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ABSTRACT

A previously developed man-machine model which is capable of simulating
closed man-machine systems operated by crews of from 4 to 20 members was
substantially modified so as to allow its use for system reliability and system
availability predictive purposes. The resultant new model is capable of generat-
ing new system availability and reliability measures based on human and equip-
ment performance resulting from the computer simulation runs.

A description of the revised computer model including the changes is pre-
sented, together with the model flowchart and user information.

The degree of success in producing rational output achieved during a set of
basic runs using the revised model and program is discussed.
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CHAPTER I

INTRODUCTION AND BACKGROUND

General Overview

The integration of human reliability (HR) and equipment reliability (ER) data
into a single comprehensive model for predicting system reliability (SR) has been
one of the major expressed concerns of Navy system planners (Blanchard, 1972).
Efforts to use currently available models, however, have not met with desired suc-
cess levels. An attempt was made, for example, to include human performance
data in the WSEIAC (1965) model, even though an explicit basis was not originally
provided in the model for such consideration. As noted by Blanchard (1972) "...
attempting to force human performance characteristics relative to a particular
system design into an available structure provided by a model developed to ac-
count for equipment consideration is extremely difficult and grossly inadequate. "
Similarly, efforts to incorporate human performance data into the GEM (Orbach,
1968) and RAMA (Hamilton & Bennett, 1970) models have not as yet proved useful.
Moreover, even when separately noted, the contributions of HR and ER to SR have
not been quantified in an easily generalizable fashion. The result makes extrapo-
lations to new environments/equipments/personnel difficult (Smith et al., 1970).
This problem is primarily a result of the absence of a clear and concise statement
defining the separate characteristics and properties relevant both to ER determina-
tion and HR determination and the development of a unifying strategy for incorporat-
ing them into an SR framework. While a number of equipment reliability models
are currently available (e. g., MIL-STD-756), there has only been limited work in
human reliability modeling (Siegel & Federman, 1974, Federman & Siegel, 1973).

Prior NAVSHIPS Sponsored Efforts

Over the past several years, Applied Psychological Services has been engaged
in developing, testing, and demonstrating a family of man-machine computer simula-
tion models. Considerable emphasis has been given in these models to the HR as-
pects. The earliest model has also been successful in showing the utility of the sto-
chastic simulation approach for predicting human reliability in the electronic equip-
ment maintenance context (Siegel & Federman, 1974). The results of this prior work
point out and support the feasibility of the general approach for HR prediction pur-
poses. On the basis of this prior effort it seemed that a similar approach to the pre-
diction of HR in all contexts (electrical, electromechanical, mechanical, and elec-
tronic maintenance, as well as equipment operation) offered considerable promise.

However, the stochastic simulation model employed previously for HR predic-
tion is limited to simulation of tasks performed by one or two operators and is fur-
ther limited because it is not easily adaptable for total system simulation purposes.
Accordingly, a model was sought which would allow simulation of the actions and be-
haviors of larger groups of men and total equipment systems. A further prerequisite




in such a model is the ability to accept and interact with ER data so as to yield an in-
tegrated SR numeric. Quite obviously, the output should be analyzable into the con-
tributors to high or low SR.

A second Applied Psychological Services' large crew model was also consid-
ered. This model simulated psychosocial and performance interactions for groups
of operators selected from crews of up to 90 men. Predictions made by the model,
mostly based on HR considerations, include system effectiveness, crew morale and
cohesiveness, operator orientation, sickness, and proficiency. In this model, each
day of a multiday mission is simulated to yield crew-mission evaluation.

However, work with this model indicated that it was not appropriate for inter-
mediate size crews, because as crew size decreases, so does group size, mitigating
the applicability of model logic based on HR group theoretic concepts.

Another model developed and validated at Applied Psychological Services un-
der Office of Naval Research sponsorship was considered. This model, called the
intermediate size model (ISM) has been fully described elsewhere (Siegel, Lautman,
& Wolf, 1972; Siegel, Wolf, & Cosentino, 1971; Siegel, Wolf, & Fischl, 1969). Ex-
amples of variables included in the model are: crewman proficiency, crew morale,
level of aspiration, fatigue, and stress.

The ISM simulates the acts and behaviors of individuals and/or groups of per-
sons as they perform the tasks required for the operation of a man-machine system.
While the model can also simulate tasks performed by a smaller number of persons,
its primary advantage is its ability to simulate teams of 4 to 20 mean. As such, it
complements the one man - two man model (Siegel & Wolf, 1962; 1969) and thelarge
size crew models which had been previously developed and validated at Applied Psy-
chological Services.

As in the large crew model, the approach to the problem of crew simulation in
the ISM is through the formulation of a representation which simulates group activity
and which yields operational (workload) measures, as well as measures of man-ma-
chine system performance efficiency. Because the model is to be used in simulating
difficult and untried missions, in which the operators' physical and mental limitations
may plan an important part, original emphasis in ISM development was placed on hu-
man or operator-oriented variables. Nevertheless, the more ordinary operational
variables (the amount of time worked by operators, status of supplies, etc.) are also
included. It has been found helpful to consider the separation of the principal model
variables into these two categories: psychological or operator oriented variables, and
operational variables. Examples of psychological variables are competence, charac-
teristic work pace, physical capability, aspiration level, stress tolerance, and state
of fatigue of the operator. Examples of operational variables simulated are level of
consumables, performance time allowances, task essentiality, and extra work re-
quirements (overtime).




In all of these models, an analysis of the task or mission to be simulated is
required prior to simulation. This analysis provides input data to the computer.
These data, together with information on equipment, personnel, emergencies, and
the like are prepared for computer processing in accordance with a program which
implements the model's logic. Under program control, the computer starts at mis-
sion time zero and simulates the crew's performance of each unit of work or occur-
rence during the mission.

To date, it appears that the attempt to include human behavioral and social
interactive variables in determining system effectiveness has been limited to the ef-
forts of Applied Psychological Services. No other model currently available attempts
to account for and predict human behavior in as detailed and mathematically explicit a
fashion. This has been true even though it has been estimated (Blanchard, 1972)that
over a 20 year system life cycle, 80 per cent of the cost in that period can be assign-
ed to personnel. It would appear, then, that the need for SR models which include
personnel related variables is apparent and that the ISM provides such a framework.
Furthermore, the logic of the ISM facilitates the extraction of both equipment related
and human related factors as they are involved in system performance effective-
ness.

Additionally, it was determined that the ISM could be modified so as to satis-
fy each of a number of characteristics and properties required in a system reliabil-
ity oriented model.

The present report describes the entire model including these modifications

and as such is self contained. It also presents the extent of success this resultant mod-

el has demonstrated in initial model testing simulation runs.

The approach adopted was to take the ISM, which is principally HR oriented,
and to augment its basic capabilities with additional features such as:

operatorinduced equipment failures

motion sickness and its effects

equipment performance measures

shift simulation capability

increased tracking of uses of consumables including

spare parts

® enhanced summarization so as to yield measures of
equipment, human, and system reliability

® simulation of a related group of events, called a ''family, '
to yield increased simulation detail

® generalization of model and extension of limits

® consideration of equipment reliability by four major
equipment types

® modification of equipment repair time calculation

® degradation of performance adequacy on emergency and on

repair events when such events take longer than a target

time to complete

3




The ISM, as modified for consideration of ER, HR, and SR determination,
allows answering questions relative to a specific system such as:

What is its ER?

What is its HR ?

Which components of ER contribute most to unreliability ?

Which components of HR contribute most to unreliability ?

What changes in equipment will lead to an increase in ER?

What personnel changes will increase HR?

What behavioral variables contribute most to HR ?

What part does ER and HR, respectively, contribute to SR ?

What system design changes will best contribute to an in-
crease in reliability ?

How does crew proficiency affect HR? SR?

® What are the effects of such items as motion sickness,

fatigue, morale, level of aspirations, etc., on HR? on SR?

Goal s

The balance of this chapter contains a description of the various goals set for
the enhancement work in terms of features and characteristics required of the result-
ing model. General descriptions are also included of the approach taken., Specific in-
formation on model logic changes, and their impact on the ISM computer program are
presented in Chapter II.

Numerical Estimate of Reliability

Perhaps the most critical requirements of a HR model is the ability to provide
a numeric defining HR in a manner which can be compounded with ER data, This com-
pounding should result in a summary numeric defining the total SR. The importance »
of this property was noted by Blanchard (1972), who summarized the statements of his
panel of model users as follows: '"There was a concensus (sic) on the desirability of in-
tegrating, incorporating, or in some way combining human reliability models with
equipment reliability models' and "... attention should be devoted to the statistical
compatibility of human error rate data and equipment failure rate data which might
in some way be combined to provide an overall output reliability index. "

Accordingly, ISM was modified so as to allow separate summary numerics re-
flecting both the reliability of: (1) equipment (and its "performance' during the simu-
lation) and (2) humans and their performance. These numerics are based on a com-
mon metric and, as such, may be compounded to give an overall estimate of SR. The
separate identification of the two reliability numerics allows the quantification of the
contribution to SR of the two major system components. The results, accordingly,




allow identification of the component which might be most advantageously modified so
as to provide the greatest improvement in overall SR.

Characteristics of the Numeric

In order to arrive at an overall estimate for ER, traditionally, single compo-
nent reliabilities are expressed probabilistically and are compounded. An an analo-
gous fashion, it has been suggested that HR be generally conceived as being a compos-
ite index. Meister (1970), for example, noted that "... since the reliability prediction
(ER) is formulated in probabilistic terms, the HR technique must be formulated in com-
parable terms.'" Meister also observed that '... it will be necessary to deal with the
likelihood of events occurring over a series of performances.' Somewhat more gen-
erally, it seems necessary to deal with the set of events which constitute performance
as well as over a series of performances of the set. This approach possesses the ad-
vantage of identifying the specific components contributing to unreliability which de-
grade overall HR. System designers, among others, would be able to investigate on
an ""event-by-event' basis where major improvements either in the man-machine in-
terface itself or in the introduction of some form of performance aiding would best
augment HR and, consequently, SR. By an "event' in the HR sense is meant a com-
ponent of the overall task such as ''detection' in a sonar attack sequence.

As a further requirement within this approach, Blanchard (1972)noted in
his survey that "... most respondents indicated that. .. use of single-value perform-
ance estimates including HR indices. .. would be inadequate for their needs. " This
conclusion was reached from an expressed desire among his respondents for a quan-
tification of the distributions (as well as tolerance limits) surrounding the perform-
ance estimates. This desire is analogous to the synthesizing of distributions from
component test data as involved in a determination of system reliability, as described
by Fagen and Wilson (undated). Similar data for the components, if not for the whole
task, in an HR determination would also be desirable.

Accordingly, it seems that the underlying components of HR in a given system
should be identified and measured on a common metric (probability of success), al-
lowing both a measure of overall HR as well as the identification of the components of
the final index. Distributions of values analogous to MTBF distributions will also be
obtained, wherever possible. Where distributions are available, compounding might
require convolution of mathematical functions.

Level of Specificity

One of the key issues in HR determination is the level of specificity required.

Balaban and Costello (1964) concluded that '"There can ...be no general criterion for
the level at which a system should be defined; nor can general ground rules be formu-
lated. FEach assessment must dictate its own criteria.' Likewise, no uniform agree-

ment among model users on this important question was found by Blanchard (1972).




Dunnette et al. (1972), in discussing the issues involved in the development of
a Naval Personnel Status Index (NPSI) raised a problem somewhat similar to that con-
sidered here--the level of specificity necessary for the development of an index of
HR. They suggested that the basic data system necessary for the development of their
N PSI should focus on tasks or functions as the primary unit of analysis. In view of the
difficult effort involved in the development of a data store type of system and possible
user resistance to its employment (Blanchard, 1972), the HR metric focused in its lev-
el of analysis on tasks and/or functions. In ER determination, the level of specificity
was selected at the equipment level. The ER for maintenance of all types of equipment
(electrical, electromechanical, mechanical and electronic), as well as for equipment
operation, was also provided for.

Sensitivity and Robustness

While it is desirable that both the overall ER and HR indices of the model be
sensitive to shifts in their respective components, subtle shifts should give rise to
small or no changes in the major index. In general, each index should be robust to
minor day-to-day fluctuation in magnitude and/or direction of their components. Ad-
ditionally, changes in the index should not be time dependent in and of itself (Bryan,
1973).

Model Reliability, Validity, and Generality

The first requirement of any model is that it be reliable; that is, its predic-
tions must be stable. With stochastic models, this stability is reflected in the dis-
tribution of obtained values being consistent over different model runs. Following
the establishment of model reliability, model validity can then be ascertained. Valid-
ity is defined as the demonstration that a model is measuring what it purports to meas-
ure. With stochastic models, predictive validity can be demonstrated when the dis-
tribution of model derived values reflect the expected (actual) distribution to within ac-
ceptable levels of agreement. Expected distributions can be obtained from historical
records, theoretical derivations, etc. Since both reliability and validity are quanti-
fiable constructs, it is necessary to define a model's reliability or validity in a statis-
tical sense.. The issue to be considered is one of more or less reliable and/or valid
rather than a simple yes/no dichotomous decision. Validity, in the form of success
or failure of performance, however, must be clearly stated (Meister, 1970),

The validity of a model is a function of its generality. As generality increases,
validity decreases for any given situation. A balance between validity and generality
must be forged in most stochastic model development efforts.




Other Goals Established

In addition to the properties and characteristics noted above, other features
mentioned by others were established as desirable objectives in enhancing model util-
ity. First, a model should be easily utilized by nonspecialists (Meister, 1970). In-
put requirements and outputs should be as simple and nontechnical as possible, but
experience has shown that models which tend to require a great deal of sophistication
on the part of the user have not received wide application. Similarly, model input
requirements (e. g., formats) should be set up in a manner that is compatible with
both typical engineering and human factors analyses. To the extent that a model ex-
hibits parallel structure in its requirements for engineering and human input data,
the less complicated will be the input data task requirements.

To the extent possible, a model should make use of available data or data
which can be developed from usually available data via transformations. Once again,
the less the burden on the model user, the greater is the expected use of a model.

Additionally, a goal was established to develop a model general enough to be
applicable during system development, as well as during final system performance
assessment (Siegel, 1973 ; Leuba, 1968; Meister, 1970). This use of a model will
probably be critical in evaluating overall utility. As Blanchard (1972) has noted, one
of the most frequent problems facing Navy planners is deciding between two (or more)
alternative systems while the systems are in early planning stages. The model should
allow planners in the early phases of system development to compare relative relia-
bility or values of some similar effectiveness measure for competing systems.

Finally, a model should include consideration of qualitative and quantitative
manning requirements so as to allow testing of expected performance levels of crews
of different skills and proficiencies within skills. ’

Fleishman et al. (1973) have observed that'The parallel specification of the
elements contributing to human reliability in a manner analogous to that performed
for machine components by engineers is a necessary prerequisite for predicting-over-
all system reliability. " The adaptation of the ISM is designed to determine the ER
and HR components of SR, as well as SR. This approach clearly follows that speci-
fication, as development of the ER and HR numerics, involves determination of as-
pects, properties, and characteristics of each. It also involves determination of how
these can be dealt with in a parallel manner and their final integration into predicting
SR without violating the typical assumptions underlying each.

Further Relationships Among the APS Models and Related Efforts

One question which might be raised is that of the relationships or continuity of
variables from one model to another in the series of three Applied Psychological Serv-
ices' models described. In an attempt to respond to this, and to indicate the relation-
ship of the variables in the ISM to the others, the following summarization presents
the principal variables, functions, or concepts of each of the three models.

Although no specific experiments have been performed to determine the con-
tinuity of predictions made by the three models due to their similarity, it is expected
that reasonable output overlap and trend similarity would result if the same mission
could be simulated on the different model.
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¥ Quantity 30 types 35 types at 20 stations
Q Capability equipment tasks failure and generation of repairs failure and generation of repairs
? operator initiated failures
p Performance/ failure rates failure rates
M Status up time
E down time communications
N performance level
T consumables levels
Mission Ef- mission success system reliability level total efficiency
fectiveness probability
0 performance system performance level
U repetitions equipment performance efficiency
T peak stress tasks system global effectiveness level
p mission duration consumables balances
g equipment and human MTBF & MTTR
Time Utili- tasks failed, ignored hours worked, ot, unused, repair
M zation average time used success, idle, sleep, repair no, of action units, repair,
E waiting time no. of events, success, fail, ignore, ignored essential, nonessential,
A average time overrun primary, secondary postphoned
S peak and average stress
U number of tasks and last
g task completed
M Personnel goal aspiration performance adequacy psychosocial efficiency
E performance physical and mental load crew cohesiveness index
N average cohesiveness health and safety indices total crew efficiency
T performance sick days
S crew orientation
promotions
Report Fask, Tission event, day, mission iterations, action unit, day, mission
Frequency iteration, and run and run summary iteration, and run summary
summary




Principles Leading to Quantification of VYariables

Since the ISM is an elaboration of an extant model and its foundations have al-
ready been documented, this report will not dwell on the mechanics of selecting or
quantification of the model's variables. Siegel, Wolf, and Fischl (1969) present an
extensive discussion on the following variables within the model:

physical capability
competence

fatigue

physical incompatibility
working pace

level of aspiration
psychological stress
confidence

This prior work includes literature references to studies considered pertinent
and includes full descriptive and analytic logic. Particularly significant relationships
are described and instances of agreements of concepts with specific literature sources
are cited.

Briefly, the general policy followed in the selection and utilization of variables
for use in the ISM, as well as the other APS models, is summarized by the following:

1. from the principal features of the model and its known
goals, select one or more theories/approaches of
greatest importance, e.g., small group theory, en-
vironmental considerations, extent of importance of
equipment performance

2. with these guidelines, select specific variables on the
basis of literature studies, prior model results,
and/or best judgment

3. identify those factors on which selected variables
should depend, i.e., the relationships among vari-
ables

4. extract from the literature the qualitative analytical
expressions which link the variables one to another,
fitting trend lines to known or estimated relation-
ships

5. scale the variables and expressions to achieve con-
sistency throughout the model
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CHAPTER II

THE MODEL AND THE VARIABLES SIMULATED

Introduction

The model makes provision for simulating characteristics of the individual
crew members of a system and the equipment they operate. Each characteristic is
altered as a function of events that transpire during a simulated mission, and each
in turn exerts an influence on mission events. In general, the HR oriented charac-
teristics subsume physical and mental performance factors, personality and motiva-
tional factors, learning and reinforcement, and aspiration and leadership.

A crew of 4 to 20 men is modeled. The ER factors include equipment repairs
by type, sea state, intermittent failures, up and down time factors, and equipment
performance measures. The activities to be assigned to and performed by the crew
are itemized into specific events for each day of a multiday mission. This informa-
tion, together with data on average personnel performance, on equipments to be oper-
ated, and on emergencies which may occur, are provided in coded form to the high
speed digital computer. These data are manipulated for each scheduled event, each
equipment repair event (or event family), and each emergency which is encountered.
The major segments of the model are:

1. crew formation

identification of each crew member and assignment of
specific capabilities and characteristics to each crew
member

2. daily schedule generation

preparation of itemized events to be completed on each
day of the mission

3. personnel assignment

selection of individual men to accomplish the work of
each event with option to use a shift assignment logic

4. event simulation

calculation of conditions existing during each event and
the determination of how well and how quickly the assigned
men accomplish the work which constitutes the event

11




5. personnel update

modification of the numerical status of human and
equipment variables as a result of group perform-
ance during the event

6. results recording

selection and display of the value of key variables
and summarized conditions as desired (i. e., for
each event, each day, each mission iteration, and
a summary of all iterations)

Figure 2-1 presents a gross view of the flow logic sequencing. A more de-
tailed logical flow diagram of the model is included as Appendix C. The two flow
charts are compatible in that the key nodes, identified by circles containing lower
case letters, represent corresponding points in the model and program. The com-
puter program, written in the FORTRAN IV language, implements these flow charts
and the sequenced logic, as described. To facilitate both descriptive and analytic
program-to-model interaction, this report will utilize FORTRAN variable names.
Appendix A to this report presents a list of the variable names and definitions.

Missions of durations of up to 30 days can be simulated. A mission to be
simulated may be composed of up to 300 types of events, and 200 of any of these
types may be scheduled on any given day. The events are performed by crews of
no more than 20 men who are in up to 10 different personnel specialties and who
may be in four command levels. The crew may operate up to 30 types of equipment
and may encounter up to 10 types of emergencies. Events are performed by from
1 to 20 men selected from the crew (or shift) to form a group which accomplishes
the specific event.
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FIGURE 2-1. GENERAL FLOW LOGIC DIAGRAM OF MODEL
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BEGIN SIMULATION FOR EACH EVENT

PERFORM RESETS
FOR FIRST
EVENT

DETERMINE WHETHER THIS EVENT
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FIGURE 2-1. (CONT.)

ASSIGN MEN TO GROUP AS REQUIRED BY
TYPE. SELECT ON CRITERIA, IN ORDER OF
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REQUIRED
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(4) ASSIGNED SHIFTS
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ABLE (EXCEPT TRAINING EVENTS) OTHER-
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SELECT THE LEADER OF THE GROUP
AS THE MAN HAVING THE HIGHEST
COMMAND ECHELON, OR (IF 2 OR
MORE MEN HAVE THE SAME COMMAND
ECHELON) ON THE BASIS OF

HIGHEST COMPETENCE

DETERMINE EVENT START TIME AS A
FUNCTION OF:

e .TIME ASSIGNED MEN ARE AVAIL-
ABLE AND ASSIGNED SHIFTS

e COMPLETION OF PRIOR RE-
QUIRED EVENT

e EARLIEST POSSIBLE START TIME
SPECIFIED

SHOULD EVENT BE IGNORED
DUE TO LACK OF TIME?

CALCULATE FOR EACH MAN IN GROUP

YES

IS A NONSCHEDULED REST NO
# OR SLEEP POSSIBLE BEFORE
START TIME?
YES
CALCULATE TIME FATIGUE
DUE TO INCREASE IN TIME
IS THE TIME SINCE LAST NO SINCE LAST SLEEP
WORK OR SLEEP LONG ™ (THIS IDLE TIME COUNTED }—
ENOUGH TO ALLOW YES AS WORK)
SLEEP?
. YES
HAS THE OPERATOR HAD
HIS SLEEP QUOTA FOR NO
SIMULATE
Y e
THE DAY? SLEEP

CALCULATE CURRENT PHYSICAL
CAPABILITY OF EACH MAN AND
THE GROUP AS A FUNCTION OF
INHERENT PHYSICAL CAPABILITY,
| PHYSICAL DEGRADATION, OVER-
EXERTION FACTOR, TIME FATIGUE
AND WORK FATIGUE
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Data Input Required

Six sets of data are required prior to use of the model. The individual
items of data in each of these sets are given in the various tables in Appendix B.
A change was made in the method of handling scheduled event data. Instead of pro-
viding input data for up to 80 events each day, the model was expanded and general-
ized to allow the task analyst to specify (and provide input data for) up to 300 event
types. Any of these can be scheduled at any time of any day. The input data for
event types is defined in Appendix B. Also, for each day of the mission, the task
analyst develops event sequence data for up to 200 scheduled events planned to be
performed that day. These task sequence data, specified in Appendix B (each refer-
ing to one of the predefined task types) constitute the crew daily workload.

All times in the simulation are given to a precision of hundredths of an hour.
Each 24 hour day is simulated, and time is counted from 0000 to 23. 99. A subset
of the data items for scheduled events is required to describe an unscheduled repair
of an equipment or to describe an occurrence of an emergency. Repair events are
also called out by type of event.

Note here that the model now distinguishes between incidence of hard equip-
ment failure (a condition in which the equipment is completely inoperable as a re-
sult of, for example, a component failure) and the incidence of intermittent failure
(a condition in which no '""repair' is accomplished but which results in a reduction
of performance 'score'’ for the equipment).

The next set of data, relating to personnel characteristics and qualities for
the mission, consists of the elements itemized and described in Appendix B. The
first is average population body weight (WT). If a specific system is being simu-
lated in which the body weights of its personnel are known to differ from those of
the general population or the general military population, the mean weight and
standard deviation of that specific system's manning tables become the input data.
For all other circumstances, the mean weight and standard deviation may be ob-
tained from any appropriate anthropometric tabulation (e. g., Damon, Stoudt, &
McFarland, 1966; Webb, 1964; Hertzberg, Daniels, & Churchill, 1950; etc.). The
crosstraining probability table provides the likelihood values of a man of each type
having been crosstrained in each secondary specialty.

Appendix B lists the parameters of the model. This model monitors the lev-
el of up to 20 selected consumables. Of these 20, 10 may be monitored on a unit ex-
penditure basis and 10 may be monitored on a rate of expenditure (e. g., 100 gallons
per hour) basis. One parameter input specifies the initial inventory of consumables
at the beginning of the mission in arbitrary units. A secondary input specifies the
consumable threshold values. When the value of one or more consumables drops
below the selected threshold, those events which require this consumable (except
repairs and emergencies) are ignored. The parameter N provides for preselecting
the number of simulations to be performed. Other parameters are described later
in this chapter as their influence is noted during the processing flow.




FORTRAN nomenclature for other data items, constants, arrays and vari-
ables complete Appendix B. Discussion of recordings of results in various print-
out options is postponed to the end of the event simulation discussion.

Crew Formation and Initial VYalue Selection

The processing begins at circle a of Figure 2-1 or Appendix C. The num-
ber of men in the crew is determined totally and by command echelon using the MEN
[NT, ICE(M)] data provided as input from the personnel data. Each man is assign-
ed to one of four command echelon values:

officer
senior petty officer
junior petty officer
unrated

o DN =

Then, each crew member is assigned a primary specialty or type number, IPS(M),
by the computer. Next, using this assignment andthe personnel crosstraining table,
PTT[IT, IPS(M)], from the set of personnel input data, each crew member is as-
signed a secondary specialty, ISS(M). Values of IPS(M) and 1SS(M) range from one
to 30, corresponding to the 30 possible types of personnel.

Crew members of different levels of physical capability are simulated. The
physical capability variable, as employed, is intended to summarize and represent
the physiological/anthropometric characteristics which the crew member brings to
his job.

A normalized physical capability value, PC(M), is now assigned to each man.
It is the beginning of the mission value calculated using the mean and sigma of body
weight of the total population (personnel input data) based on a normal distribution.
Here, as well as elsewhere in this report, RD denotes a random deviate, i.e., a
number drawn at random from the normal distribution with a mean of zero and a
standard deviation of unity. A crew member of average weight will have a value of
PC(M) = 1,

The parameter CALRY represents the energy consumption of the average
crew member in a day. Using each man's normalized body weight as a multiplier
with the parameter CALRY, a specific value is calculated indicating the average
number of calories, CAL(M), which each man normally could be expected to expend
each day. A similar but short term value of energy or power output (consumption)
rate, PWR(M), is calculated for each crew member, again using PC(M) as a multi-
plier. The parameter PWRRT, the average caloric expenditure of all crew mem-
bers over a strenuous one hour task, is multiplied by the physical capability value
PC(M) for each M, and the result PWR(M) is used as the short term power rate per
hour. (See bottom-right box of Appendix C, flow chart sheet 1.) PWRRT (mnemon-
ic power rate) is considered to reflect a short term peak workload requirement.
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Values for individual crew member's pace or working speed are selected by
pseudorandom number techniques from a normal distribution having a mean equal to
the average crew pace parameter, ACP, and a standard deviation of 0. 11, That is,
68 per cent of the crew population can be expected to fall in the range from ACP -
0. 11 (fast operators) to ACP+ 0. 11 (slow operators).

In a similar way, the model next calls for the calculation of a value represent-
ing the level of aspiration, ASP(M), for each crew member at the start of each mis-
sion. These are selected from a normal distribution with a mean equal to the input
parameter AASP and a standard deviation equal to one-tenth of that value. ASP(M)
values must fall in the 0-1 range.

The amount of sleep each man takes each day is monitored by the model as a
factor influencing fatigue. One of the elements involved here is the length of time
since the completion of a crew member's most recent sleep, HSLS(M); the mnemonic
is hours since last sleep. In order to determine an initial value of this variable for
each man at the beginning of the mission, the Monte Carlo method is again employed
where the average is the input parameter, SLEEP, and the standard deviation is 1/4
SLEEP. Thus, this initial HSI S(M) value represents the number of hours since the
last sleep of a man, M, at the start of the mission.

Given values for HSLS(M) for every crew member, it is then possible to de-
termine the fatigue level for each man, FAT(M), an important mission starting con-
dition. This is accomplished using the subroutine FBUILD (fatigue buildup) shown
in Appendix C.

The next initial condition calculation for the crew results in the selection of
a stress threshold for each man, STRM(M). Again, a specific value is taken for
each crew member from a normal distribution having an average equal to the aver-
age psychological stress threshold parameter, APST, and a standard deviation of
APST/6.

The model next generates a value for competence of each crew member in
both his primary and secondary specialties, PCOM(M) and SCOM(M), using sub-
routine PSCAP, Appendix C, page 22, Competence is a descriptive variable for
affording gross categorization of the quality level of an individual's criterion be-
haviors. This is accomplished by command echelon using percentages of crew of
various qualifications as provided in the personnel input data, and the summarized
crew complements by command echelon, IAA(CE), previously calculated. The total
crew competence is determined in the primary specialty as an average of the PCOM(M)
values over the crew.
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Any physical incapacity, PI(M), of a man at the beginning of the mission
is calculated next in the same way in which it is determined before beginning each
day's simulation. A few randomly selected men may have a degraded condition
representing mild sickness. The number of such men to be so degraded each day,
NPI, is determined by selecting a number from a Poisson distribution whose aver-
age is the quotient of the number of men in the crew divided by the parameter MPI
(the average number of man days per incidence of degradation). For example, if
there are 15 crew members and degradation is expected, on the average, once out
of 10 man days, then the number of men considered handicapped is selected by
drawing a number (always an integer) from the Poisson distribution having an aver-
age of 15/10 = 1. 5. The selection of which specific individuals are considered to
be degraded is made randomly so that all men are equally likely for selection. For
each man, M, so selected, the model calculates the level of incapacitation, PI{(M),
and the duration in days[PI2(M)].

The level of physical incapacitation is calculated so as to yield an equiprob-
able value in the range from 0. 75 to 0. 95. Similarly, the duration of the degrada-
tion is determined from a Poisson distribution sampling in which the average value
is PID, a personnel input datum representing the average duration of a minor phy-
sical incapacitation. The model does not simulate the situation in which a man is
incapacitated to an extent which precludes his working.

The results of all initial value selection computations are optionally record-
ed (print option 2, IND(2) = 1) individually for each crew member and summarized
by crew echelon and for the total crew. A sample of these data is shown in Table
2-1,
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_PR{NY OPYION YWO

CE PC PCOM SCOM PACE ASP
_ 1 1,156 _ 0;949 0,990 1,056 _ 0,779 _

2 0,969 0,920 0,933 1,089 0,895

_ 3 _ 4,056 __ 0958 _ 0,965 0,958 _ 0,¥05

f§ 4 1,035 0:937 0,946 0,973 0,822

_le PC PEOM SGOM PACE ASP

1 1,202 03920 0,900 1,211 0,740

2 _1.110 03977 ___ 0,990 __ o0,%1 __ 0,818

3 0,947 0,930 0,935 1,191 0,805

_ 4 1:024 01940 0,926 0,986 0,986

S 1,134 0,925 0,975 1,070 0,858

6 0,968 ____n;982 0,983 0,P68 _ 0,877

7 1,086 01966 0,936 0,937 0,780

8 __ 1,124 _ ;940 0,940 1,045 0,868

Bl 0,945 0,934 *0,954 0,901 0,756

AVGS/MAN

. 41034___ 0;943___ 0,989 1,042 _ 0,856

Table 2-~1

Sample Computer Output for Initial Values

HSLS
1,079
1,014
1,204
0,871

HSLS
1,234
0,924
1,254
0,775
1,368
1,146
1,097
0,737
1,005
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Pl
1,000
1,000
1,000
1,000

Pl
1,000
1,000
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1,000
1,000
1,000
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1,000
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, ,
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|

|

FATY
0,103
0,102

0,110

0,
0,111

0,044
0,112

0,
0,019

0,067

STAM
2,571
2:570
1,792
2,810
2,990
2,002
2,049
1;959
1,632

___ 2,264

CAL
3245, 528
2998, 488
2475, 403
2758, 449
3061, 498
2614, 425
2877, 468
3036, 494
2550, 415
2846, 463
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Preparations for Daily Simulation

At circle b of Figure 2-1, several variables are reset to initiate the sim-
ulation. These resets precede the simulation of the first day's events.

In preparation for simulation of all daily events, the model now calls for
the determination of the specific day of first occurrence of any repair (due to ca-
tastrophic failure) of each of the 1Q equipments, as well as of the day of first oc-
currence of each of the K types of emergencies. There is a limit (including up to
10 operator induced failures) of 30 repairs per day. The dates of first repair are
based on an exponential equipment failure distribution. These are calculated as

one would determine the time of arrival of an event so distributed. (Note that the
model critically determines the day of first occurrence of each failure. Later,

each time a day is simulated in which such a failure occurs, the same procedure
is used to determine the day of next occurrence of the failure. The method se-
lected is from Bekey and Gerlough (1965):

A phenomenon characterized by sequences of arrivals
may be treated by the exponential distribution; then:

plg>1t)- e—t/K

expresses the probability that spacing between arrivals
equals or exceeds the specified time, where g = gap be-
tween arrivals, t = time, K= average time spacing be-
tween arrivals and 1/K - arrivals per unit time. Then
t = -Kln(1-P). One may substitute a random fraction

R = 1-P and solve for the time between arrivals,

In this way, the day of first failure occurrence, IDF(IQ), is determined
and rounded to the nearest integer day for each equipment, IQ. The 'constant"
used, RELH(IQ), is the average time in days between hard (catastrophic) fail-
ures of equipment IQ and the equipment failure rate is measured in average num-
ber of days between failure occurrences. During the course of the mission, as
each failure occurs on a day being simulated, the day of occurrence of the next
failure of that equipment is determined as outlined above and added to the previ-
ous day's value to obtain the current (next) value.

All IDF(IQ) values are reset to zero at the initiation of each mission iter-
ation.

Determination of the similar day of first occurrence of each of K types of
emergencies, IDE(K), is based on the exponential distribution using the above de-
scribed logic for the time of next equipment hard failure. This was implemented
since it was considered that an assumption of a constant hazard rate for antici-
pation of emergencies was appropriate.
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The following brief analysis, although it is a relatively standard derivation,
shows that the consequence of this assumption is the exponential distribution.

Let AAt = probability of a random event between t and t + At. Then, 1- )\At
= probability of no random event between t and t+ At. Let N(t) = probability of no
event from T = 0to T =t. Then N(0)= 1, also N(t+ At)= N(t)x (1 - XAt). That
is, no event from 0 to t+ At means no event from 0 to t and no event from t to
t+ At. From this equation, we can obtain a differential equation, solve it, and
so obtain the exponential distribution of time between events;

N(t+ At) - N(t) = - N(t)rat
lim | Nt + at) - N(t):| - - NA dN
At—=0 At : dt

Solve differential equation, using R(0) = 1, to obtain;

N(t) = e &

Thus, a constant hazard rate and an exponential distribution of time between
events are equivalent.

Daily Simulation

The logic sequence now enters the phase of processing which is repeated
serially for each mission day, ND. The sequence is initiated at circle c (Figure
2-1) with reset of several variables in preparation for the daily processing.

Motion Sickness

Next, the effect of sea state on crew performance is determined for the
day. The operation of most nonshore based Navy equipment is in an environment
where motion sickness can affect human reliability. Motion sickness is caused
by particular kinds of motion; its symptoms include nausea, vomiting, malaise,
and cold sweating. The incidence of motion sickness on sea cruises varies from
less than one per cent to almost 100 per cent, depending on the vessel, the sea
conditions, and other factors (Tyler, 1946). During moderate turbulence, a
25-30 per cent rate of sickness to the point of vomiting can be expected (Chinn,
1963). While it is generally accepted that when conditions are appropriate, almost
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everyone will become motion sick, it has been shown (Hemingway & Gareen, 1945)
that the degree of susceptibility to motion sickness varies among individuals. A
number of studies have shown that repeated or continuous exposure to motion results
in declining motion sickness in most people (e. g., Bard, 1945; Bruner, 1955). It is
clear that sufficient empirical data exists to generate distributions of expected mo-
tion sickness as a function of mission length. The parameter inputs, SESTA(IS),
specifies the cumulative probability of each of 10 values of the roughness of the sea
from 0 (calm) to 9 (rough). For example, a value of SESTA(6) = 0. 72 indicates that
72 per cent of all mission days have a sea state of six or below. Prior to simulation
of each day, a pseudorandom number (RY), in the 0 to 1 range, is compared to the
10 SESTA(IS) input values. Here is the sea state index 0, 1, ..., 9. For example,
if the SESTA(IS) values are:

0 1 2 8 4 5 6 7 8 9
SESTA(IS) 0.10 0.30 0.50 0,80 0.90 0.95 0.97 0.98 0.99 1.0

and RY is . 36, the sea state for this day, ICSS, = 2 since SESTA(1) < RY but SESTA(2)
> (RY). The current day's sea state, ICSS, is selected as the minimum value of IS
for which SESTA(IS) < RY is selected as the sea state for the current day. This sea
state value is used in the calculation of a value for competence of each crewman for
the day. Both primary and secondary specialty competences, TPCOM(M) and
TSCOM(M), are affected. The effect is linear such that no change to previously
computed, nondegraded (start of mission) competence values is made if IS = 0 (calm
sea) and such that start of mission values are degraded by a factor of 0. 445 for a
worst case of sea state of 9, representing a heavy storm condition. This linear re-
lationship between sea state and competence is shown in the bottom left box of logic
flow sheet 4 in Appendix C.

Following this, the list of days of the first occurrence of repairs and emer-
gencies (just calculated) is scanned to identify any repairs and/or emergencies which
are to be simulated on this day. (The model provides for simulation of up to 12 're-
pair' events to represent a single equipment repair.) The total number of such re-
pairs and emergencies is integrated with the events of this day. Pointers, identify-
ing the sequence of events to be simulated, are then generated. If there are no re-
pairs or emergencies, the pointer for event 1 will be 2; for event 2 it will be 3, etc.
When a family of one or more repair events or an emergency is encountered in this
process, the logic calls for placing this unscheduled event in a random but equiprob-
able position in the sequence of all events for the day. The pointer for an unscheduled
event is calculated by taking the product of a pseudorandom number in the interval
0-1 and the total number of events for the day, NTE. The pointer(s) for the event
just prior to the unscheduled event(s) is (are) then adjusted to indicate the unscheduled
event. The data for repairs and emergencies are transferred in memory for proc-
essing in sequence as determined by the pointers.
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This process is accomplished by generating an array of pointers, NPTR(I),
1=1,2,..., NTE, where NTE is the total number of events of all types. Pointers
serve to identify the event to be simulated next, after each event. The maximum
value of NTE is 570, the sum of NOSE + NR + NE:

NOSE 200: scheduled events

NR < 360: repair events
(30 equipments x 12 repair events
per equipment)

NE < 10: emergency events

IA

The pointer array space assignment is then:

0-200 scheduled events
201 - 560 repair events
561 - 570 emergency events

The following other data are now automatically inserted for repairs and
emergencies:

Kind of event ending KE variable end time
Type of event INT emergency or repair
Time event must be completed TL 24 hours (any time)
Time before which event cannot begin ST 0 hours (any time)

Operator Induced Malfunctions

The possibility of an operator inducing malfunctions into the equipment
with which he works has recently been incorporated into the model. At this point
in the simulation for each day, specific equipments are identified on which such

failures are to occur. Actual event simulations generated by repairs thus in-
volved are calculated and described later.

The logic for this feature is given in logic flow sheet 5 of Appendix C. Es-
sentially, it performs the following functions:
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® During the daily schedule generation, it determines the
events on which an operator induced equipment failure
will occur:

- This can only occur once per event family.

- It is a function of the mental load of the
event (an input code 1-9), the current sea
state (0-9), and a random effect. The prob-
ability is highest when the sea state and men-
tal loads assume their highest values. For
example, when mental load for the event is
low, i.e., has a value less than 3, then an
operator induced failure will occur if the
ranges of these are:

aRi< U gl +(o. OO;RYZ)(I( blso+ 1)

0Oto1l (0.001to 0.00125) (0.1 to 1)

- The occurrence of the operator induced
failure is then directly proportional to the
current sea state and occurs with a prob-
ability equally likely to fall between 0. 001
and 0. 00125 times 4CSS+ 1) For calm
sea (ICSS = 0), this reduces to a probability
in the range 0. 0001 to 0. 000125. For ICSS
= 2, then it does not exceed 0. 00375,

The probability of occurrence during an emer-
gency is higher than during a scheduled event.

e In the case in which an operator initiated malfunction oc-
curs, the model generates a family of up to 12 repair
events to represent the repair of the equipment into which
the failure was induced. These are inserted into the daily
schedule of events in which the operator induced malfunc-
tion occurred.




Such an occurrence has the subsequent effect of lowering equipment reli-
ability by adding events during which equipment will be logged by the model in a
down (inoperable) condition.

Scaling has been selected so that the probability of an operator induced
failure per event varies for repairs from 0. 001 (low sea state and mental load)
to 0. 0375 (high sea state and mental load) and from 0. 08 to 0. 10 for emergencies.

Intermittent Failures

As noted above, processing for hard equipment failures results in repair
action events and in degraded equipment scores. The concept of intermittent
failures provides for equipment down time, which results in worsened equipment
reliability measures, but is not considered sufficiently significant to warrant oper-
ator repair action.

To incorporate this feature, the model calculates the number of occurrences
of intermittent failures each mission day for each equipment, INO(IQ). This is ac-
complished by selection of a pseudo random number from a Poisson distribution
with mean equal to the average number of intermittent failures per 24 hour period,
RELI(JET), provided as an input parameter for each equipment type:

JET Equipment Type

Mechanical
Electromechanical
Electrical
Electronic

B W N

Using this value of INO and TUI(IQ) (time an equipment is down for an aver=-
age intermittent failure), the amount of '"down time'" for each equipment is calcu-
lated. These initial daily values of down time for each equipment will be increased
later for each repair event, as it is simulated in turn.

Event Processing

After the setting of the event number, IE, to the value of the first pointer
and other initializations, the processing has reached circle d and begins a series
of processing steps (through circle h) which is repeated for each event to be simu-
lated.

The number of such occurrences, INO(IQ), is then RP[RELI(JET)], as
shown in the top-middle box of flow logic sheet 6 in Appendix C.
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Following the resets for each event, the computer determines whether or
not conditions exist which would justify skipping (ignoring) the current event. In
no case is a repair or emergency event ignored; however, either of two general
conditions could cause a scheduled event to be so treated. The first is a low value
of the input essentiality of the event, IESS(IE). If this essentiality value is less
than the essentiality threshold parameter, IET, then the event is ignored. (The task/
mission analyst determines the essentiality thresholds on the basis of his understand-
ing of the relative importance of each event to the mission and these values are pro-
vided as mission input. )

The second possible condition for skipping an event is too low a level for
a consumable. The model provides for L. (up to 10) consumables based on usage
per event plus L1 (up to 10) consumables based on usage per time. The model
also provides (up to 10) sets of 10 thresholds for the supply of each consumable.
One set of thresholds is selected by TS(IE) (input data) as applicable to each
event and if the value of one or more consumables is less than the corresponding
selected threshold, then the event is ignored.

Personnel Selection for Assignments

The logic detailing the selection of the most desirable personnel to assign
to each a specific event begins at circle e of the flow chart. In general, the proc-
essing logic is similar for both normal events and training events. However, for
simulating the performance of normal events, personnel are assigned on the basis
of their primary specialty, whereas in the case of training events, the selection
is made on the basis of the secondary specialty.

The processing is performed for each personnel type sequentially. All
men of the desired personnel type (who have not already worked more hours than
the overtime threshold parameter [ WORK 2]) are considered and evaluated for
selection on the basis of the following criteria:

1. the number of hours worked so far during the day,
TW(M). The man who has worked least is preferred.
If there is an excess of men, with equal TW(M) values
available, of the type being sought, then the selection
is made on the basis of

2. a function, CALR, relating the man's peak energy rate
(over a one hour period) to the energy rate, in calories
per hour, required by the event also normalized to a
one hour period. All cases in which the required ener-
gy is less than the man's '"'available' energy are con-
sidered equal. The purpose of this selection criteria
is to avoid a mismatch between the requirements of
the job and the physical capability of the personnel as-
signed.
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3. competence in the primary specialty, IPCOM(M). The
most competent is selected first.

Before actually confirming the selection of a given man for assignment to
the group which will perform the event, a test is made to determine if the perform-
ance of this event would require that the potential group member to work overtime.
That is, the computer tests whether or not the current time worked, TW(M), plus
the expected (average) event time, ADUR(IE), exceeds the overtime threshold pa-
rameter, WORK 1. If the threshold is not exceeded, then the individual who has
been tentatively selected is confirmed for group assignment. If overtime is re-
quired for this man (for whom it has already been determined that he has worked
least), then there are clearly no more desirable personnel of this type available.

In this case, an incomplete processing indicator (IPI) is set. Following the proc-
essing of all the remaining personnel types, crosstrained crew members are sought
to substitute for any primary specialty men who are unavailable because of the over-
time requirement. The overtime thresholds including WORK 1 are provided as in-
put parameters so that they may be varied on computer runs and the effects of such
variation on output noted. Values of the parameters should be selected on the basis
of reasonableness for the mission simulated, reflecting the realities of the work
cycle.

The concept of a family of scheduled events (i. e., a group of interconnect-
ed and interrelated events) is also included. This is limited, however, to a series
of events performed by one man. In case of such a family (of up to 12 events) all
will be performed by the same man--whoever was selected by the selection logic
for the first event of the family (i. e., if IFOI(IE) = 1, from the event sequence
input data).

By this process, one man at a time is selected and confirmed. If, when
the most desirable crew member is selected, additional men are still required
of this type, then the process repeats. When all required men have been con-
firmed, or the proper [Pl has been set, the sequence of operations is repeated
for each successive personnel type required by the event, until the entire required
work group has been formed.

If the IPI indicator has been set during the process, the processing con-
tinues with the search for personnel who have been crosstrained in the personnel
types which were not fully staffed by primary specialists. Should the situation
arise in which no more personnel of the desired type are available in the second-
ary specialty without their working overtime, then a tally is made and cumulated
of all such unmanned station hours, USH, based on the number of unassigned men
who are required and the average event time.

Group Leader ldentification

Provision is made to simulate the influence of leadership on the work
group. Later in the simulation, the leader's aspiration and his competence val-
ue are used to effect performance. To this end, the model now requires desig-
nation of a group leader. Thus, at the completion of the assignment of the re-
quired personnel to a given event, the model continues, at circle f of Figure 2-1,
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with the identification of a leader for the work group. The group member with the
highest command echelon value is tagged as the leader. In the event of a tie, the
competing man with the highest value of competence in the primary specialty is
selected.

Event Start Time

The next question to be answered is: What is the earliest time that the
event can begin, assuming the assigned men are to perform the work, and given
other input data? It is likely that the men who have been selected for event per-
formance may have completed their previous assignment (or otherwise be avail-
able) at different times. So that the event in question can begin when all selected
men are available, the latest time of day at which any group member has com-
pleted his most recent work assignment is checked. The earliest shift when the
job can be accomplished is also determined. To accomplish this bookkeeping, the
computer maintains the latest time that each crew member has worked, Z(M), and
the largest of these, Z1, (for the men in the work group) is determined. Another
constraint which enters into the determination of event start time is the case in
which a specified event must be completed before the present event starts. The
prior event, IPE(IE), is given in the input data. This is implemented by keeping
a value, ZC(IE), for the time of completion of every event as it is completed, and
by determining the time of completion of event IPE(IE), i.e., ZC[IPE(IE)]. The
last element in the start time determination is a specific time of day before which
the current event cannot begin. This value, ST(IE), is also provided as input
data. Thus, the event start time is selected as the largest of the three values:
Z1, ZC[IPE(IE)], and ST(IE).

If this start time exceeds the input data time limit value, TL(IE), then the
event is bypassed after a calculation of unmanned station hours, USH. The USH
variable is used to accumulate the number of working man hours which were dic-
tated by the event workload but which are not performed due to unavailability of
crew members or the like.

Shift Logic

The optional shift logic allows the division of the total crew into watches
(shifts). In the case of implementation of this logic by the analyst, only men as-
signed to a shift which is congruent with the real time of day are selected for
event assignment. To implement this feature, each simulated crew member is -
assigned by the task analyst to one or more shifts up to a maximum of six shifts
in a 24 hour day. The model determines the earliest time an event can begin
(based on its start time or time of completion of the specified precedent event),
and identifies men for each shift during which the job could be performed. The
same man may be identified for more than one shift. The number of unmanned
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station hours (level of undermanning) which could accrue if the event is performed
on each possible shift is then computed, and the event is assigned to that shift in
which unmanned station hours is at a minimum. Where the minimum unmanned
station hours occur in more than one shift, the earlier shift is selected for event
performance. The no shift option can be effected by assignment of all crew mem-
bers to all shifts by the task analyst.

Event Families

In order to allow for the fine grain simulation/analysis of events, the event
family concept was developed. The analyst can break down each scheduled or re-
pair event into a series of subevents. These components of human performance
can then be simulated to determine which are most critical to successful event
performance. Different types of men can be assigned to these subevents by the
analyst allowing for test of different policies. For example, the results of sever-
21 simulations may indicate that a specific subevent in a repair family is critical
and may require staffing by crew members of generally higher proficiency levels
or men who are trained in a specific specialty.

The number of subevents and the simulation sequence of the subevents in
a family is fully flexible. For scheduled events, the number of subevents is un-
limited, while for repair events the number is limited to 12,

Each event or subevent (scheduled, repair, or emergency) must be as-
signed to a class by the analyst. The classes for scheduled events are: com-
munication, operation, decision, or act. This allows summarization by class
at the end of the simulation.

Each repair is designated as one of four major types: electrical, electronic,
electromechanical, or mechanical. Siegel and Schultz (1962), using factor anal-
ytic procedures, identified nine factors involved in electronic repair. Eight of
these factors, as shown below, were expected to be involved in the electronic re-
pairs to be simulated. These results were extended to the other three major
classes of repairs (electrical, electro-mechanical, and mechanical) with anal-
ogous factor (type) definitions. The analyst identifies which major class of re-
pair he expects to be necessary in his categorization of the equipment involved
in an event as either electrical, electronic, electro-mechanical, or mechanical
and uses the factor types to define the sequence of actions required to repair suc-
cessfully the equipment. Any or all may be used and in any combination. Per-
formance of each of these factors will be simulated as a subevent with the concept
of a family being employed to include all the subevents for the repair. Summari-
zation by class (factor) then allows the identification of the factors which contri-
bute to task failure, which take the most time, and the like.

A summary of the repair event types and the factors within types follows.

34




Electronic

Repair Events

Uses reference manuals

Electronic
Electronic
Electronic
Electronic
Electronic
Electronic
Electronic

Electrical

cognition

circuit analysis
repair

equipment operation
equipment inspection
instruction

report

Uses reference manuals

Electrical
Electrical
Electrical
Electrical
Electrical
Electrical
Electrical

cognition

analysis

repair

equipment operation
equipment inspection
instruction

report

Electro-mechanical
Uses reference manuals
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