by
the group which compiled the data at NAS, Patuxent River, Only organi-
zational level repairs were considered for inclusion in the sample, Dur-
ing this period, 29 component removals and replacements occurred at
the organizational level, The range of time between removals was from
606 to 19, 392 hours, with a mean of 9, 375 hours and a standard deviation
of 6,771 hours,

A frequency distribution of the time between removals appears in
Table 9, The final sampie, presented in the third column of Table 9, con-
sisted of 24 failed components selected so as to reflect the distribution
which appears in the second column of Table 9, Table 10 lists these 24
components, The sample of 24 components had a mean time between re-
movals of 8, 442 and a standard deviation of 6, 271,
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(in hundreds
of hours)

Table 9

e B ,

Frequency Distribution of Time Between Component
Removals for the AN/ APS-115 and for Sample

Fleet
Frequency

Sample
Frequency

190-199
180-189
170-179
160-169
150-159
140-149
130-139
120-129
110-119
100-109
90- 99
80- 89
70- 79
60- 69
50- 59
40- 49
30- 39
20- 29
10- 19

1- 9

|NW“§ (%] —

29
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Table 10

Sample of Compoenents for Technician Reliability Analysis
ot AN/APS-115

Mean Time

Nomenclature Between Removals
AZ Amp Assembly 12,928 ;
PS Logic Assembly 6,464 :
P-M Logic Assembly 4, 848
MSSW Logic Assembly 19,392 ;
AS Synchronizer 19,392 ]
BITE Logic Assembly 9,696 |
Tilt Function Generator Assembly 9,696 ]
15 V Power Supply Assembly 19, 392 ]
AZ Scan Programmer Assembly 970 g
AFC Assembly 2,770 1
IF Amp Assembly 2,424 ':
1 Solid State Oscillator 19, 392 1
Transmitter Assembly 606 '
Thyratron Trigger-Regulator Assembly 2,041
Logic, Isolation Amplifier 12,928 j
BITE No, 2 9,696 3
20 V Power Supply 9,696 ]
Pressurization Unit Assembly 2,586 1
Antenna Assembly 4,848
Gear Box 3/8 Azimuth 616
Gear Box, Elevation 1, 847
Antenna Control Unit 4 5,696 ]
Control Radar Unit 7,757 3
Tilt, Amplifier Assembly 12,928

L

.
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AUGMENTATION OF COMPUTER SIMULATION MODEL

To augment the Siegel -Wolf simulation model g0 that its out-
put would be based on the same input data substrate as the determin-
istic calculations of the probability of malfunction correction success,
a number of changes were implemented in the computer routine,

All changes made to the basic simulation model, described in
Chapter I, were made external to the basic mission simulation pro-
gram, Programmatically, these changes were implemented through
an independent subroutine called RAM (Reliability and Maintainability)
and through changes to < INPUT routine, Thus, all changes to the
simmulation model const ‘e a new preprocessing of the basic probabil -
ity (pi.) input data to refi. - improved personnel performance success/
failure data, Following the preprocessing, the adjusted probability data
are used by the original model, and the origiual program is essentially
unmodified.

The decision to preprocess the input data, rather than modify
the model per se, is basic to the approach to the design of the simula- J
tion here considered, The alternative was a recalculation of conditions '
at the time of simulation of each subtask, The preprocessing approach
was selected for the following reasons:

1, It provided for adjustments to be made once for
each N iteration simulations, rather than perform-
mance of these calculations for each of N itera-
tions., This reduces the computer time required :
for simulation, gﬂ

2. It required only small changes to the original com-
puter program for the simulation, those changes
being restricted to the INPUT routine and formats. |
This reduced program development and checkout ﬁ
times. i

3. It promised comparable accuracy and validity of
results within the context of Monte Carlo simula-
tion methods,

4, It left the original model essentially unaltered,
Thus, its internal validity and operating charac-
teristics remain known and unaffected.
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Input Data Required

The input data required by the RAM preprocessor are essen-
tially the same as those required by the basic Siegel-Wolf model ex-
cept for the addition of two one-digit code fields in the input punched
cards, The first of these new inputs, the Job Activity Group (JAG
code) is punched into card column 76 of the card for every task ele-
ment performed by any technician., The code assignments for the 9
active job activity factor) groups are given in Table 11, That is,
each task element is categorized during the task analysis as belong-
ing to one and only one of the factors, The code assignments are also
shown in Table 11,

The second one-digit code is contained in the operator cards
as an addition to data previously punched in these cards. This digit
represents the Job Operator Type (JOT) punched in card column 42
to identify the Navy rate of each of the technicians simulated, The
code assignment is shown in Table 12, This code controls the selec-
tion of appropriate success probability factors, as described later,
for the type of technician (Navy rate) selected for simulation,

51




R R T

Table 11

Job Activity (Factor) Group (JAG) Codes

Code Description

None of the following
Electro-cognition
Electro-repair
Instruction

Electro-safety

Personnel Relationships
Electronic Circuit Analysis
Equipment Operation

Using Reference Material
Inspection

OO0 ~ITDOU bW —=O

Table 12

Job Operator Type (JOT) Codes

Code Descrigtion

None of the following

Electrician's Mate

Electronic Technician

Fire Control Technician

Interior Communications Technician
Radar Technician

Radioman

Sonar Technician

Torpedoman

O =2 OO bW =O

52

i il A M e e o PRI ol

EC
ER

ES
PR
ECA
EO
URM
EI

EM
ET
FT
IC

RD
RM
ST

™™

R —




D S, (R R e e T T i

Flow Logic Description

A description of the logic and arithmetic operations perform-
ed by the preprocessor is given in this section, It is noted that the
use of this preprocessor is designed to apply exclusively to mainte-
nance and repair actions due to the unique tailoring of the processing
to data available for Naval personnel performing these specific types
of duties,

The function of this preprocessing is to adjust the data usually
provided to the model as task element success probabilities (p;; values)
by type of techinician (JOT) and by type of job activity (factor){(JAG).

The sequence of operation is given in the flow chart presented
as Figure 4, It is assumed that all input data are prepared in card
form as usually provided for the model plus the two additional codes
discussed above, This general flow chart was implemented program-
matically by the sequence of operations shown in the more detailed
flow chart presented as Figure 5,

Each of the technicians to be simulated is preprocessed in-
dependently, If no JOT is given for either operator, then the entire
preprocessor is bypassed and processing continues with the model
directly. If a JOT from 1 to 8 is given for a technician, the pro-
cessing is performed for each operator for which a non-zero JOT
is given., The processing for each technician proceeds as follows for
each of the JAG codes.

For a JAG of zero, no adjustment is made in subtask prob-
ability (pj;) values. When JAG is other than zero, first the number
of subtasks in each JAG is determined and the product of the Pij values
(PQ)in each JAG is calculated. In this and all preprocessor operations,
decision subtasks are not utilized as the probability assoeciated with
them does not represent subtask success and is therefore not subject to
modification in this process, This product represents the cumulative
probability for all operator actions in each JAG. For example, if
there are five subtasks to be performed by a technician in a repair
task and all have JAG = 4 (electrosafety) then the product of these five
pjj values represents the likelihood of that operator successfully per-
forming all electrosafety jobs required by the malfunction correction,
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|
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Figure 4. Summary flow chart of preprocessor.
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NG=NO. OF SUBTASKS IN EACH OF 8 GROUPS

PG= CUMULATIVE SUCCESS PROBABILITY OF
TASK ELEMENTS WITHIN EACH GROUP

DATA ADJUSTMENT

J

READ IS JOB OPERATION W ENTER MAIN
INPUT el TYPE SPECIFIED ? SIMULATION ,
DATA ROUTINE i
e YES
INITIALIZATION FOR RAM GO THROUGH TASK DATA INPUT TO
(RELIABILITY AND DETERMINE . ]
MAINTAINABILITY) o | i
3

9

Y

DETERMINE WHICH IF ANY
GROUPS REQUIRE ADJUSTMENT
OF PROBABILITIES TO MATCH
DESIRED PROBABILITY.

(4 2 .01) OF GROUP (SPOG)

[WRITE FOR EACH OPERATOR AND EACH JOB '.
ACTIVITY GROUP JAG,NG, PG, SPOG, AND ICE, ﬁ
(ITS CLOSE ENOUGH INDICATORIFOR THOSE F

GROUPS NOT REQUIRING ADJUSTMENT.

REQUIRED

REQUIRED l ;

FOR EACH JAG REQUIRING
WRITE REVISED DATA FOR EACH OPERATOR FOR ]
ADJUSTMENT CALCULATE EACH SUBTASKS INCLUDING NG, OLD PROBABILITY, i
TR = N/ go5e NEW PROBABILITY, SPOG. GO TO MAIN ROUTINE ]

T [ ¥ :
FOR EACH GROUP:
IF NG=1 THEN ;= SPOG YES

[

FOR EACH GROUP:
AID=F (TNR-B;) NO

TP=Z (1,-P))) ARE ALL |PG-SPOG| 2= .0l i

;

FOR EACH TASK ELAEIMDENT IN THIS GROUP.

Figure 5. Basic programming elements for preprocessor.
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It is this product which ideally should equal the personnel factor re-
liability values described in Chapter I and shown in Figure 2, These
are called success probability of the group (SPOG). It is the basic
purpose of this preprocessor to adjust, if necessary, each input p;;
value(by JAG) so that this agreement occurs within a reasonable toler-
ance, The tolerance was selected to be 0,01, Thus, if the product
|PG - SPOG(JAG, JOT)|=< 0,01, then no further processing is required
and the next JAG is considered. In the case that only one subtask ap-
pears in a given JAG, the p;; of the subtask is set equal to the SPOG
value for the JAG and JOT under consideration,

In the event that further processing is required, the NGth root
of SPOG is calculated where NG is the number of task elements having
a given JAG., This root represents an initial value for p1 which satis-
fies the desired condition. That is, if all task elements possess an
equal p ., then their product would equal the appropriate SPOG value.
Consequently, this root, called TNR, is an initial value used in the de-
termination of individual new p ij values,

A value is then calculated for the average increase or decrease
in P1J for individual task elements, This value is

NG _
AID = .Z (TNR - p;;)

The total potential increase for all task elements of the group is then
calculated:

NG _
TP =.Z.Q- pij).
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New success probabilities ‘or each task element in the group
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