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1. This maintainahility handbook was developed by the Department of
Nefense i accordance with establisned procedure,

2. This publication was approved on 24 May 1966 [or printing and
melineing in the military standardization handbook series.

5. This document provides information on current maintainahilitv
prediction procedures. 1t will provide valuable information and guidance
o personnel concerned with the desigm, development, and production of
equipment and syvstems requiring a high order of maintainability.

4. Every effort has heen made 1o reflect the latest information un
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1umndbook periodically to insure its completenese and currency. Users of
wiis document are encouraged to report any errors discovered and anv recom-
mendations for changes or inclusions to the Commander, Naval Air Svstems
Command, Department of the Navy, Washington, D. C. 20366,
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FOREWORD

The purpose of this Maintainability Prediction Handbook is to familiarize
project managers and design engineers with current maintainability pre-
diction procedures. To achieve this objective, particular care has been
exercised in selecting and including only those procedures which are currently
used in predicting the maintainability of equipment and systems. The high-
lights of each maintainability prediction procedure are presented 1n a clear,
lucid and intelligible manner and include useful supplementary information
applicable to specilic procedures, using the following format.

1.0 GENERAL
Philusophy, Assumptions and Summary
Applicability
Point of Application
Basic Parameters of Measure
Information Required
Data Basis
Correlation Between Predicted and Observed Values
2.0 ANALYTIC FOUNDATION
3.0 APPLICATION
This type of presentation facilitates reference to all or to only those parts of
a procedure which are of particular interest to the user. For example, the
manager may be interested solely in the non-technical aspects, such as:
Point of Application, or Applicability. Conversely, the engineer, may con-
centrate on the technical aspects only, such as Analytic Foundation and
Application. Thus, through the use of this handbook, maintainability

engineers, working with a new development, can select the most applicable
maintainability prediction procedure for a specific equipment or system.

i
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Prediction facilitates an early assessment of the maturity of the maintainability
design and enables early decisions concerning the compatibility of 3 proposed
design with specified requirements or the choice of better alternatives.

The maintainability prediction procedures I and III are applicable solely to
electronic systems and equipments. Procedures IT and I'V can be used for
all systems and equipments. in appiying procedure II to non-electronic
equipments the appropriate task times must be estimated.

In conclusion, the use of this handbook facilitates the design, development,

and production of equipment and systems requiring a high order of maintain-
ability.

iii
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INTRODUCTION
MAINTAINABILITY PREDICTION

THE NEED FOR MAINTAINABILITY PREDICTION: The prediction of the expected
number of hours that a system or device will be in an inoperative or "down state"
while it is undergoing maintenance is of vital importance to the user because of
the adverse effect that excessive downtime has on mission success. Therefore,
once the operational requirements of a system are fixed, it is imperative that

a technique be utilized to predict its maintainability in quantitative terms as

early as possible during the design phase. This prediction should be updated
continuously as the design progresses o assure a high probability of compliance
with specified requirements.

A significant advantage of using a maintainability prediction procedure is that

it highlights for the designer, those areas of poor maintainability which justify
product improvement, modification, or a change of design. Another useful
feature of maintainzbility prediction is that it permits the user to make an early
assessment of whether the predicted downtime, the gquality, quantity of personnel,
tools and test equipment are adequate and consistent with the needs of system
operational requirements.

DEFINITION OF MAINTAINABILITY: MIL-STD-774 defines maintainabilily as
follows:

“Maintainability is a characteristic of

design and installation which is expressed

as the probability that an item will conform

to specified conditions within a given period
of time when maintenance action is performed
in accordance with prescribed procedures and
resources''.

This definition has fostered the development of many maintainability prediction
procedures for providing an assessment of system maintainability. Each of these
uses various quantitative measures to indicate system maintainability. However,
all of these measures have a specific relationship to, or constitute some element
of the distribution of total system downtime. Hence, if a universal method or
technique can be developed to determine the ""Total System Downtime Distribution’
for any type of system, this would facilitate calculating the measures of maintain-
ability currently in use,



MIL-HDBK-472
24 May 1866

BASIC ASSUMPTIONS AND INTERPRETATIONS: Each maintainability prediction
procedure included in this handbook depends upon the use of recorded reliability
and maintainability data and experience which have been obtained from comparable
svstems and compaonents under similar conditions of use and operation. It is also
custormnary to assume the applicability of the "principle of transferability. ' This
assumes that data which accumulate from one system can be used to predict the
maintainability of a comparable system which is undergoing, design, development,
or study. This procedure is justifiable when the required degree of commonality
between systems can be established. Usually during the early design phase of the
life cvcle, commonality can only be inferred on a broad basis. However, as the
design becomes refined, during later phases of the life cycle, commonality is
extendable if a high positive correlation is established relating to equipment
functions, to maintenance task times, and to levels of maintenance. Although

the four techniques contained in this handbook have been proposed and appear to
fit certain applications, it should be borne in mind that they have not truly been
tested for generality, for consistency one to another, or for most other criteria
dealing with broad applicability. It should also be borne in mind, though, that
experience has shown that the advantages greatly outweigh the burden of making

a prediction. For that reason, it is not the purpose of this document to deter
further research or inquiry.

ELEMENTS OF MAINTAINABILITY PREDICTION TECHNIQUES: Each msintain-
ability prediction technigue utilizes procedures which are specifically designed to

satisfy its method of application. However, all maintainability prediction methods
are dependent upon at least two basic parameters:

{a) Failure rates of components at the specific assembly level of interest.
() Repair time required at the maintenance level involved.

There are many sources which record the failure rate of parts as a function of
use and environment. This failure rate, is expressed as the number of failures
per unit of time. A typical measure is "failures per 108 hours." The major
advantage of using the failure rate in maintainability prediction calculations is
that it provides an estimate of the relative frequencv of faflure of those components
which are utilized in the design. Similarly, the relative frequency of failure

of components at other maintainable levels can be determined by employing
standard reliability predicticn techniques using parts failure rates. Failure
rates can also be utilized in applicable regression equations for calculating the
maintenance action time. Apother use of the failure rate is to weight the repair
times for various categories of repair activity, in order to provide an estimate of
its contribution, to the total maintenance time.
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Repair times are determined from priar experience. simulatiar of rennir taske,
nr past data secured from similar applications. Most procedures break up the
“maintenance action”. which is g maore general expressior than “repair action’.
inw a number of basic maintenance tasks whose time of performance is summed o
obtain the total time for the mainterance action,

SUNMARY: It is emphasized that the selection and application of the proper
maintainability technique results in many economies measured in terms af
man-hours. materiel. and monev. These savings are attributable tc the fact
thar maintainability prediction is considered to pe a tool for desten ¢nhancement
hecause 1t provides for the early recognition and elimination of areas of poor
maintainatnhity during the carly stages of the design life cvele.  Otherwise, arcas
of poor maintainability would anly become apparent during demonstratinn testing
or actual use. :fter which time. correction of desien deficiencies would he

costly and unduly delay schedules and missions.

Muintainability prediction, therefore, is a most useful instrument to hoth manager
and engineer hecause it provides for improved svstem coffectiveness and reduces
administrative and maintenance costs.

The comparison matrix, Figure A, is included to provide a summary of the sigifi-
rant attributes of each maintainability prediction procedurc included in this hand-
book. Additionai details may be obtained by referring to specific maintainability
predictinn procedures of interest.
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PROCEDURE |

1.0 GENERAL

This procedure is used to predict system downtime of airborne electronic and
electro-mechanical systems involving modular replacement at the flight-line.

Just as a masonry building depends upon the brick as its basic building block,

the procedure relies on the ''Elemental Activity' as the fundamental element of
downtime from which other measures of downtime are developed through a process
of synthesis of time distributions.

The Elemental Activity is a simple maintenance action of short duration and
relatively small variance which does not vary appreciably from one system to
another. An example of a basic elemental activity would be the opening and
shutting of a door, or opening and closing of a radome on an aircraft. It should
be obvious that the performance time does not depend upon the construction of
the house or aircraft provided that the door or radome are similar. Therefore
if one should recerd the times required over many trials, to open and close a
door, he should be able to calculate the mean time, i, and the standard
deviation, 07, of this Elemental Activity. This is precisely what has been done
in this prediction procedure for various Elemental Activities which in total
comprice the bagic Categories of Active Repair Time. These activities are
listed in Table 1-1 and the corresponding recommended values of fLand O

for the Elemental Activities of each category are shown in Table 1-2.

The technique of using the basic building block, namely the Elemental Activity,
and building the structure step by step to include other measures of downtime is
explained in 2.0 "Analytic Foundation' and detailed in 3. 0 "Application''.

1.1 Philosophy, Assumptions and Summary

Figure 1-7 entitied ""Structure of Time Elements in "Fix' of Malfunction' illustrates
the ''building block' principle. An examination of this figure shows how elemental
activity times are synthesized to produce maintenance categories and that these

in turn combine to produce Malfunction Active Repair Time. The remainder of

this chart showing the complete buildup to total system downtime is self evident.
There are two exceptions to be noted. The first is that the category entitled
"Distribution of Final Test Time" is not derived from other Elemental Activities
since it has constant parameters and is shown in Table 1-8. The second exception
18 that this procedure does not include the techniques for calculating Total System

1-1
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Downtime but rather concludes with the determination of System Downtime. The
reason is that Total Svstem Downtime is the result of combining the distributions
of System Downtime with Initial Delay. The methods of determining Initial Delav
require some further refinement before they will be considered for inclusion.

In summary, the philosopby of the entire prediction procedure is based on the
principles of synthesis and transferability. As already discussed the synthesis
principle involves a buildup of downtimes, step by step, progressing from the
distribution of downtimes of Elemental Activities through various stages culminat-
ing finally with the Distribution of System Downtime.

The transferability principle embodies the concept that data applicable to one type
of system can be applied to similar systems under like conditions of use and
environment to predict system maintainability.

1.2 Applicability

This maintainability prediction procedure is applicable to predict flight-line
maintenance of airborne electronic and electro-mechanical systems involving
modular replacement at the flight-line. The procedure may also be used for
maintainability prediction in echelons of maintenance other than flight-line such
as field or depot by extension of formulae through further developmental work,
as required, to include other elemental activities,

1.3 Point of Application

The technique can be applied at any time after the design concept has been established,
provided the essential data enumerated in 1. 5 entitled "Information Required” is
available,

1.4 Basic Parameters of Measure

The ultimate measure of maintainability is the distribution of System Downtime.
Intermediate measures include the distribution of times for the various Elemental
Activities, Maintenance Categories, Malfunction Active Repair Time, Malfunction
Repair Time, System Repair Time and System Downtime. (See Figure 1-7.)

1.5 Information Required

In order to perform a maintainability prediction the following information must
be available.

1-2



MIL~HDBK-473
24 May 1968

(a) Location snd failure rate of each component of the system.
(b) Number of flight-line replaceable components of each type.

(¢) List of flight-line replaceable components containing adjustments
or flight-line replaceable parts.

(d) Number and character of readouts (Monitoring devices for portions
of the system).

{e) Number of types of spares carried.

) Number of pressure-retaining connectors.

(g Number of test points.

() Nature of special test equipment (designed specifically for the system).
{{) Number of magnetrons.

() Estimates of durations of average mission,

&) Manning schedules for operstions and maintenance persomnel including
all shifts and all breaks for lunch, coflee, etc.

(1) Estimates for intervals occupied by unscheduled activities such as
debriefing.

1.6 Data Bagis

In the original development of the prediction procedure, data were employed from
malhmction repairs on the AN/ASB-4 Bombing and Navigation System(used in the
B-52 bomber). In testing and refining the prediction system, data were used from
seven other systems:

AN/APN - 89 AN/APX - 25
AN/ARC - 34 AN/ARN - 21
AN/ARC - 65 MD - 1
AN/AIC - 10
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Thus it is expected that this prediction procedure should be more adaptable to
electronic or electro-mechanical systems similar to those mentioned above.

1.7 Correlation Between Predicted and Observed Values

Figures 1-1 to 1-6 show the correlation between observed and predicted values
for the distribution of Malfunction Active Repair Time and System Downtime
for various equipments.

2.0 ANALYTIC FOUNDATION

2.1 Structwure of Time Elements in "Fix" of Malfunction

Using Figure 1-7 as a guide, it is evident that when the latter is viewed from
right to left the following relationships become evident:

(a) Total System Downtime consists of: 1/

1. Initial Delay.
2. System Downtime.

() System Downtime comprises:
System Logistic Time.

System Repair Time.
System Final Test Time.

LY D =

{c) System Repair Time is the product of Malfunction Repair Time and the
number of malfunctions.

{d) Malfunction Repair Time consists of:

1. Malfunction Active Repair Time.
2. Malfunction Administrative Time.

1/The calcuiation of Total System Downtime is not shown in this procedure
because it depends on the distribution of times of Initial Delay and the
procedure requires more development.
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{e) Malfunction Active Repair Time is comprised of:
1. Preparation Timvc.

Malfunction Verification Time.
Fault Location Time.

[
N .

4. Part Procurement Time.
5. Repair Time,
6. Final Malfunction Test Time.

{fy Elemental Activities: Each of the maintenance categories of (e)
ahnve consists of a series of Elemental Activities. as shown in
Table 1-1 and discussed in 2. 2.

2.2 Elemental Activities

To facilitate analvsis and mimimize variations in the performance time required,
cach malfunction maintenance category is subdivided into smaller maintenance
actions, labelled "Elemental Activities”. As discussed in 1. 0 these represent
relatively simple and brief maintenance actions, which require a short time to
perform. Therefore, in the prediction procedure as originallv developed, the
assumption was that Elemental Activities were normallv distributed. However,
after further rcfinement of the procedure three optional distributions are available
for use in a prediction as follows: (See Table 1-2.)

(1) The fitted normal distribution.
(b) The fitted lng-normal distribution.
(c) A corrected time log-normal distribution.

The determination of which Eiemental Activities are normally distributed, and
which log normally, is based on the hypothesis that Elemental Activities having
standard deviations less than an arithmetic mean of one hour, are representative
of activities of a routine nature and are assumed to be normally distributed.

This is due to the fact that execution time is not significantly influenced by
changes of personnel, characteristics or surrounding events.

On the other hand, Elemental Activities having standard deviations greater than
the arithmetic mean, or an arithmetic mean greater than one hour, are con-
sidered both as more complex and as containing manv possihle subactivities,
all of which may not need to be performed to define the activity. In such a case
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TABLE 1-1

LIST OF CATFGORIES AND FLEMENTAL ACTIVITIES OF ACTIVE REPAIR TIME

: T
{ Category J Elemental Activity Activity No.
&
! | Syslem turn-on, warm-up, sehing dials and counters as necessary. i
i Activity i plus LUme awarting particular component stabilization. | 2
: 1 Upening and closing radome. 4
1 Gatning access and remnstalling covers jother than radome). 4
! Preparation ' Obtaining test equipment and or Tech Orders. 5
| .‘ Checking maintenance records. 6
| i Procuring components in anticipation of need. ?
E ; Setting up tesl equipment. B
Y 1 -T
X © Observing indications only. i
Using test equipment to verify maliunchons inherently not reproducible on ground. 2
Performing standard test problems or checks 3
Malfunction Testing for pressure leaks 4
vertlicanon Altempting 0 observe clusive or non-existent symplom(s). S
Using special test equipment designed specifically for this equipment. [
Making 2 visual integrity cheek. 7
Faull self-evident from symptom observation. I
Interpreting symptoms by mental analysis only (from knowledge/experience). 2
Interpreting displays at diflerent settings of controis. 3
Interpreting meter readings. 4
Removing unitis)/subunit(s) and checking in shop. 5
Switching and/or substituting unit(s)/subunit{s). 6
| Switching and/or substituting part(s). 7
Fauir iocution filemoving and checking paris. &
Making 2 visual integrity check. 9
Checking voltages. continuity. wavelorms. and/or aignal tracing. 10
Consulting Tech Orders. 1n
Conlerring with Tech Reps or other maintenance personnel. 12
Perlorming standard test problem(n). 13
Ilsolating pressure leak. 14
Using special test equipment designed specifically for this equipment. 15
: Obtaining replacement component (rom aircraft spares or tool box 1
Part Obtaining replacement(s) from bench, shop. or pre-issue siock. 2
Procurement Obtarning reptacement component(s) by cannibalization. 3
Attempting 1o obtain replacement componentis). Unavailable. 4
Replacing umit(s)/subunit{s). 1
Replacing parts. 2
Correcting improper installation or delective plug-in connection(s). 3
Making adjustments in aircraft. 4
Repair Making ad)ustments o shop. $
Baking magnetron. 6
Precautionary repair activity (includes so-calied fault location, part 7
procurement, and repair times spent when symptom not verified).
Repatring wirtng oF connections. 8
Final Mal- Function checkout lollowing completion of repair, 1
function Test

1-15
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the tendency is for the applicable distribution to be skewed to the right and is
assumed to have log normally distributed completion times.

Table 1-2 shows {itled distributions of compietion times for Elemental Activities.
it is recommended that the distribution parameters shown in this table, which
are denoted by an asterisk, be used in any prediction. Predictions based on
these distributions yield the best empirical fit 1o reported maintenance time.

In those cases when a prediction of true time, rather than the time reported by
repair personnel, is desired, the distribution of corrected time is used.

(See columns 7 & 8 of Table 1-2.)

2.2.1 Assumptione Relating to Elemental Activitics

The selection and phrasing of Elemental Activities is based on the following
assumptions:

(ay The mean time required for the performance of an Elemental
Activity is independent of system design and support facilities.

(d) The frequency of occurrence of an Elemental Activity correlates
with some factor of system design or support facilities.

{c) The Elemental Activities in any maintenance category are independent
of each other.

(d) The total time required in any maintenance category is completely
accounted for by one or more of the Elemental Activities in the
category.

2.2.2 Major Characteristics of Elemertal Activities

Two of the characteristics of Elemental Activities are of major concern. These
are the probability of occurrence and the distribution of time required to complete
an Elemental Activity. Studies indicate that the distribution of the time required
for the performance of an Elemental Activity is independent of the type and design
of the system involved. For example, large differences would not be expected
between the times required to open and close a radome on two types of aircraft,

or the times required to make a simple electrical adjustment since these do not
depend on the design characteristics of the aircraft. On the other hand, the
probability of occurrence of an Elemental Activity does correlate to some factor
of system design or support facilities.

i-14
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TADLE (-2

! P . '4'. R

FITTED DISTRIBUTIONS FOR COMPLE:I"ON )
TIMES FOR ELEMENTAL ACTIVITIES

1 2 3 T P 5 I ‘ 7 r 8
Elemental | Distribution ! Disiribution 2 . Distributioa 3,,.
Category Activity Fitied Normal Fiited Log Normal Correcled Time
Number m o M o {Log Normal)
M 4
Prepars- 1 0.102* | 0,068 | C.085 | 0.606 - 0.082 0.643
tion 2 0.665¢ ) 0.384° | 0.576 |} 0.836 0. 556 0.643
a 0.225°{ 0.135* | 0.204 | 0.5M 0.198 0.643
4 0.275° | 0.196° | 0.21% | 0.£57 0. 200 0.643
5 0.330 | 0,448 0.195¢ | 1.022% 0.1%¢ 1.011
6 0.140° | 0,104¢ | ©.112 | 0.661 0. 109 0.643
7 p.070° | 0. 050¢ | p oan | 0.540 0, 058 0.641
A 0 107 |o0.127 0.062° | 0.83m* 0. oG8 £.011
Mal- 1 0.105 | 0,263 0.000° [ 1.400¢ 0.0 1.011
funclion 2 0.593 | 0.416° | 0.485 }e.cm 0,469 0.643
Verili- 3 0.307 | p. 435 0.26R* | 0.BRB* 0. 260 1.011
cation 4 0.329 | 0.605 0. 157¢ | 1.215° 0.153 1.013
5 1,304 [ 1.236 1.042¢ | 1 @36 1,019 1. 011
Id 0.308* | 0.171* ] 0.269 | 0.528 0.261 0.647
7 0.05% [ 0.133 0.024 1.345° .02 | 1.o11
Fault 1 0.010* | G.001"* 0.010 0.100 0.010 0
Location 2 0.019 | 0.04v ¢.008* | 1,2301° 0, 008 1,011
3 0.733% | 6.25¢¢ | 0.261 | 0.688 0, 256 0.643
4 o 141 | 0,172 w.0R9°* | 0,955° 0,086 1011
5 0.823* | 0,7BB* | 0.592 | 0.80 0,572 1.0t
6 0.324 | 0,346 0.221% | G.572° . 218 1,011
7 0.43¢ |0 480 0.29%° | 0.891¢ 0. 284 1.011
] 0.3181 }o.191 0.125° | 0.8G%" 0.12 1.01)
n 0.340 | 0,212 0.077* | 1.095* 0. 074 1.011
1 0.807 ] 1.000 0.507* | 0.965° 0, 491 1.011
11 0.044 {8,251 0.240* | 0.844° 0.233 1.011
12 0.466 | w.430° | 0.242 | 0785 0,339 0.643
1 0.582° 1 0.08.° | U.320 | 0.789 0.4131 0.642
14 v. 683 | 0,960 n.196° | 1.044¢ ©. 384 1011
s n.onane ] 03620 | 9.205 |} 0.477° 0.217 0.643
Part ! n.0s2 {006 0.012* { 1.086° 0,012 1.011
Procure- 2 0.312° 10,238 | 0,248 | 0.675 0,242 0.643 .
ment 3 0.715* [ 0.171* | 0.277 | 0.508 0. 269 0.641
0.199*{ 0.144° ] 0,361 | 0.649 0. 157 0. 643
Repair s 5.394 | 0.53 0.278* | 1.002° 0.231 1.011
2 0.3%" | 0,503 0.203* | 1.122° 0.198 1,011
a 0.%b* | 0.055° | 0.051 | 0.726 0. 049 0.5
4 0.415 | 0. 541 0.257¢ | 0.997¢ 0,245 .00
L 0.997° | 0.862* 1 0,750 | 0.749 0724 0. 641
3 1.406 {0,701 | 1.269° | 1 4Gme 1.238 0.642
7 0.762* {0.747* | v s | 0.w2¢ 0,515 1.011
] 0.810 | 1,114 lo.us- 1.030° 0,461 1,011

¢ Where It has been poasihie ta compare the rtatistical sdequacy of the fitted normal
and oy normal distributions, the distribution whick fitind beat hias been marked with

an asterisk
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For a majority of the Elemental Activities, the probability of occurrence, p,
is predicted for a particular system by solving an equation generated by &
multiple-linear regression analysis. Table 1-10 lists the occurrence proba-
bility function, p, for a number of Elemental Activities, In these equations,
the dependent variables are based on observations of comparable systems, and
the independent variables are certain quantitative characteristics.

The occurrence of multiple Elemental Activities is a function of the probabilities
of the Constituent Activities; thus, the probability of conjunctive occurrence of
two independent activities is the product of the individual probabilities multipliec
by the probability of non-occurrence of all the remaining activities. For three
independent activities (&, B and C), the probability of joint occurrence of any
two such as A and B and a non-occurrence of the third C would be:

P (A B T)=Pla): PB) - [i-Pic)]

In this type of notation the bar over a letter indicates the probability of ''non-
occurrence’ and a plain capital letter is the probability of occurrence.

2.3 Synthesis of Time Distributions

There are several techniques which are used in this procedure to synthesize
time distributions. For the most part these depend upon the use of Monte Carlo
techniques which simulate actuai conditions by selecting random samples from
cumulative time distributions of applicable parameters. The various techniques
which are used for combining or synthesizing distributions of time are explained
in 2.3.1. The details of the specific methods of developing cumulative time
distributions and utilizing Monte Carlo methods are discussed in 2.3.2 and
illustrated under 3.0 "Application'”. A summary is also included in Table 1-3.

2.3.1 Modes for Synthesizing Distributions of Time

There are four synthesis modes, depending on the manner in which a system can
fail. These are described as:

(a) Equal Sampling, Adding Variates: When one of the components fails
during a time interval and all other possible failures occur during
this same period. All repair actions are performed. (Mode 1,
Figure 1-9.) -
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() Unegqual Sampling, Adding Variates: This applies when only one
failure occurs and the others will probably occur at a rate corresponding
to their occurrence probabilities (the relative frequency, determined
from failure rate data). In this case, various combinations of the
repair action will take place. (Mode 2, Figure 1-9.)

{c) Equal Sampling, Not Adding Variates: This applies when only one
failure can occur at a time and each component has an equal probability
of failure. Only one of the repair actions is possible to correct
system failure. (Mode 3, Figure 1-6,)

(d} Unequal Sampling, Not Adding Variates: This is applicable when only
one of the components can fail at a time, in the order of their relative
probability of failure, The repair consists of performing only one
repair action at a time, since failurec will probably occur one at a time,
in accordance with the relative frequency. (Mode 4, Figure 1-9.)

Figures 1-8 and 1-Y illustrate the basic principles of synthesis. Note that three
normal distributions of time are shown in Figure 1-8. Two of these distributions,
te and t,, overlap to a certain degree, while the distributions to time t. for the
third does not, to any extent.

Figure 1-9 shows the resulting synthesis for each of the four synthesizing modes,
Note that resultant mode 2 is skewed to the right. This is due to the effect of t.,
with its larger mean and its own distribution, intermingling with the sampling of the
other two. This is the mode which can be expected to occur in a complex system.

2.3.2 Cumulative Time Distributions and the Monte Carlo Method

<.

The basic technique used in the prediction method is to develop a cumulative
distribution of times as a means of selecting random time samples for synthesis
purposes. Figure 1-1 is an example of 2 cumulative distribution of Malfunction
Active Repair Time. The abscissa represents the probability of completion of
an active repair action within a time, t, (i.e., in tor less hours.). The time
of completion is shown on the ordinate. Since the expression "within a time t"
is used or "in t or less hours' the distribution is cumulative in nature.

The Monte Carlo method uses cumulative distributions such as Figure 1-1- to
determine parameter values. This involves the selection of times, {, by
randomly picking a probability value of the abscissa and reading the corresponding
time, {, on the ordinate. The random selection of probability is performed by
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REPAIR REQUIRING TIME ¢

PROBABILITY OF SYSTEM

Figure 1-8. Distributions of Times Required to Perform Repair Actions

RESULTANT (MODE 1)

RESULTANT (MODE 2)

J‘\.[\ j\nesuumt (MODE 3)

RESULYANT (MODE 4)

/\

PROBABILITY OF SYSTEM REPAIR REQUIRING TIME L

Figure 1-8, Resultants Synthesized From t,, tp and t,
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using a table of random numbers, or by ulilizing a random number generator when
a computer is employed. to select as many values asneeded for the prediction
procedure for the desired parameters,

Typical of the method is the synthesizing of "Elemental Times''. In this case
a cumulative distribution is developed from the normal or log nermal distribu-
tion+ as required, and the selection of random times is obtained as explained
in Section 3. 0 "Application".

Table 1-3 summarizes the svnthesis method beginning with the synthesis of
Elemental Activilies to develop the various maintenance categories and con-
tinuing the process up to and including the development of System Downtime.

3.0 APPLICATION
2.1 Preliminary Proccdure

{a) Definc the svstem in terms of its constituent units and their input and
output boundaries.

(b) Compute the failure rates of the system and of the flight replaceable
components listed in the legend of Table 1-10 utilizing acceptabie
standard reliability prediction procedures,

{c! Find .he rumber of system readouts and calculate the readout factor
as outlined in Table 1-11 of Addendum A. This readout factor is used
to muitiply cach value of time given in the distribution of system final
test time in Table 1-8.

(d) Estimate an average flight length (in hours) during which the system is
to be operated.

3.2 Steps of the Prediction Procedure

Step (1). Compute the occurrence probability of each Elemental Activity as
outlined in Addendum A. The activities marked with an asterisk in Table 1-10
cannot occur with any other activity within the category; therefore they should
be omitted from the calculations in Steps (2), (3). and (4) below.

Step (2). Determine the probability of occurrence of each Elemental Activity
alone by multiplying its computed total occurrence probability by the product
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of the complements of the probabdilities of occurrence of all the remsining
Elemental Activities within the maintenance category. The formula used in
obtaining the probability of occurrence of the events 4,, A,,...4, i8:

Pa, BBy .. K0 s PlA) - fi-ptap)] - [i-piag] oo [1-piay)]

Step (3). Within each category, determine occurrence of any two activities
which can occur together. Use the following formula for activities &;, Az, ... A,,
where, A, and A, are the activities whose jolnt probability is to be computed:

Pla A EyRy .. By » Pl - PlAy) - [1-Play)] - [1-ptay] -+ [i-P(a,)]
Probebllities M 1% will be conaldered to be zero.

Step (4). Within each category determine the probsability of occurrence of all
possible triple Elemental Activities. Multiply the product of the computed total
occurrence probabilities of sll possible combinations of three activities by the
product of the complements of the tota] occurrence probabilities calculated for the
remaining activities within the category. If the occurrence probability of a

triple combination is determined to be 1% or less, consider it as zero.

Step (5). Within each category add the probabilities calculated in Steps (2), (3),
and (4) to the probabilities calculated in Step (1) for the activities marked with

an asterisk in Table 1-10. The sum obtained by this addition, thus, will not
contain the probabilities of joint occurrences of four or more activities nor those
computed probabilities which are negligibly small (1% or less), therefore the aum
of the probabilities will be less than unity as shown in the following example.
However, the probabilities can be made to sum to unity ag shown in Step (6).

The following example does not rcpresent all of the combipations possible,
however, it ig being presented to show the method used for calculating combinations
of Elemental Activities, {Combinations less than 1% omitted as illustrated below).

Example In Step (2), assume in addition that activity A, was marked with an

asterisk in Table 1-10 which means it cannot occur with any other activity in a
category. We have the following:
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P‘A|) = .30
P(Az) = .40

Play) = .10

PlAg) = .05
P(AAAsA,) = (L0081) ( = 1%.. omit)
P{R, ApAzA,) = (.0021) ( = 1%., omit)
PlaAgAghy) = (,0009) ( = 1%., omit)
Total Prob.

.85 Obtained by adding the
first four numbers.

Step (6). Normalize each category by multiplving each of the probabilities summed
above by the reciprocal of their sum (1.176). This step ensures that the probabilities
sum to 1 and presupposes that the probabilities of joint occurrences of four or

more activities are negligible.
1

Example Using the values of the previous example we have 5 g5 = 1.176
and (. 30) {(1.176) = .35, normalized P{(A))

(.40) (1.176) = .47, normalized P(A,)
((10) (1.176) = .12, normalized P{4,)
(.05) (1.176) = .06, normalized P(A,)
1.00 Total Probability
Step (7). Complete Table 1-4 as follows:
(a) Insert, in Column 2, the double and triple Elemental Activity numbers

whose probabilities of occurrence were calculated as explained in
Steps (3) and (4) above.
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(b) Determine fL| and O’luB

distribution of the multiple activities from the [ollowing equations:

cvr/.L‘cB8 and 0’,.88 for the

'u.ltlﬂ = #ld + /J‘lﬁ or Pldﬂa = ,“‘lc + 'LL‘B * #IB

- 2 2 - 2 2 . 2
T 5" /cr'°+ o5 or 0'.sa'~/a'a + ‘7'5 .

Enter the calculated parameters in Columns 3 and 4 of Table 1-4. The equations
for the standard deviations reflect the assumption of the statistical independence
of activities or multiple activities listed in Table 1-4.

© f o > M or if By > { hour, enter LN in Column 5.
If o < fy < lhour, enter N in Column 5. LN means

log normal, and N means normal! (see 2. 2),

(d) Complete Column 6 of Table 1-4 by inserting the appropriate normalized
occurrence probabilities as calculated in Step (6).

(¢) For each LN entry in Column 5, compute (and enter in Columns 7 and 8)
fgand T2 values from the following equations:

K2
Ha = :
NoHEr O
2 2
G, = [log b )
P’lz

The,u.Z and O 2 values in Column 7 and 8 will be identical to those in Columns

3 and 4 for Elemental Activities designated by an N in Column®5. This transforma-
tion of the mean and standard deviation of each log normal distribution to the same
parameters of its normal distribution transform is required for the next step.
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1 2 k| 4 5 6 7 8
Bastc Occur-
Elemental Distri- Dimtri- rence Distri-
Category Activity bution bution Prob- bution
Number Parameters Type wblity Parameiers
M o, (23 T
(brs.) | (hrs.) (hrs.) | (hre.)
Fault 9 0.140 { 0.213 LN 0.077 | 1.085
Location 10 0.807 | 1.000 LN 0.507 | 1.095
(con 11 C.244 | .35 LN 0.340 | 0. 044
tioued) 12 N 488 | 0.430 N 0.466 | 0.430
13 0.582 | 0.541 N 0.582 | 0.541
14 0.6B83 | 0.960 LN 0.396 | 1.044
15 0.320 | 0.162 N 0.320 | 0.162
Part 1 0.022 ¢, 9020 uh 0.012 j 1,086
Procure- 2 0.313 | 0.238 N 0.313 | 0.238
ment 3 0.315 ] 0.171 N 0.315 {0.171
4° 0.199 | 0. 144 N 0.199 { 0.144
Repair 1 0,394 | 0.5 8 LN 0.239 | 1.002
2 0.380 | 0.603 LN 0.203 { 1.122
3 0.066 | 0.055 N 0.066 | 0.055
4 0.415 | 0. 541 LN 0.253 | 0.997
5 0.993 | 0.862 N 0.993 | 0.862
6 1.416 | 0.701 LN 1.26% | 0. 468
kA 0.752 | 0.747 N 0.752 | 0,747
8 0.810 1 1.114 LN 0.476 { 1,030
|
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Step (8). This step transforms 2 normal variable with mean /L and standard

deviation O 5 to a standard normal variable with a mean of zero and a standard
deviation of unity. In this form the cumulative normal distribution is readily
avallable in Tables, or can be easily calculated on an electronic computer. The
transformations for normal and log normal variables, respectively are:

% -
2, = _l_&i (for parameters designated '"N'', in Column 5 of
2 Table 1-4).

log t; ~ log H2
Z, = {lor parameters designated '"'LN"' in Column 5

T2 of Table 1-4).

The values of i, and O 5 are obtained from Columns 7 and 8 of Table 1-4.

The t; values are given in Column 1 of Table 1-5. Tbe cumulative probabilities

of completing an Elemental Activity by a designated time t, are obtained by

entering a table of the cumulative normal distribution and obtaining each desired
probability opposite the entry Z,. These probabilities are then entered in Column 2
of Table 1-5. Column 3 of Table 1-5 18 determined by multiplying the values in
Column 2 by the probability of occurrence of the Elemental Activity which is listed
in Column 6 of Table 1-4. ‘I'hat 18, multiply each curnulative probability of complet-
ing an Elemental Activity in a given time () by the probability of occurrence of

the activity. This is to be done for each maintenance category.

Step (9). For each of the twenty discrete values of time (t;) listed tn Column 1
of Table 1-5 sum the corresponding Elemental Activity probabilities shown in
Column 3. For example, assuming there are 8§ Elemental Activities comprising
the Category of "Preparation” each Elemental Activity will have an individual
sheet such as is illustrated by Table 1-5. Therefore, there will be eight
probability values, one on each sheet, for each of the twenty discrete values of
time (t;) listed tn Column 1. Summing each of these eight probabilities (Column 3),
for each time t, will result in a total probability value for t;. Since there are
twenty t| values, twenty points will result, which when plotted represent the dis-
tribution of the Category of ""Preparation Time'. Other category distributions
with the exception of "Final Malfunction Test Time", will be determined {rom
their Elemental Activities in a similar manner. '"Final Malfunction Test Time"
has constant parameters and is given in Table 1-6. Plot the six individual
category distributions, i.e., Preparation, Malfunction Verification, Fault
Location, Part Procurement, Repair and Final Malfunction Test.
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TABLE 1-6

PROBABILITY OF COMPLETING ELEMENTAL ACTIVITY
OF FINAL MALFUNCTION TEST BY DESIGNATED TIME

Time (Hours) Probability
0.0 0.008
; 0.02 0.022
% 0.03 0.043
f 0.05 { 0.083
; 0.07 : 0. 180
| i
? 0.10 é 0.250
ot 0. 270
0.20 0.380
0.30 0. 580
]
0.40 | 0. 700
0.50 0.790
0. 60 0. 840
0.80 0.890
0.90 0.905
1. 00 0.934
1.50 0.982
| 2.00 0.993
3.00 0. 999
5. 00 1,000
10. 00 | 050
Dresrimtion 7 =02
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Step (10). Determine the distribution of maltunction active repair time by
using the combining matrix (Table 1-7), the instructione thereon, and the six
category distributions plotted in Step (9), above.

Step (11). From the above distribution (the values are now plotted and emoothed),
select a mintmum of 200 random values of malfunction active repair time (fitted).
To each time, add a value of administrative time to be calculated in Step (12)
below. The result ie malfunction repalr time.

Step (12). The following equation is used to compute administrative time, t:

-awn[i-Fl0]"s
10

t =

where: F(L)is 2 randomly selected probability. An acceptable method is to use
a table of random numbers for this purpose.

To obtain @ and B use the equations:

B = 0027 x> - 0.233 x2 + 0521 X + 0.230 ond

B

0.310 - 0.064 X

a =

where: X is a value of malfunction repair time selected in Step (11).

Choose a minimum of 200 X's and for each value compute the corresponding Q
a.ndB values. Also select the same number of F(t)values by sampling by means
of a table of random numbers. Using the three sets of values, Q , B. andF (1),
we obtain 200 (or more) values of t from the above equation.

Step (13). Multiply each of the 200 values of active repair time plus administrative
time (. e., malfunction repair time) by 0.95N.

where:
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TABLE 1-7

COMBINING MATRIX FOR ACTIVE REPAIR TIME SYNTHESIS

Instruction:

For each row, sum randomly selectrd samples of time® from those
maintenance categories denoted by an "'x".

(X = Occurrence)

This summation will be

executed (M) (P) times for each row, where M ig the desired number of
samples of malfunction active repair time, and P is the indicated probability
of occurrence of each row.

{ Mai- Occurrence

Row | Prepa- | function Fault Part Mal- Prob-

Nwaber | ration Verifica- | Loce- Procure- | Repair | function ability

l tion tion ment test of Row
1 X p 4 X x X X 0.170
2 x X X x X 0.022
3 X X x X X 0.022
4 X X X X X 0. 064
5 X b.S x x X 0.173
6 ! ¥ ~ x % 0,010
7T | x x X x 0.012
8 X x x X 0.029
9 X x b3 x 0.077
10 X X X X 0.024
11 x x x X 0.011
12 X X X 0.008
13 x x X 0.011
14 x x x 0. 050
15 x x X 0.018
16 X x x 0.032
17 X X x 0.011
1R x x 0. 008
19 X X 0.173
20 i X 0.065

* Random values of time may be selected from all graphs by using any

published table of randum numbers.

These random numbers reprcsent

probabilities, 1nd, from ihe cumulative distribution graph, the time
which corresponds to the random probability is determined as a random time
from that distribution.
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tor i6 the median of the predicted distribution of malf unction active repair time;
)\‘ is the system failure rate; and N4 is the anticipated average [light length.

When malfunction repair time is m litiplied by 0.95N, svstem repair time {s
obtained. The factor of 0.95 accounts for an overlap time observed during which
two or morc malfunctions are being repaired concurrently.

Step (14). Plot the system repair times obtained in Step (13).

Step (15). This step involves system final tegt time. Its probability of occurrence
was observed to be about 0.5. Tbe probability distribution of final test times as
shown in Table 1-8 was observed mainly from AN/ASB-4 data. A system readout
factor, as computed in Table 1-11, is used as a multiplier of the time completion
probabilities of Table 1-8B when a different system is being considered. The larger
the number of readouts, the higher the probability of completion of system final
test in z given time.

Step (16). Plot the distribution of system logistic time, given in Table 1-8,

and draw the best fitting line through the plotted points. Determine its

(i.e.. a logistic time event) probability of occurrence, Njqo, from Figure 1-10.
The distribution of system logistic time is based on observed data. The probabili-
ties of occurrence were observed to be an increasing function of the "number of
component types replaceable at the flight-line level™.

Now the inputs from Step (14), (15), (16) are available in the form of cumulative
time distributions for system repair, system final test, and system logistic events.
A new combining matrix (Table 1-8) is now developed for the synthesis of a system
downtime distribution. Repair time occurs 100% of the time, test time occurs 50%
of the time, and logistic time occurs a variable percentage of the time according
to Figure 1-10. The occurrences are indicated by the X's in Table 1-9.

The numbers which replace the X's are drawn at random from the fitted distribu-
tions of repair times, final test times, and logistic times. A distribution of system
downtimes is obtained from this synthesis. Steps (17) and (18), which follow, describe
the method of completing the combining matrix in Table 1-9.

Step (17). Complete the combining matrix (Table 1-9) by finding the quantity
IOON,,. This represents the relative proportion of the total sample of system
downtimes which will contain system logistic times. Draw I0ON,, random
numbers between 00 and 99 and determine r; and ry (the quantities ot those
numbers hetween 00 and 49, and between 50 and 99, respectively). Place an x
in 7, spaces above line 50 and x in r, spaces below (and including) line 50.
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TABLE 1-8
OBSERVED DISTRIBUTIONS OF SYSTEM FINAL TEST
TIME AND SYSTEM LOGISTIC TIME
System Final Test Time System Logistic Time
Time, t, Probability of Time, t, Probability of
in Hours Time, t, or Less in Hours | Time, t, or lLess
0. 15 0.020 0.50 0.010
0.20 0. 055 0.60 0.020
0.30 0.172 0.80 0.071
0.40 0.31 0.90 0.08
0.50 0. 45 1.00 0.10
0.60 0.56 1.50 0.17
0.80 0. 728 2.00 0.22
0.90 0.790 3.00 0.28
1. 00 0.830 4.00 0.32
1.50 0.945 h.00 0.37
2.00 0.980 6.00 0.40
3.00 1,000 8.00 0.42
10. 00 0.43
15,00 0.57
20.00 0.78
40.0 0.82
50.0 0.90
60.0 0.94
150.0 1. 00
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COMBINING MATRIX FOR SYSTEM DOWN TIME SYNTHESIS
(x = Occurreoce)
I System System System System System System
Synthesia Repair Fioa Lopistic Synthesis | Repair | Final Lomstic
Number : Time Test Time ! Number Time Test Time
Time Time
\ o I
! x x 51 3 i
2 X x 52 x |
3 x X | 33 x '
4 x x | 54 x |
5 x x 5% x
€ x x 56 X
! 7 X x | ? 87 , x
; 8 x x E f 5% i X
k 3 | X x | “ 59 ) x
i 10 x X ' 60 ! X
11 x x 61 { x
} 12 x x 62 : x
| 13 x x ; 63 | x
14 X X 64 ¢ x i
, 15 x x €5 x i
16 x x 66 x
[ 17 x x 67 i x
‘ 18 x x 68 [ X ;
19 x x 69 i x
20 x x 70 x
21 x x 71 x
o2 v x k¢4 x
23 x X ‘ 73 i x
24 X X ' 74 ! x
25 x x | 75 x
26 x x i ; 7% x
7 x x ki x !
28 , x x ; 7% x ;
20 x x | 79 x
30 f x x | 80 ! X
3l x x i 81 x
32 x 3 , 82 x
33 x X I 83 x
34 x x 84 x
35 x x ( 85 x
36 x x | 86 X
37 { x x | : 87 ’ x
i 38 x x AR ' x
| 39 x x : 89 ' x
! 40 x x , 90 x
| 41 x x [ 81 x
42 x x 82 H l
43 x x ‘ 93 X
N AR
. ! x x J ) i
" x x Lo X
; 47 x X | 97 l X |
! 4K x x 98 x !
49 x x ‘ 99 } x )
50 x x J 100 x




