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ERRA T A 

Rage 4-4 In the statement: "It. can be seen that 
the measured availability approaches 
true availability asymptomatically more 
rapidly with increasing n,...", delete 
the word "increasing", substitute the 
word "decreasing". 

Page 4-5 Figure 4-3 curves are mislabeled for n. 
Change n=l to n=3. Change n=3 to n=l. 

Page 4-6 Figure 4-4 curve is drawn incorrectly. 
Substitute figure shown below. 

Figure 4-4. Most Probable Growth Curve 

Page 4-7 Figure 4-5 curve is drawn incorrectly; 
table is incorrect. Substitute figure 
and table shown below. 
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DEPARTMENT OF THE NAVY 
STRATEGIC SYSTEMS PROJECT OFFICE 

WASHINGTON. D. C. 20390 in nifly rcfen to 

1 January 1970 

NAVORD OD 43251 
AVAILABILITY EVALUATION PROGRAM MANUAL 

-X^NAVORD OD 43251 is a comprehensive practical guide to 
evaluating the Availability of major weapon system or subsystems 
during development. Thi^: manual integrates various technological 
concepts and disciplines ^viz* reliability, maintainability, 
engineering analysis, etc.) into a unified program with the 
ultimate objective of providing a feasible method for evaluating 
2nd assessing availability measures. 

NAVORD OD 43251, "Availability Evaluation Program Manual" 
was developed as a companion document to NAVWEPS OD 29304, 
"Guide Manual for Reliability Measurement Program," for the 
implementation of MIL-Q-21549, "Product Quality Program 
Requirements for Fleet Ballistic Weapon System Contractors". 
Together they formulate a partial means for assessing System 
Effectiveness during development. The terminology and 
definitions utilized in this manual are in consonance with 
DOD oolicy and current military standards and specifications. 

3. Comments and corrections regarding this manual should 
be forwarded to Strategic Systems Project Office, Washington, 
D. C. 20390. 

4. Copies of NAVORD OD 43251 may be obtained from Commanding 
Officer (CTDO), Naval Ordnance Station (Code VI (c)) Louisville, 
Kentucky 40214. 
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JOHN B. BUESCHER 
By direction 
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ERRATA 

Page 4-4 In the statement: "It can be seen that 
the measured availability approaches 
true availability asymptomatically more 
rapidly with increasing n,...", delete 
the word "increasing", substitute the 
word "decreasing". 

Page 4-5 Figure 4-3 curves are mislabeled for n. 
Change n=l to n=3. Change n=3 to n=l. 

Page 4-6 Figure 4-4 curve is drawn incorrectly. 
Substitute figure shown below. 

Figure 4-4. Most Probable Growth Curve 

Page 4-7 Figure 4-5 curve is drawn incorrectly; 
table is incorrect. Substitute figure 
and table shown below. 
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FOREWORD 

This manual was prepared under the direction of the Strategic Systems Project Office 
(SSPO). United States Navy. Th'1 methods presented were developed by the Re-entry and 
Environmental Systems Division of the General Electric Company. 

Availability is a m .jor requisite for system effectiveness. It is a system characteristic which 
involves the interaction of reliability and maintainability. There are at present no 
standardized procedures for evaluating availability during development and pilot 
production, for making meaningful projections to operational phases, or for measuring 
achieved availability against design goals or requirements. This manual has been written to 
provide procedures for evaluation of availability and related system characteristics for the 
FBM weapon system and its major subsystems, and to provide criteria for the interpretation 
of such measurements by the SSPO and its contractors. In addition, the uniformity provided 
by the manual will lead to the accumulation of a data pool useful for evaluating availability 
concents in relation to future generations of systems. Although the frame of reference 
throughout this manual is the FBM weapon system, the procedures described can as readily 
be applied to other types of complex equipment. 

The specific objectives of this manual are: 

1. To provide contractors with a program for evaluating equipment and subsystem 
availability during development programs, which normally include pilot 
production programs. 

2. To provide the SSPO with procedures for combining contractor-prepared 
subsystem availability reports into predictions of weapon system availability in 

the operational phase. 

3. To provide the SSPO with a means for assessing weapon system availability in 

feet service. 

An effort has been made to achieve compatibility between the terminology and philosophy 
set forth in this manual and those of NAVWEPS OD 29304 “Guide Manual for Reliability 
Measurement”. In particular, the designations of hardware indenture »evels follow those of 
the previous manual. They are shown below: 

System Poseidon Weapon System 

Subsystem Fire Control Subsystem 

Equipment Digital Geo-Ballistic Computer 

Component Type 3 Module 

Hardware/Item General terms applicable to physical elements of a 
system 

iii/iv 
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GLOSSARY 

APPORTIONMENT 

AVAILABILITY 

AVAILABILITY, APPARENT 

AVAILABILITY, ACHIEVED 

AVAILABILITY, INHERENT 

AVAILABILITY, INTERVAL 

A V AI L ABI LITY .OPERATION AL 

AV. !LABILITY PHASE 

AVAILABILITY, POINTWISE 

■ .. • .. , .. 

A process of assigning goals or requirements to 
items in a system in accordance with some logical 
scheme. 

The probability that an item will be operable 
when needed. 

For an item checked out at irtervals, the 
quotient of apparent uptime divided by apparent 
uptime plus apparent downtime. Apparent 
availability is greater than operational availability 
when failure detection is not immediate. 

Availability with respect to failure (corrective 
maintenance) and preventive maintenance 
jointly, under ideal support conditions; an 
intrinsic hardware characteristic. It is estimated 
by the ratio of total operating time to the sum of 
total operating time plus total maintenance time. 

Availability with respect to failure only, under 
ideal support conditions; an intrinsic hardware 
characteristic. It is estimated by the ratio of total 
operating time to the sum of total operating time 
plus total corrective maintenance time. 

The time average of pointwise availability over 
intervals of stated length T. 

Availability in the actual operating environment; 
a function of facility characteristics as well as 
hardware. It is estimated as the ratio of operating 
time plus alert time to total calendar time. 
Equivalent to operational readiness. 

Any phase of a mission when an availability 
figure-of-merit applies, i.e., failures are 
permissible if system is up when needed. 

The probability that an item will be operable at a 
stated instant in time. 

MiÉMIIÉÉÉMrilÉHtfttÉliliriílÉMÉtiiililMIÉMiÉMIlINtiMkÉMH I.HlliMÉiÉÉIIMlftÉMMlilÉI«.IMQ 



NAVORD OD 43251 

AVAILABILITY, STEADY-STATE 

COIMHDENCE 

CONFIDENCE INTERVAL 

CONFIDENCE LIMIT 

DEMONSTRATION 

EQUIPMENT 

EXPECTED VALUE 

EXPONENTIAL DISTRIBUTION 

FAILURE 

FBM WEAPON SYSTEM 

FIGURE OF MERIT 

HARDWARE/ITEM 

MAINTAINABILITY 

The asymptotic limit of interval availability as T 
-*• Equivalent to the probability that an item 
will be operable at a randomly chosen instant in 
time. It is estimated by the uptime ratio. 

A measure of assurance that a statement based on 
statistical data is correct. The probability that an 
unknown parameter lies within a stated interval. 

A one-sided or two-sided region within which an 
unknown parameter is said to lie with stated 
probability. 

A bound of a confidence interval. 

Measurement of system characteristics with 
statistical confidence by testing or operation. 

The first indenture level below a subsystem. 

The first moment about the origin of a 
probability distribution. The arithmetic mean. 

A probability distribution having the density 
function p(t) = Xe'^1 where X is a constant, called 
the failure rate. Under very general conditions it 
is the distribution of time between successive 
failures of complex systems. 

Performance below a specified minimum level. 

The SSBN submarine, together with its 
supporting tactical subsystems - missile, fire 
control, navigation, launcher, and ship support. 

An index or quantitative measure of merit used 
to characterize an item for analysis or 
comparison. 

A general term denoting physical elements of a 
system. 

A measure of the ability of an item to be 
maintained. Mein preventive maintenance time 
and mean repair time are commonly used indices 
of maintainability. (The often-encountered 
definition of maintainability as the probability of 
repair within a stated time is not used because 
that probability is not used in availability 
expressions or computations in this manual.) 
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MAINTENANCE 

MAINTENANCE CONSTRAINTS 

MAINTENANCE, CORRECTIVE 

MAINTENANCE, PREVENTIVE 

MEAN TIME-BETWEEN-FAILURES 
(MTBF) 

AH actions necessary for retaining an item in, or 
restoring it to, a specified condition. 

Limitations on the quantity and/or quality of 
maintenance available to a system in use. 

Actions performed, as a result of failure, to repair 
an item and restore it to a specified condition. 

Actions performed on a scheduled or routine 
basis in an attempt to retain an item in a 
specified condition by providing systematic 
inspection, detection and prevention of incipient 
failure. 

For a particular interval, the total functioning life 
of a population of an item divided by the total 
number of failures within the population during 
the measurement interval. The definition holds 
for time, cycles, miles, events, or other 

rasure-of-life units. 

MEAN-TIME-TO-REPAIR (MTTR) 

MEASUREMENT 

OPERATING MODE 

OPERATIONAL READINESS 

The total repair time divided by the total number 
of repair actions during a given period of time. 

Evaluation of the characteristics of an item by 
observation of its performance in test or 
operational service. The term estimation as used 
herein is synonymous with measurement. 

A specific pattern of system operation in which a 
designated subset of the system’s functions are 
realizable (e.g., standby mode, tracking mode, 
search mode). 

Operational availability of a weapon system in 
fleet service. 

PERFORMANCE CAPABILITY A measure of a system’s ability to meet its 
mission requirements, given that it is both 
available and reliable. 

POISSON DISTRIBUTION A probability distribution applicable to situations 
where a large number of observations is involved 
and the probability of an event occurring in any 
specific observation is very small. It has the 
density equation p(x) = e'mmx/x! 
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POISSON EXPECTATION 

PREDICTION 

REDUNDANCY 

REDUNDANCY, ACTIVE 

REDUNDANCY, STANDBY 

RELIABILITY 

RELIABILITY PHASE 

SOFTWARE 

SUBSYSTEM 

SUCCESS CRITERIA 

“SYSTEM 

The mean m of the Poisson distribution. In 
reliability problems the product Xt is often a 
Poisson expectation. 

Judgement of the characteristics of an item by 
means of engineering analysis, using generic data 
and/or historical data obtained from antecedent 
items. 

The existence of more than one means for 
accomplishing a given function. All means of 
accomplishing the function need not necessarily 
be identical. 

That redundancy wherein all redundant items are 
operating simultaneously rather than being 
switched on when needed. 

That redundancy wherein the alternative means 
of performing the function is inoperative until 
needed and is switched on upon failure of the 
primary means of performing the function. 

The probability that an item will perform its 
intended function without failure for a specified 
interval under stated conditions, given that it is 
up at the beginning of the interval. 

Any phase of a mission during which a reliability 
figure of merit applies (i.e., no failure is 
permissible), e.g., launch, flight. 

Procedures and instructions including, in 
particular, computer programs. 

The first indenture level below a system. For 
example, any of the subsystems comprising the 
FBM weapon system (e.g., navigation subsystem). 

The minimum functional performance required 
of an item for mission success. 

A collection of functionally related items, which 
together perform one or more useful functions. 
Also, the FBM Weapon System. 

XIV 



SYSTEM EFFECTiVENESS 

SYSTEM STATE 

TACTICAL 

TIME 

NAVORD OD 43251 

A measure of the degree to which an item can be 
expected to achieve a set of specific mission 
requirements and which may be expressed in 
terms of availability, reliability and performance 
capability. 

A designation of system status at a particular 
time with respect to operable and inoperable 
equipments. An n-equipment system can exist in 
2n states ranging from all equipments up to all 
equipments down. 

Pertaining to or necessary for the primary 
mission of the weapon system. 

When used herein without a modifier the word 
time is interpreted to mean calendar time. 

Active Time - That time during which an item 
is in the operational inventory. For the FBM 
weapon system, the patrol period. It is the time 
base for availability calculations in this book. 

Adjustment-Calibration Time - That element of 
Repair Time in which needed adjustments and 
calibrations are made. 

Administrative Delay Time - Those elements of 
Delay Time attributable to administration of 
maintenance functions - includes meals, sleep, 
queueing resulting from maintenance demands in 
excess of shop capacity, management decisions to 
defer repairs, etc. 

Alert Time - That element of Uptime when an 
item is thought to be operable and is awaiting a 
command to perform its intended mission. 

Checkout Time - That element of Repair Time 
during which repair is confirmed and verified to 
be satisfactory. 

Cleanup Time - That element of Repair Time 
during which an item is enclosed and extraneous 
material not required for operation is removed. 

Corrective Maintenance Time (Repair 
Time) - That element of Downtime in which 

'1 
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TIME (Continued) work is done to repair trouble or failure. Includes 
time to obtain tools, documents and spares from 
local stock rooms, set them up for repair, 
troubleshoot, test spares if necessary, effect 
repair, make necessary adjustments and 
calibrations, confirm the repair by hst if 
necessary and close up the repaired item It 
specifically excludes time devoted to off-line 
repair of any item that was replaced. It also 
excludes elements of Delay Time such as meals, 
sleep, administrative delays including the 
postponement of repair by managerial decision, 
awaiting spares from off- site or remote locations, 
etc. 

Delay Time - That element cf Downtime 
during which no maintenance is accomplished on 
an item because of either supply delay or 
administrative reasons. 

Downtime - Total time during which an item is 
not in condition to perform its intended 
function. 

Environment Time - The duration of exposure 
to a specific environment during a mission. 

Fault Correction Time - That element of 
Repair Time during which a failure is corrected 
by (a) repairing in place, (b) removing, repairing, 
and replacing, or (c) removing and replacing with 
a like serviceable item. 

Fault Location Time - That element of Repair 
Time during which testing and analysis is 
performed on an item to isolate a failure. 

Inactive Time - That time during which an item 
is not in active inventory, therefore, not expected 
to be operable. For the FBM weapon system, 
time not spent on patrol. Not included in 
availability calculations in this book. 

Inspection Time - That element of Preventive 
Maintenance Time needed to inspect an item to 
determine its condition. 
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TiME (Continued) Item Übtainment Time - That clement of 
Repair Time during which the needed item or 
items are obtained from stockrooms within the 
facility. For the FBM weapon system, time to 
obtain items from the ship’s stores. 

Maintenance Time That part of Downtime 
when maintenance work is actually being done. 

Mission Time - That element of Uptime when 
an item is performing its designated mission. 

Moditication Time - That element of 
Downtime during which specific modifications or 
retrofits are made to an item to add to or 
improve its characteristics. 

Operating Time - Cumulative Operating Time 
in testing or use. 

Preparation Time - That element of Repair 
Time needed to obtain the necessary test 
equipment and maintenance manuals and set up 
the necessary equipment. 

Reaction Time - That element of Uptime 
needed to initiate mission functions, measured 
from the time a command is received. 

Servicing (Turn-around) Time - That element 
of Preventive Maintenance Time needed to 
perform routine or scheduled maintenance tasks 
(other than inspection) to retain an item in 
operable condition. 

Supply (Logistic) Delay Time - That element 
of Delay Time during which a needed item is 
being obtained from other than designated 
facility stock rooms. For the FBM weapon 
system, time to obtain items not carried aboard 
the submarine. 

Preventive Maintenance Time - That element of 
Downtime during which routine or scheduled 
tasks are performed to retain an item in an 
operable condition by systematic inspection and 
servicing. 
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TIME (Continuad) 

UPTIME RATIO 

Uptime - That element of Active Time when an 
item is up, i.e., alert, reacting or performing 
mission functions. 

Uptime, Apparent - That element of Active 
Time whcp an item is thought to be up. Apparent 
Uptime may be greater than Uptime when failure 
detection is not immediate. 

The quotient of Uptime divided by Uptime plus 
Downtime. Uptime ratio is a statistical estimate 
of steady-state availability. 

GOVERNMENT DOCUMENTS REFERENCED IN TEXT 

1. MIL-STD-756, Reliability Prediction 

2. MIL-HDBK-217, Reliability Stress and Failure Rate Data for Electronic Equipment 

3. MIL-STD-470, Maintainability Program Requirements 

4. MIL-STD-471, Maintainability Demonstration 

5. MIL-HDBK-472, Maintainability Prediction 

6. NAVWEPS OD 29304, Guide Manual for Reliability Measurement Program 

7. MIL-Q-21549, Product Quality Program Requirements for Fleet Ballistic Missile 
Weapon System Contractors 

8. MIL-STD-721, Definitions of Effectiveness Terms for Reliability, Maintainability, 
Human Factors, and Safety 

9. SPINST 3100.1, Fleet Ballistic Missile Weapon System Trouble and Failure Report 
System 

10. NAVORD OD 39223, Maintainability Engineering Handbook 
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LIST OF SYMBOLS 

A,a Steady-state availability. 

a Coefficient used to compute confidence interval. 

Aa Achieved availability. Availability with respect to failure (corrective maintenance) 
and preventive maintenance jointly. 

Aj Inherent availability. Availability with respect to failure (corrective maintenance). 

AQ Operational availability. Availability attained in actual use. 

Ap Availability with respect to preventive maintenance. 

A(t) Point wise availability. 

Aj Interval availability. 

a Level of significance; also Lagrangian multiplier. 

C Cost. 

d Observed Downtime in an interval. 

D Largest absolute deviation ; also downtime. 

A A small interval or excursion from a nominal value. 

6 Delta function, 

e Base of natural logarithms, 

e Limiting acceptable risk. 

F Fractile of the cumulative F-distribution. 

f( ) Probability density function, 

f Frequency of preventive maintenance. 

F Gamma function. 
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G Total cost function. 

i Subscript denoting failure mode, function, task, component, inherent 
characteristic. 

k Subscript denoting operating cycle; also fractional duty cycle. 

L, U Subscripts denoting lower and upper confidence limits 

A, X Log normal distribution and density functions. 

X Failure rate. 

M, n Mean of a normally distributed random variable. 

Mc Corrective maintenance time; repair time. 

Mc Mean corrective maintenance time; MTTR. 

M^ Geometric mean corrective maintenance time. 
CG 

Mp Preventive maintenance time. 

Mp Mean preventive maintenance time, 

m Number of observed repairs 

H Repair rate; reciprocal of MTTR. 

N, n Normal distribution and density functions. Also item population. 

n¡ Number of relevant failures. 

nQ Number of observed failures, 

np Number of preventive maintenance events. 

V Reciprocal of Mc^. 

o Subscript denoting observed characteristic; also optimum value. 

P, p Probability ; also fraction of real time. 

q Discrete probability of failure imposed by checkout or maintenance. 

S Measured cumulative frequency, 

s Standard deviation of a sample. 

XX 
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Standard deviation of a normally distributed random variable. 

Period of fixed or nominal length. 

Time; also period of variable length; also the student’s -t statistic. 

Mean time between failures, MTBF. 

Observed uptime in an interval. 

Chi-square variates. 

Unavailability ; also utility; also a chi-square variate; also uptime. 

Unavailability with respect to failure; inherent unavailability. 

UnuVailability with respect to preventive maintenance. 

Log-normal variates. 

Ratio of two random variables. 

Normal variate. 

Mean of a sample. 

Fractile of the chi-square distribution. 

Denotes estimate of a parameter. 

Is distributed as. 

XXI 
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SECTION 1 

INTRODUCTION 

1.1 NATURE OF AVAILABILITY AND PURPOSE OF EVALUATION PROGRAM 

In this manual the term availability is defined as the probability that a system will be “up” 
or operable when called upon. It can extend to a variety of specific indices, each of which is 
separately defined as the probability that a system will be available if called upon at a time 
or in a manner limited by the definition. It is necessary that availability be thus broadly 
defined, since the functions and requirements of systems differ widely and no single index 
or figure-of-merit can meaningfully represent availability for all systems. Moreover, 
availability depends on the care and skill with which a system is transported, operated and 
maintained, as well as on the original system design. However, in this manual, use of the 
term is limited to measures which are primarily properties of system design. The manual is 
not concerned with measures of availability which are primarily reflections of logistic 
support, spares provisioning and similar factors external to systems. 

Availability is of concern to the Navy because of the randomness of demands on systems in 
service. For example, a submarine on patrol is beyond the reach of support facilities for a 
period of months. Ideally, all of its missiles and their tactical supporting systems should be 
fully operable and ready for firing at any time during the patrol. But the maintenance of 
such capability at all times cannot be expected, because equipment failures may occur and 
require downtime for their repair. Typically, a complex system is able to function in a 
variety of modes, depending upon the numbers and types of its equipments that are 
operable. When the population of operable equipments is adequate to support the 
performance required in a particular operational mode, the system is up with respect to that 
mode; otherwise it is down. 

The system effectiveness of a weapon system is of primary concern to the system manager. 
System effectiveness means the degree to which the weapon system is able to moct its 
mission requirements throughout the entire patrol period. The mission should be examined 
quite early during concept formulation and the required effectiveness should br; specified 
quantitatively in a form from which availability requirements can be derived, figure 1-1 
illustrates the relationship of availability elements to mission success. If a score or rating of 
effectiveness is assigned to the weapon system’s performance capability in each of its 
operational modes, its effectiveness can be expressed as a function of the fraction of time 
spent in each mode. There can then be specified a minimum acceptable availability or 
fraction of the total patrol time when the weapon system must equal or exceed the 
performance capability associated with each mode. The fractional uptime for any mode is a 
statistical estimate of the probability of finding the system operable in that mode at a 
randomly chosen instant during a patrol of sufficient length. 

1-1 
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I rom the weapon system level, availability requirements can be apportioned to subordinate 
systems, so that if each subsystem meets its requirements the weapon system will achieve its 
required availability. 

Figure 1-1. Relationship of A vailability Elements to System Effectiveness 

The availability exhibited by a system during periods of stated length is a statistically 
distributed variable. Its distribution is jointly determined by the system’s reliability and 
maintainability, which in turn depend on the corresponding properties of the equipments 
that constitute the system. Reliability determines the frequency of unscheduled downtimes: 
maintainability determines their durations. Availability can be estimated quantitatively by 
means of reliability and maintainability prediction studies. Reliability prediction methods 
are presented in MIL-HDBK-217 “Reliability Stress and Failure Rate Data for Electronic 
Equipment” and MIL-STD-756 “Reliability Predictions”. Maintainability prediction 
methods are set forth in MIL-HDBK-472 “Maintainability Prediction”. While the validity of 
such “paper” predictions is obviously more open to question than estimates based on 
testing, handbook data often provide the only information available for availability 
evaluation early in a program. 

An additional limitation of predictions is that they cannot be accompanied by statements of 
statistical confidence. (Note: Exceptions to this statement can occur when Bayesian 
formulations, encoding a priori information, are employed.) This manual makes specific 
provisions for the use of predictions in the early phases of the program to be described. 

When hardware becomes available for testing, system availability can be evaluated 
quantitatively by observing the lengths of uptimes and downtimes in tests of the system or 
of its equipments. The probability of compliance with specified requirements can then be 

1-2 
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estimated and confidence statements can be associated with the estimates. This process is 
defined as availability measurement. It is necessary, however, that the operating and 
maintenance conditions of the tests be relatable to the mission environment if the tests are 
to serve a> a valid basis for measurement. Availability measurement is a sequential process of 
comparing and evaluating test and operating experience against predicted and allocated 
performance standards. The measurement process continues during the system’s service lite 
with operating data supplanting test data. 

The purpose of availability evaluation is to identify the need for corrective actions wherever 
the need exists and to furnish information to guide mahagers in implementing corrective 
actions and appraising the effectiveness of those actions. 

If availability evaluations are to be useful for weapon system evaluation, the SSPO and its 
system contractors must cooperate to plan, organize and implement suitable programs. Phis 
manual provides procedures for each of the activities necessary to an availability evaluation 
program, beginning in the contractor’s plant during the development phase, with the initial 
availability of one or more systems for testing and extending through pilot production, 
production, and into the operational phase when systems are in fleet service. The program is 
designed to enable contractors to evaluate the probabilities that their products will satisfy 
specified availability requirements when used in specified opérations I environments and 
configurations. 

Section I of this manual identifies and discusses the rationale for each ot the elements 
necessary to an availability evaluation program. Section 2 treats the analytical functions of 
mission analysis and system analysis and includes an example of their application to a 
typical subsystem. The specification of availability indices, and their representation as 
functions of system characteristics by means of mathematical models, are also discussed in 
Section 2. Section 3 includes statistical procedures for making availability estimates based 
on testing of full or fractional system configurations. The limited opportunitie for testing 
that typically characterize a development program confer a premium on efficient collection 
and use of data by system contractors. Maximum utilization of suitable data from tests 
conducted for development, engineering evaluation, qualification, factory acceptance, 
production assessment and field evaluation, together with correct collection, screening, 
classification, management, processing and feedback of those data, are necessary to the task 
of measuring availability. Sections 4 and 5 present procedures for these functions. Finally, 
the recognition that availability numerics are inevitably more or less abstract 
characterizations of the behavior to be expected of a system in service leads to an obvious 
but often neglected need to interpret the results of availability measurement in terms 
meaningful for decision making by SSPO management and contractors alike. Thus, effective 
reporting, interpretation and use of the availability evaluation program outputs are discussed 
in Section 6. Derivations relevant to the statistical approach of this manual are presented in 
an appendix. 

1.2 SPECIFICATION OF AVAILABILITY 

Availability is a system characteristic to be measured against suitable specification 
requirements. It is a dimensionless number measured on the probability scale [0,1]. 
Availability must be specified in such a way that it can be measured unambiguously. 
Normally, availability is not specified alone. Both reliability and maintainability are usually 
specified together with availability. For durable, continuously operated hardware, reliability 
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can be specified by mean-time-between-failures (MTBF). Given the exponential form of 
time-to-failure distribution, which is applicable to most types of complex equipment, MTBF 
is a constant, the reciprocal of the failure rate. If the failure distribution is known to be 
exponential or is assumable as such, specification of MTBF is equivalent to specification of 
the complete reliability function. 

Maintainability can be specified by mean-repair-time and mean-preventive-maintenance¬ 
time. Corrective maintenance times are often found to be well described by log-normal 
distributions, which are completely defined by two parameters, a mean and variance. It is 
customary, therefore, to specify in addition to the mean, a permissible variance for repair 
time or, more commonly, a maximum time to be exceeded in no more than one percent of 
all repair actions. 

Enforcement of a specification is facilitated by providing suitable tests to measure or 
demonstrate compliance with its provisions. The actual reliability and maintainability 
achieved by a system cannot be measured as points on the probability scale, with positive 
statistical confidence during the system’s life. However, on the basis of observed 
performance, it is possible to state that the true reliability and maintainability exceed stated 
minima and to accompany this with quantitative measures of confidence that the statements 
are true. Therefore, for demonstration purposes it is desirable to specify levels of reliability 
and maintainability lower than the system design goals and to require that these minimum 
levels be measured with specified statistical confidence. 

1.3 ELEMENTS OF AN AVAILABILITY EVALUATION PROGRAM 

The availability evaluation program described in this manual is comprised of analysis 
functions, reporting functions and data functions. All are necessary parts of the contractor’s 
effort at subsystem level, and all are necessary by the SSPO at weapon system level. The 
functions are listed below and their precedence rehtionships are shown in Figure 1-2. 

1. Mission Analysis 
2. System Analysis 
3. Analysis of Integrated Test Plan 
4. Integrated Data System 
5. Availability Reporting 

1.4 RELATIONSHIPS TO NAVWEPS OD 29304 

The functions necessary for availability evaluation parallel those required to evaluate 
reliability. Thus the activities presented herein correspond in part to the reliability 
measurement activities specified in NAVWEPS OD 29304 “Guide Manual for Reliability 
Measurement”. However, statistical procedures for measuring availability differ from those 
employed for reliability measurement. Basic data for reliability measurement are total test 
time and number of failures. Data needed for availability measurement are the durations of 
uptimes and downtimes (as related to demands on the system). Nevertheless, the activities 
necessary to acquire availability data and to report the results of availability evaluations are 
largely extensions of the NAVWEPS OD 29304 Integrated Data Program, to include the 
accumulation and processing of maintainability data. Figure 1-3 shows the relationships of 
reliability and availability program activities. 

1-6 
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1.5 DEVELOPMENT AND APPLICATION OF AN AVAILABILITY EVALUATION 

PROGRAM 

The program in this manual is designed to make use of test data generated by the contractor 
in the course of system development and production. These data are the operating histories 
of the system and/or its constituent equipments obtained in development, engineering 
evaluation, qualification and acceptance tests, field tests or sea trials. The program also uses 
operating data from fleet service, which are fed back to the contractor by the FBM Trouble 
and Failure Report (TFR) program, service-logs and fleet work-logs. Much test and checkout 
data generated during a development program, while not applicable for estimating launch or 
flight reliability, can be of value for availability measurement. By systematically collecting 
and using data generated for these purposes, the contractor can eliminate or minimize the 
need for specific testing to measure availability. At the same time the contractor can 
evaluate the adequacy of a planned test program with respect to the objective of measuring 
the system’s availability. The need for additional tests can be shown when the planned tests 
are inadequate, and tradeoffs can be made among the quantities of testing allocated for 
various portions of the system, so as to verify over-all system availability with a minimum 
number of tests. 

In support of its decision-making functions, the SSPO requires availability evaluations 
beginning in the development phase before the first fabrication of hardware for testing and 
extending into the system’s operational use phase. Development of a program to meet th^se 
needs is a joint activity of the weapon system manager and the system contractors. To this 
end, SSPO weapon system management specifies top-level system availability requirements 
at the outset of the development program. The SSPO also stipulates the need for availability 
evaluation as part of »he Weapon System Requirements Specification. In support of 
contractor’s analytical tasks, as described in Section 2 of this manual, the SSPO also 
provides information on the intended mission, system interfaces and the operational use, 
maintenance and logistic environments. Later, SSPO management will also function to 
integrate contractor’s outputs for the evaluation ot the availability of the complete weapon 

system. 

The contractor’s responsibilities include establishing availability evaluation as a program 
activity by means of policy directives and designation of organizational responsibilities for 
the analysis, data and reporting functions which comprise the program. 

To implement the program for a particular system, the contractor must perform the mission 
and system analyses described herein, develop a mathematical model for availability and 
determine the type and quantity of data necessary to solve the model. Procedures, 
instructions and forms must be developed to collect, monitor and process data from the test 
sites. Computer programs for processing the data and for generating reports must also be 
prepared. More important, however, if the availability evaluation activity is to be of benefit 
to the development program, is the need for a suitable internal information loop to assure 
that contractor management is made aware of the current status of system availability, 
particularly as regards system elements that may require action to achieve satisfactory 
availability levels. 

MtvaáüMaUMttÉiMIiaÉUWIlHMiMMttl 
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1.6 IMPLEMENTING AVAILABILITY EVALUATION 

The program is initiated by establishing organizational responsibility lor the functions listed 
in paragraph 1-3. The contractor can accomplish this by management direction interpreting 
the provisions of this manual. Existing test data collection requirements should be expanded 
where necessary to include categories of information necessary for availability assessment. A 
general test data requirements document should be prepared to delineate the required 
in-house data, to serve as a reference for designing or amending the necessary forms and 
procedures, and to ensure that commensurate requirements are invoked for subcontracted 
procurements. In addition to the test and failure data required for reliability evaluation, 
which are described in NAVWEPS OD 29304, the necessary information will normally 
include operating and alert time in each system mode and maintenance time for the 
preventive, corrective, modification and delay time categories. 

These general requirements are interpreted and/or modified for particular equipments of the 
subsystem by means of the data collection requirements list prepared concurrently with the 
subsystem availability equation as part of the system analysis, using outputs of the mission 
analysis. 

Application of the measurement program by the responsible elements of the contractor’s 
organization can then go forward. The mission analysis and system analysis are performed, 
yielding a mission profile by phases, a listing of realizable subsystem states in each phase, 
and apportioned reliability and maintainability requirements for each equipment. From 
these, a mathematical equation of subsystem availability is prepared, together with a 
tabulation of specific test data requirements necessary to solve the equation. The genere! 
data collection requirements document is employed to pre-print the necessary forms for 
collecting operating and maintenance data. 

The data requirements tabulation, subsystem apportionment and equation, together with 
prior predictions of the subsystem’s reliability and maintainability, are inputs to evaluation 
of the Integrated Test Flan. A revised Integrated Test Plan, modified as necessary, is then 
prepared on the basis of the evaluation. The revised plan, in conjunction with the preceding 
analyses, becomes an input to an Availability Evaluation Plan, which summarizes the 
contractor’s measurement program and projects the future growth of measured subsystem 
availability. 

With the beginning of testing, the data system is applied to collect, control, process and 
utilize data for computerized measurement of availability status. This activity is of 
particular importance during the pilot production phase when the majority of data needed 
for availability measurement are normally obtained. Availability Status Reports are issued at 
intervals as required by the SSPO. The information loop is closed by feedback of the results 
of the evaluation program, through the contractor’s management structure, to the 
engineering, production and assurance activities responsible for implementing corrective 
actions as needed. 

1-8 
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SECTION 2 

ANALYSES OF MISSION AND SYSTEM 

2.1 MISSION ANALYSIS 

Meaningful availability measures depend on precise definition of the mission. Thus, analysis 
must begin with a detailed description of the subsystem’s mission. The contractor must 
understand the fundamental need that gave rise to the subsystem concept and must 
understand exactly what requirement or part of a requirement is to be fulfilled by the 
subsystem. Although it is relatively easy to define a number of performance capabilities a 
subsystem may possess, it is sometimes not obvious what combination of those capabilities 
determines how well the intended mission is achieved. Only after the mission has been 
pinpointed can the succeeding analytical steps be taken. Mission analysis serves to define the 
mission for which the subsystem’s availability will be evaluated. Its inputs are the mission 
requirements and environmental information furnished by the SSPO in the subsystem 
specification and Technical Development Plan; its output is a mission profile for the 
subsystem over the availability phase of its mission. The analysis is done in two steps: 

2.1.1 Definition of Tactical Mission Phases 

The mission is represented as a sequence of events. When a range of alternate missions is 
possible, each is examined as a distinct event sequence. Each total mission is then separated 
into phases and the availability phase is defined. A reliability figure of merit is appropriate 
to any mission phase that begins with a demand on the subsystem, such that mission success 
does not permit subsystem failure at any time thereafter during the phase. (Reliability 
measurement procedures are given in NAVWEPS OD 29304.) An availability figure of merit 
applies to a mission phase preceding such a demand, where success is possible despite 
failures if the subsystem is operable at the time the demand is made. In this manual such a 
period is termed an availability phase. 

The most general sequence of mission phases is that shown in Figure 2-1. 

The weapon system’s mission is defined over a patrol period tp, which in the absence of a 
demand for offensive action by the weapon system is of nominal duration T. For such a 
mission the entire patrol is the availability phase and there is no launch phase or flight 
phase. The weapon system remains on alert status, requiring a designated reaction time to 
commence firing. 

Should a demand be made on the weapon system, that demand terminates the availability 
phase and initiates the ensuing launch phase and flight phase. During the launch phase the 
weapon system assumes a preparatory status, holds that status for a period of time up to a 
designated maximum, then initiates firing. The missile flight phase extends from launch 
through warhead fuzing over the target area. 

2-1 
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Figure 2-1. Definition of Tactical Mission Phases 

The availability and launch phase constitute the mission of the shipboard subsystems; the 
availability, launch and flight phases together comprise the mission of the missile subsystem. 
Principal variables influencing mission length are the demand time and hold time associated 
with each phase. For purposes of availability analysis, those times may generally be treated 
as random variables uniformly distributed within their respective ranges. This is equivalent 
to saying that a demand on the weapon system is equally likely to occur at any time during 
a patrol and that the holding period, if any, in the launch phase is equally likely to be of any 
length within the permissible range. 

If failure is defined as any malfunction that necessitates downtime for repair, a successful 
mission normally precludes failure of any on-line subsystem during the launch phase, 
regardless of whether the subsystem is repairable. This is usually a valid assumption for 
purposes of hardware evaluation, even though it may be known that in a tactical situation 
the submarine’s crew might effect or.e or more launches despite certain unrepa red failures. 
Thus, the effectiveness of a subsystem during the launch phase (and of missile subsystems 
during the flight phase) is measurable in terms of reliability or probability of failure-free 
operation. But success does not require failure-free operation throughout the availability 
phase if the subsystem is repairable. All that is required is that the subsystem be up at the 
time a demand is made. The measure of availability is the probability of that event. 

For „ome subsystems the portion of the mission following initial demand may consist not of 
a single state but rather of an ordered sequence of states preparatory to firing. Holding times 
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may apply to these states also, so that their durations may vary. If it is determined that 
availability measures apply to some of these states, it may be necessary to distinguish 
multiple availability phases. In summary, any phase of the mission where the success criteria 
permit the occurrence of failures is defíned as an availability phase. Partition of a particular 
subsystem’s mission is accomplished by defining the availability phase(s) and determining 
the range of time over which it may vary. 

2.1.2 Development of Mission Profiles 

When the mission phases have been defined, the operating modes of the subsystem which 
are applicable to each phase and the performance functions desired of the subsystem in each 
mode are listed and related to the relevant mission requirements. 

Development of a mission profile begins with a definition of operational modes applicable 
to the subsystem. It may be desirable to omit from the analysis any modes that are not 
significant with respect to primary mission objectives (e.g., training mode). Each mode is 
tabulated against the mission phase(s) to which it applies. 

Performance functions required of the subsystem in each mode and phase are then listed 
and associated with the constituent equipments necessary for their accomplishment. A form 
having the general information content of that illustrated Figure 2-2 is helpful in organizing 
this portion of the mission analysis. In general, not all of the subsystem’s functions will be 
equally essential to the mission. Thus, it is necessary to define the minimum limits of 
successful performance, that is, of “up” status, for purposes of availability analysis. This is 
accomplished by listing that subset of the performance functions that are deemed essential 
to the primary mission. 

Subiystem 
Mode 

Function 
Related 

Equipments 
Success 
Criteria 

Function 
Time 

Environment 
Environment 

Time 
Maintenance 
Constraints 

Figure 2-2. Development of Mission Profile 
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Performance times necessary lor each of the essential functions are then listed ^Vhere the 
times are random variables their maximum values may be used. Environmental levejs that 
depart significantly from room ambient are listed, together with maximum times of 
subsystem performance in those environments. Finally, any constraints imposed by the 
mission on maintenance activities available to support the subsystem are listed. These 
include limitations on accessibility or time available for repairs imposed by interfacing 
systems, weather, enemy actions and so forth. The output ot the analysis is a definitive 
statement of requirements on the subsystem as related to the planned mission. 

2.2 SYSTEM ANALYSIS 

System analysis defines the means by which the subsystem is able to respond to the 
requirements of the mission. Here an initial prediction of subsystem availability is made and 
compared against the subsystem requirement. If the prediction shows that the subsystem 
falls short of its required availability, specific goals are apportioned to elements of the 
subsystem against which their future availability progress can be evaluated. Seven steps 
constitute the analysis: 

1. Definition of Subsystem Configuration: The subsystem is represented by means 
of bi jck diagrams. 

2. Definition of Significant Subsystem States: Up and down subsystem states are 
defined in terms of equipment failures. 

3 Formulation of Subsystem Availability Equation: An equation is written for 
subsystem availability as a function of the availability of the subsystem’s 
equipments. 

4. Analysis of Corrective Maintenance Tasks and Prediction of Availability with 
Respect to Failure: A listing of failure repair functions is made, together with 
expected frequencies and times required. A¡ is predicted. 

5. Analysis of Preventive Maintenance Tasks and Prediction of Availability with 
Respect to Preventive Maintenance: A listing is made of tasks, trequencies, 
manning requirements and times required for scheduled maintenance. Ap is 
predicted. 

6. Tradeoff Studies and Apportionment of Availability: Availability requirements 
are apportioned to equipment level. 

7. Development of Measurement Data Requirements: A listing is made of test data 
necessary to solve the subsystem availability equation. 

The major outputs of the analysis are a model and requirements against which subsystem 
availability can be evaluated in the following phases of the program. 
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2.2.1 Definition of Subsystem Configuration 

The functional configuration of the subsystem in each of its operating modes is defined by 
means of block diagrams, normally one diagram for each mode. In the diagram each block 
represents an equipment or group of equipments. The directions of functional flows are 
labeled and inputs and outputs are identified. Thus a block diagram is a graphical 
representation of the dependence of subsystem performance on the operability of its 
hardware elements. In addition, an equipment “tree” diagram, based on packaging rather 
than functional relationships should be supplied, detailing hardware down to and including 
the component level. Figure 2-3 is a typical subsystem block oiagram 

2.2.2 Definition of Significant Subsystem States 

If the instantaneous state of an n-element subsystem is defined by the combination of “up” 
and “down” equipments, then 2n states are normally realizable. For example, a subsystem 
consisting of two independent equipments can exist in 2^ = 4 states: 

State Condition 

1 equipment 1 up, equipment 2 up 

2 equipment 1 up, equipment 2 down 

3 equipment 1 down, equipment 2 up 

4 equipment 1 down, equipment 2 down 

If the two equipments are used in series, state 1 is the only subsystem up-state; states 2, 3 
and 4 are alike from the subsystem viewpoint in that they are all down-states. But if the 
equipments are used in parallel, with either equipment alone able to accomplish all 
subsystem functions, then states 1,2 and 3 are alike in that they are all subsystem up-states, 
and state 4 is the only subsystem down-state. In either case there are only two subsystem 
states - up and down. However, in the more likely event that either equipment alone can 
perform part of the subsystem functions or can perform all the functions with reduced 
speed or efficiency, it may be meaningful to define states 2 and 3 as an intermediate 
subsystem state, which may be up or down depending on the success criteria used in the 
analysis. 

For subsystems of realistic complexity, there may be too many states for convenience in 
analysis. Therefore, the next step in system analysis is to perform Failure Mode and Effects 
Analysis (FMEA) in accordance with the procedure set forth in NAVWEPS OD 29304, to 
define the states of the subsystem which have significant effects on its performance 
capability, grouping those states which are alike in that regard. For a series-configured 
subsystem, for example, only 1-failure states and the 0-failure state need be distinguished 
since any equipment failure fails the subsystem. With each state there is associated a level of 
functional subsystem capability. These are compared with the success criteria developed by 
the mission analysis. “Up” and “down” subsystem states are identified. The block diagram 
can often be simplified to reflect consolidation of analogous states (Figure 2-4). 

2-5 
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Even with a consolidated block diagram it is usually not feasible to list all the significant 
subsystem states. The subsystem of Figure 24, for example, can assume 2 states. 
Suppose, however, that a single level of functional capability is specified for the subsystem, 
so that the subsystem is up if the systemized equipment block is up, plus either or both ol 
the channelized blocks, plus all 16 of the missilized blocks. Then the analysis need only be 
concerned with the 0-failure and 1-failure states of the systemized stage, the 0-, 1-, and 
2-failure states of the channelized stage, and the 0- and > 0-failure states of the missi ized 
stage. Most of the possible states are grouped in the > 0-failure state of the missilized stage. 

Figure 2-4. Fire Control Subsystem, Reduced Block Diagram 

2.2.3 Formulation of Subsystem Availability Equation 

From the information developed in the preceding steps, an equation is written expressing 
the subsystem availability, or probability of being in an up state, as a joint function of the 
availability of the subsystem’s equ.pment blocks. In general tei/ns it is 

A = L 
k 

n 

TT aj 

j = l 

V U-a/'V 

2-7 
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where' = 1 if equipment block j is up in state k, which is a subsystem up-state, and 0 if it 
is down; aj is thv* availability of equipment block j. The subsystem is down when it is 
undergoing repair or preventive maintenance, or both; it is available only when it is up with 
respect to both. Then when repair and preventive maintenance are independent, subsystem 

s achieved availability is given by the product of availability with respect to failure A¡. and 
availability with respect to preventive maintenance Ap. 

(2-1) 

A 

Each of these, in turn, must be represented by an equation embodying appropriate 
assumptions regarding the nature of the failure and maintenance processes applicable to the 
subsystem under operational use conditions. For example, it will be shown in the example 
of paragraph 2.3 that the availability with respect to failure of the subsystem shown in 
Figure 2-4 can be represented by the equation 

A 
1 VM s 

where X is failure rate, n is repair rate or reciprocal of MTTR, and subscripts refer to the 
systemized, channelized and missilized equipment blocks, respectively. An analogous 
equation can be written for availability with respect to preventive maintenancce Ap using 
the parameters f and Mp. 

The equation for A¡ above embodies and is sensitive to the following conditions; 

1. Failure and repair times are exponentially distributed. 

2. Failure detection and repair are immediate. 

3. Redundant blocks of the subsystem operate in parallel, with all equipments on 
continuously during the mission. 

Any change in those assumptions would necessitate modifying the equation. 

In the next two paragraphs (2.2.3.1 and 2.2.3.2), the general problems of writing 
mathematical models lor inherent availability of complex devices are briefly discussed. For 
the sake of simplicity, Ap is neglected and availability is equated with A¡. 

2.2.3.1 The Concept of Availability 

It has already been noted that a subsystem is up when it is operating or on standby in a 
non-failed condition. It is down when it has failed or is undergoing repair, periodic checkout 
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or other maintenance. Availability is defined as the probability that a subsystem will be up 
when called upon to perform. An appropriate index of availability must reflect the nature 
and duration of possible missions, whether repair is possible during a mission, the 
distribution of failure and repair times, of checkouts and preventive mair.îenance times, as 
well as the schedules by which these latter functions are regulated. Of many ruch indices 
that could be derived, steady-state availability is the one of widest general applicability. The 
concept can be defined in mathematical terms. Pointwise availability A(t) is defined as the 
instantaneous probability that a subsystem is up at time t. Interval availability Ay i? the 
time average of A(t) during intervals of length T, and is readily obtained from the equation 
for the average value of a function. 

T 

A(t) dt (2-2) 

Alternately, it may be considered that there is some probability distribution h(t) on demand 
time. Then 

OO 

0 

A(t) h(t) dt 

In the special case where h(t) is uniform on the interval (0, T1 

0 , t> T 

and 
T 

0 

The same concept can serve to define A(t). In that case h(t) = 6(t), a spike of unit area at t. 

2-9 
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Steady-state availability A, is the limiting interval availability as T -► <». 

A h Í A<t)dt 
T-oo T / (2-3) 

If the subsystem does not undergo checkout or repair, its interval availability approaches 
zero. For systems with exponentially distributed failure times where: 

A(t) 
-Xt 

(2-4) 

equation (2-2) becomes 

1 - e 
-XT 

XT 
(2-5) 

and Ay -♦ A -*• 0 as T 0°. Thus, it can be seen that the steady-state availability or long-term 
uptime ratio of a subsystem which does not undergo repair approaches zero. 

If a subsystem is subject to repair, its steady-state avai. ility is not zero. For illustration, 
assume that failure detection and initiation of repair are immediate ano that both failure 
and repair times are exponentially distributed with means 1/X and \/n, respectively. The 
probability of a failure or completion of a repair in a small time interval h can be 
approximated very closely by Xh and nh, respectively. Then 

A(t+h) A(t) (1-Xh) + (1-A(t)) Mh (2-6) 

Equation (2-6) states that the instantaneous probability of the subsystem being up at t + h is 
the probability that it was up at time t and that no failure occurred during h, plus the 
probability that it was down at t and that a repair was effected during h. The equation can 
be put in differential form by subtracting A(t) from both sides and dividing by h. Then, as h 
-+0 

A'(t) = - (X+M) A(t) + M 

This is a first order linear differential equation, having the general solution 

(2-7) 

A(t) = 
X + 4 

T “(X+4)t*l 
re J + A(0)e 

■ (X + M)t (2-8) 

where A(0) is the pointwise availability at some initial time t = 0. If t = 0 is the initiation of 
the availability phase of the mission, and if AtO) = 1, as is generally assumed, then the 
pointwise availability at time t is 

A(t) = 
-(X -r M)t 

X + 4 X + 4 
(2-9) 

2-10 
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It can be seen that equation (2-9) consists of a steady-state term and a transient term, so 
that after a sufficient period of time has passed, the availability of a subsystem with 
immediate repair is no longer affected by whether or not the subsystem was operable at t 
=0. 

The interval availability over a period, such as sea patrol of duration T, is given by equation 
(2-2) employing equation (2-9) for A(t). 

T 

dt 

0 
(2-10) 

Again the expression includes i steady-state term and a transient term reflecting the initial 
state of the subsystem at t = 0. It can be seen that as T is increased, the interval availability 
approaches a constant value, the steady-state availability, which is written 

For missions of sufficient length, the transient term is ignored and steady-state availability is 
taken as the applicable measure. Throughout this manual it is assumed that the relevant 
mission is long enough to justify the use of steady-state availability. Any error stemming 
from this assumption will tend to render the analysis conservative; that is, interval 
availability is always greater than steady-state availability. 

For many subsystems, immediate failure detection and repair are not achievable under 
operational use conditions. Subsystems checked out only at intervals can be repaired only at 
intervals. Thus, it is necessary to account for undetected downtime. 

(expected time non-failed in T) 
(2-12) A (duration of T) plus (time down in checkout and repair) 

A common situation is where the length of the interval between checkouts depends on the 
outcome of the preceding checkout. Each checkout is assumed to superimpose on the 
subsystem an additional probability of failure q, over that generated by the standing failure 
rate. If a checkout shows an up condition, the next interval is T. This happens with 

2-11 
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probability ( 1 - q) e XT. But if the checkout shows that the system is down, the next 
interval is T + l/p. This occurs with the complementary propability 1 - (I - q) e XT. These 
factors can be manipulated to give the availability expression 

A = 
1 -e 

-XT 

XT+ u [l -(1 "q)e Xl] 

(2-13) 

which is analogous to equation (2-12), the denominator reflecting the average interval 
length. Equation (2-13) holds when checkout time is negligible compared to the checkout 
interval. It can be seen that for a periodically checked and maintained subsystem, A depends 
on the length of the checkout interval. 

2.2.3.2 Availability of Redundant Subsystems 

The availability of subsystems comprised of multiple equipments arranged in series, parallel 
or standby redundant configurations can be represented by relatively straightforward 
mathematics. 

A subsystem consisting of n equipments in series is available when all n equipments are 
available. Thus, if 

i (2-141 

is the availability of the ith equipment, and if all equipments fail and are repaired 
independently, the availability of the subsystem is 

n 
a = n (2-15) 

i=l 

The availability of a subsystem of n identical equipments in parallel, and r of which are 
required to be up for the subsystem to be up, is given by 

m= n-r 

A = E 
m = 0 

m = n-r 
£ 

m = 0 

/ n\ n-m m 

U) ■ 

U) 
n-m. m 

ä_ 

(2-16) 

(2-16) 

(X +M) 
n 

where 

(-V n!/t(n-m) ! m ! ] 

2-12 
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f-qnation (2-16) applies to the parallel ease where all n equipments fail and are repaired 
independently, if they are repaired at all. without queueing. All units operate continuously 
while they are up. 

It may happen that the functional load on a parallel redundant subsystem is a random 
variable with known or postulated probability distribution.* For example, the data 
processing capacity required to handle a variable-demand function, such as aerospace 
surveillance, or military command and control, might vary trom 0.75 to 1.50 times the 
capacity of a single processor unit, w th a distribution such as that shown in Figure 2-5. 

Figure 2-5. Distribui, m of System Loading 

The shaded area represents the fraction of titm when two units are necessary. The remaining 
time a single processor will suffice. Thus, the long-term availability, ignoring switching 
transients, is given by the Theorem of Total Probability: 

A = (probability 2 units required) • (availability of at least 2 units) 

plus (probability 1 unit required) ' (availability of at least 1 unit) 

The concept may be generalized by introducing the following notation. 

A¡ = availability of function (i.e., probability that the system can perform function i) 

Pj(aj. bk, c j...) = fraction of time that function i can be handled by j equipments of a 
type a plus k equipments of type b, plus I equipments of type c.(but no less) 

A(aj. bj,., c j...) = availability of at least j equipments of type a, k equipments of type 
b, etc. (i.e.. probability that at least the minimum required equipment configuration is 
available). 

Note that 

E pi <aj» Ci ...) = i.o 
j, k, 1,... 

*This problem was studied by L. Greenberg, whose approach is followed here. 

.......riÉnamnt*...... 
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and 

A = ^ Pj (aj. ci • • • ) ' A (aj.bjt» ci • • • ) (2-18) 

For example, suppose a particular function can be handled by the subsystem configurations 
shown with the probabilities shown in Table 2-1. 

TABLE 2-1. POSSIBLE CONFIGURA TIONS 

System Configuration 

Processors 

l=a. 

l=a. 

l=a. 

2=a„ 

2=a„ 

2=a„ 

2=a„ 

Memories 

l=b. 

2=b„ 

3=b. 

l=b. 

2=b_ 

3=b, 

3=b. 

Input/Output 

l=c. 

l=c. 

l=c. 

1=0. 

l=c. 

l=c. 
A 

2=c. 

Probability that configuration 
is minimum necessary to 

handle function 

0.5 = P(a1,b2,c1) 

0 

0,4'^a2,b2,Cl^ 

0.1=P(a2,b3,c2) 

The table shows that 50 percent of the time 1 processor, 2 memories, and 1 input/output 
unit are needed: 40 percent of the time 2 processors, 2 memories, and 1 input/output are 
needed; and the remaining 10 percent of the time 2 processors, 3 memories, and 2 
input/outputs are needed. This last situation represents worst-case loading conditions. 

Assume now that all equipments have an identical availability a = 0.99 and the sytem 
consists of 2 processors, 3 memories and 2 input/output units. 

Then, 

A(a^» bg,c 

A(a2»br » ci) 

= ( l-(l-a)2 ) * ( a3 + 3a2 (1-a) ) • ( l-(l-a)2 ) 

= .9999 X.9997 x.9999 =.9995 

= ( a2 ) • ( a3 * 3a2 (1-a) ) • ( l-(l-a)2 ) 

= .9801 x.9997 x .9999 = .9797 

2-14 
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^vW ( a2 ) . ( a3 ) - ( a2 ) 

9801 X .9703 X .9801 = .9321 

and 

A = .5(.9995) + .4(.9797) + .1 (.9321) - .9848 

Note that this is considerably higher th^ii the estimate of .9321 that would be obtained if 
only the worst-case loading conditions were reflected in the model. 

2.2.4 Analysis of Corrective Maintenance Tasks and Prediction of Availability with Respect 
to Failure 

Upon completion of the modeling task, a listing is made of corrective maintenance functions 
that can arise out of failures in each of the equipment blocks, together with estimates of 
their relative frequencies and repair times. A form such as Figure 2-6 can be used to 
expedite the analysis. The sum of the partial_failure rates is a prediction of the failure rate 
for the equipment block. The sum of the XMC column divided by the block failure rate is a 
prediction of the weighted average repair time. The final column is an approximation of the 
availability or fractional uptime of the equipment block with respect to failure (A¡). 

The prediction may be based on any of the procedures of MIL-HDBK 217, MIL-STD-756 
and/or MIL-HDBK-472. Source data may be based on historical experience, subjective 
evaluation, expert judgement or direct measurement of reliability and maintainability 
characteristics of elements of the subsystem. Or the contractor may elect to use a 
non-standard method specifically applicable to the type of hardware comprising the 
subsystem, subject to prior approval by the SSPO. 

Combinational rules for developing subsystem parameters from those of lower indenture 
items depend on the usual assumptions of statistical independence and exponential 
behavior. 

The failure rate of n items in series is given by 

n 
(2-19) X = E Xi 

i=l 

The failure rate of n items in parallel is not constant but is a function of mission time t. If 
the items each have the same failure rate X¡ and the expectation X¡t is small, the 
approximation 

-Xt 
sa 1 - Xt , o < xt < .1 e 
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can be employed to derive the approximate failure rate. 
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R = 1 - (1 - e'Xit)n «1-Xt « l-(X.t)n 

(2-20) 

If X is normalized (expressed in units of failures per mission) per NAVWEPS OD 29304, 
equation (2-20) becomes simply 

(2-21) 

Equations (2-20) and (2-21) hold for_the situation where repair is made only after all 
redundant items have failed. MTTR (Mc) is found as an average of mean repair times 
associated with the associated components, weighted for the relative failure rate of each 
component. 

n 

M (2-22) 
c 

2.2.5 Analysis of Preventive Maintenance Tasks and Prediction of Availability with Respect 
to Preventive Maintenance 

A listing is made of preventive and other scheduled maintenance functions necessary during 
the availability phase, together with their frequencies and manning requirements. Only those 
functions that necessitate system downtime for their accomplishment need be included in 
the analysis. Where the performance times of preventive maintenance tasks are constant or 
nearly constant quantities, as is often the case, these times are listed if known. A form such 
as Figure 2-7 can be used for the listing. The right hand column of the form gives a 
prediction of fractional uptime with respect to preventive maintenance (Ap). The prediction 
procedure is identical to that for A¡. 

When multiple preventive maintenance functions are performed together at the same 
intervals and during a single continuous period of downtime, they should always be 
considered as a single maintenance action for purposes of analysis. This is true whether the 
actions are performed serially or concurrently by the maintenance personnel. For example, 
if an equipment block requires three preventive maintenance tasks which require 
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maintenance downtimes of one hour, two hours and three hours respectively, and are 
performed together at 100-hour intervals during the mission, the tasks are considered as a 
single maintenance action requiring six hcjurs if done serially or three hours if done 
concurrently. 

2.2.6 Tradeoff Studies and Apportionment for Availability 

Subsystem availability is a joint function of the availability of the subsystem’s hardware 
items. Each of these, in turn, is a joint function of the reliability and maintainability of the 
item, which can combine in various proportions to yield a given level of element availability. 
In its initial configuration the subsystem will possess certain inherent levels of reliability and 
maintainability which together establish an upper limit on the availability attainable by the 
subsystem. Beyond this limit, additional effort can be applied to develop either more 
reliability or more maintainability or both, in order to increase availability. Figure 2-8 
illustrates the dependence of availability on reliability and maintainability. Specification of 
an availability requirement defines an iso-availability curve on the response surface of Figure 
2-8. All points on and above that curve comprise an admissible trade-off region between 
reliability and maintainability, either of which can be, in some degree, substituted for the 
other. A variety of criteria can form the basis for such a trade-off. One method considers the 
marginal costs of improving reliability and maintainability. The example in 2-3 includes an 
illustration of such a trade-off. 

Figure 2-8. A vailability Response Surface (after Goldman and Slattery) 
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When the trade-off has been made, as the final step in system analysis, availability 
requirements are apportioned to equipments of the subsystem in some consistent and logical 
manner. The objective of apportionment is to provide goals against which the availability 
growth of the subsystem’s hardware elements can be measured, and to provide designers 
with goals for reliability and maintainability. A procedure for reliability apportionment, 
considering the factors of complexity, state-of-the-art, duty cycle, and criticality, is given in 
NAVWEPS OD 29304. Apportionment of maintainability can also be done in that manner, 
based on one or more of those same factors or based on considerations of location, 
packaging or physical configuration of the subsystem. It must be remembered, however, 
that, unlike reliability, maintainability requirements cannot logically be apportioned to 
hardware levels below the lowest indentured items specified as repairable on-site under the 
users’ maintenance policies. 

At the time trade-off studies are completed, specifications containing tentative reliability 
and maintainability requirements, determined subjectively, may already have been written 
for many equipments. Specifications prepared in that manner define a non-optimized 
subsystem because, by implementing the results of the trade-offs, the same availability may 
tie achieved with reduced expenditure of effort or more availability may be gained for the 
same effort. Thus, when a contractor apportions reliability and maintainability goals, in 
effect he apportions resources and effort as well. The purpose of apportionment is to permit 
equipment requirements to be refined objectively, so that the subsystem requirements can 
be realized in a timely and economical manner. If prediction indicates that the subsystem 
will not meet its apportioned availability and/or reliability requirements, then 
reapportionment is necessary to guide the design effort.* Even if prediction indicates that 
the subsystem can be expected to meet or exceed the requirements, reapportionment may 
remain a desirable means toward optimization.** 

Maintainability apportionment can be simplified in cases where it can be shown that 
peripheral conditions unique to the operational environment, such as access limitations or 
the availability of diagnostic equipment, are the principal factors acting to determine 
maintenance time. In many such instances, the variable element of maintenance time is 
tightly distributed about a central value fixed by factors such as those noted above which 
are outside the contractor’s control. Where the dispersion is a negligible fraction of the 
central value, maintenance time may be treated as a constant for analytical purposes. If the 
quantity of preventive maintenance and the downtime necessitated by the need for 
preventive maintenance are significant functions of subsystem design, these factors 
contribute additional degrees of freedom to the apportionment task. 

2.2.7 Development of Measurement Data Requirements 

The availability equation implicitly defines the data necessary for its solution. An initial 
solution can be based on predictions, but before testing begins, it is necessary to define the 

*Blanchard, B. and Lowery, E., Maintainability Principles and Practices, McGraw-Hill 
(1969) pp 109-115. 
**NA VORD OD 39123, Maintainability Engineering Handbook, Naval Ordnance Systems 
Command, June 19 >9, Ch. 3. 
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test and operating data that will be needed for availability measurement. These must be 
tabulated against the applicable equipments. In general terms, the data required for each 
equipment include: 

Equipment Identification - nomenclature and serial number. 

Operating Time - cumulative operating time in each relevant mode and 
condition. 

Downtime - occurrence and performance time of all corrective and preventive 
maintenance tasks that entail downtime. Also, all modification and delay time. 

Failure Information - indication of failure occurrence and failed item, operating 
time at failure, mode and cause of failure (to satisfy classification criteria). 

Exceptions or additions to the general data requirements may be dictated by the structure 
of the equation. For example, non operating time may be required in addition to operating 
time and downtime. The data collection requirements should reflect the need for data to 
evaluate each of the independent variables of the equation. The completed requirements list 
can serve as a basis for designing and preprinting data collection forms and preparing 
computer programs for data processing. Whene'er possible, it is desirable that the data 
collection activity provide all components of each equipment’s time history, e.g., fault 
correction time rather than merely corrective maintenance time. This objective is normally 
best accomplished by the use of operating logs and automatic elapsed time indicators (ETI). 
However, it is recognized that in certain industrial testing activities, satisfaction of a 
requirement for accurate operating and maintenance times may entail extensive 
modification or expansion of current procedures. When there are valid reasons why a 
contractor can not meet such a requirement, the SSPO may approve availability 
measurement based on less comprehensive data collection, or on approximation of operating 
times accumulated in a test or series of tests by analysis of test specifications, procedures, 
data sheets and reports. Subjective measurement of time entails many obvious rsks of error, 
including the tendency of observers to round-off times to the nearest ho ir, half hour or 
quarter hour. This creates local modes at these points when times are plotted in histogram 
form. Observers may also tend to inflate estimates of active time intervals to cover elapsed 
calendar time, while reducing or eliminating reported delays and inactive periods. 

2.2.7.1 Classification of Failures 

Criteria for failure inclusion in reliability calculations depend on the cause of failure. In 
general, failures caused by design defects, manufacturing defects, or random part or material 
failure are relevant and should be included; failures caused by accidents, mishandling, test 
errors, test equipment failures, specification errors or exposure to non-mission environments 
are non-relevant and should be excluded. The essential test of relevance is whether a 
particular failure is the result of a hardware deficiency or the result of some extraneous 
influence. 

Several types of failures warrant special consideration in determining relevance. Prior 
policies should be established covering classification of failures of minor consequence, such 
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as blown fuzes, tripped circuit breakers, lamp failures and failures of elapsed-time indicators. 
This category might also include missing or wrong parts, where no tools, or only a simple 
hand tool such as a screwdriver, are required for installation. 

The criteria of relevance for such failures may quite properly be made specific to the 
subsystem under test. A permissible general rule, however, is to exclude such failures when 
they do not cause additional failure effects in the subsystem. 

Gassification of failures discovered during periodic inspection or other scheduled 
maintenance can be based on whether the discovery is spontaneous, thus not referable to a 
failure during system operation, or represents corrective maintenance deferred to a 
scheduled maintenance period for reasons of convenience. The latter case is properly 
included as relevant; the former may or may not be included depending on the nature of the 
subsystem and its operating requirements. 

Design deficiencies, thought to be corrected by hardware modification, require a subsequent 
period of satisfactory operation to verify the effectiveness of the modifications. The 
duration of the period should be sufficient to provide reasonable assurance that the failure 
mode has indeed been eliminated. If the failure mode does not recur during the verification 
period, failures in the subject mode may be excluded for measurement purposes. Should the 
failure mode recur later, those failures may again be included. The theoretical basis for such 
a policy is the assumption that subsystem failure rate is the sum of partial failure rates 
associated with specific failure modes (Ref. NAVWEPS OD 29304). Elimination of a mode 
reduces the subsystem failure rate by an amount equal to the partial rate for that mode. It 
should be noted that it is not correct to exclude operating time selectively from a system’s 
history. If the modifications are so extensive that the hardware may be viewed as totally 
new, the entire prior history must be excluded and availability measurement begun anew. 

Failures may occur for which a positive determination of cause cannot be made. In these 
cases certain assumptions may be justified and of value in making decisions of relevance or 
non-relevance. If a subsystem experiences repeated occurrences of the same failure mode 
within short intervals, a question may arise as to whether they are separate, randomly 
distributed, relevant failures, or whether previous diagnosis and corrective maintenance 
actions were ineffective, causing repeated iterations of the same failure. In the latter case, 
only the first occurrence should be considered as relevant, subsequent events being 
secondary non-relevant failures. In practice, there is often no definite answer to this 
problem. However, judgement indicates that the more closely similar failures are spaced, the 
more likely it is that the latter ones are secondary failures. A decision rule for such cases can 
be derived by computing the interval within which the probability of observing two or more 
failures is equal to or less than a chosen significance level. This is easily done using the 
subsystem’s predicted or measured failure rate in the expression for Poisson expectation. 
Failures recurring within the limiting interval may then be excluded as secondary events 
with a nsk of error equal to the significance level. 

Broken wires, bent connector pins, and several similar types of failures result from human 
errors. The question of whether they were incipient in the hardware from its manufacture 
(relevant) or were introduced into it during maintenance (non-relevant) is often 
unanswerable. A useful guideline is to include such failures as relevant manufacturing 
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defects until sufficient operating time has been accumulated to achieve a constant failure 
rate, the flat portion of the so-called “bathtub curve”. In the flat region of the curve, the 
subsystem may be assumed to be fully debugged. Subsequent human errors can be excluded 
as maintenance induced, unless there is evidence to the contrary. Exceptions might include 
cold-solder and no-solder joints, which can be classified as manufacturing defects regardless 
of when they are discovered, unless there is evidence relating them to faulty maintenance. 
Other doubtful categories of malfunctions where classification policies are desirable include 
transient symptoms, which cannot be confirmed as failures, failures of undetermined cause 
that disappear without corrective action, and failures that are resolved by actions of a 
general nature with the specific causes not isolated. 

Generally, it is not possible to write a set of totally objective classification criteria; thus 
provisions should be made for the application of informed judgements, where necessary, and 
for suitable resolution of contested decisions. 

A typical set of failure classification categories might be shown below. 

Code Classification Category 

RD Relevant design defect 

RM Relevant manufacturing defect 

RP Relevant part defect 

RU Relevant unknown (corrective action attempted) 

NH Non-relevant human error (accident, mis-handling, installation error or 
maintenance induced) 

NO Non-relevant operator error 

NS Non-relevant specification procedure or other software error 

NF Non-relevant facility or test equipment failure 

ND Non-relevant dependent failure (due to failure of another part) 

NM Non-relevant missing part 

NP Non-relevant detected and repaired during preventive maintenance 

NR Non-relevant secondary (recurring) failure 

NU Non-relevant unknown (transient with no corrective action taken) 
‘i 
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2.2.7.2 Classification of Time Elements 

Figure 2-9, following MIL-STD-721, depicts a hierarchy of time categories applicable to 
hardware in operational use. But the time history of an item in testing seldom falls neatly 
into the same set of categories. Rather, the test record inevitably includes effects of the test 
environment as well as those of the hardware. Thus, it will include failures attributable to 
external factors such as accidents, mishandling, human errors and specification errors. 
Downtime experienced by a subsystem will include logistic and administrative delays not 
related to hardware design or manufacture, and not to be expected in fleet service. Also, the 
test phase may differ radically from fleet service in the amount of operating time accrued in 
partially active modes when some circuitry is inactive, or at a reduced functional capability 
due to partially-disabling failures. The test phase may give rise to some nonproductive 
operation of a subsystem, to integrate interfacing equipments, debug software, overcome 
test equipment problems, operator errors and similar problems associated with testing. Also, 
operating time necessary in the performance of preventive maintenance, retrofits and 
modifications, and to verify repairs is actually downtime even though the hardware involved 

may be operable. 

Events such as those described above, occurring in the testing of a subsystem, tend to 
obscure the subsystem’s inherent availability and performance qualities and render its 
evaluation more difficult. Appropriate classification criteria must therefore be applied to all 
time periods in the observed testing and maintenance history, so that effects unique to the 
testing and maintenance environment can be identified and the subsystem evaluated in a 
logical and consistent manner, dependent on hardware properties for which the contractor is 
responsible, and relatable to the use and maintenance environment expected in fleet service. 

Confusion can easily develop over the classification of various periods of time in the testing 
and maintenance cycle. In some instances, it may be difficult to distinguish between 
preparation time or item obtainment time, which are included in maintenance time, and 
delay time which should not be included. It may be difficult to decide whether an item, 
operating at reduced capacity due to a partial failure, is up or down with respect to its 
minimum mission success criteria. Preventive maintenance performed during off-duty 
periods, or while the hardware remains up, is not normally considered in availability 
calculations, but exceptions to this can occur. The decision rules necessary to classify 
periods in the test history of a particular item should be based on the design mission. For 
each state realizable in testing, it must be decided whether the item is up or down with 
respect to the design mission, or whether it is in a category of use that has no corollary in 
the design mission and must therefore be excluded entirely from availability calculations. 
For example, an equipment is usually thought of as up or available when not in use. Thus, 
power-off time is normally included as uptime when it is not caused by maintenance, 
modification or delay. But, if the equipment has power on continuously when the 
submarine is on patrol, any off-duty periods logged during testing, which cannot be ascribed 
to one of the downtime categories, must be excluded from the availability time base. In 
such a case, non-use of the equipment is an inadmissible mode not related to the mission. 
Another example might be use of a subsystem embodying data processing hardware to 
debug software and operating procedures, a use that would not occur on patrol. 
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The contractor must develop ground rules, as complete and comprehensive as possible, for 
classifying time elements observed in tests to be employed for availability evaluation. These 
rules should be consistent with the definitions given herein and with the needs of the 

availability equation. 

2.2.7.3 Inherent, Achieved and Operational Availability 

Inherent availability and achieved availability are inti sic hardware characteristics. They are 
denoted by the symbols A¡ and Aa, respectively. Inherent availability is estimated by the 
ratio of total operating time to the sum of total operating time plus total corrective 
maintenance time. Achieved availability is estimated by the ratio of total operating time to 
the sum of total operating time plus total maintenance time. 

The ratio directly observed in testing or fleet use is termed operational availability and 
denoted by the symbol A0. It is estimated by the ratio of total uptime to total active time. 
It depends on facility characteristics as well as the hardware and can never be greater than 

The subscripts can be extended to the parameters that are used to estimate availability. 

Thus, 

✓s 
A. (2-23) 

c 

a 
P. 

(2-24) 

c 

and 

A 
U (2-25) 

o U + D 

where 

U = total observed uptime 

= estimated inherent failure rate, computed using 
relevant failures. 

D = total observed downtime 

M = estimated mean repair time 
c. 

M = estimated mean preventive maintenance time 

f¡ = specified preventive maintenance frequency 
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Note that A0 is observed, not estimated. It is relevant only to the facility in which it is 
observed. The parameters are estimated during testing as shown below. Preventive 
maintenance frequency should be established by specification. 

total relevant failures 
total operating time (2-26) 

jjj _ _total preventive maintenance time_ 
Pi total number of preventive maintenance periods 

_ total corrective maintenance time 
ci total number of failures 

(2-27) 

(2-28) 

Whether any or all non-relevant failures should be excluded from the computation of Mc¡ is 
another of the questions requiring decision rules specific to the hardware under evaluation. 
In general, non-relevant failures furnish valid repair time data provided the failure modes can 
realistically be expected in the operational phase. 

2.3 EXAMPLE 

This section presents an analysis of a Fire Control Subsystem such as the one described in 
Figure 2-4 as an example. The analysis is simplified for the sake of brevity and the 
parameters used are not those of the FBM Fire Control Subsystem. However, the procedures 
employed in each step are illustrated. 

2.3.1 Mission Analysis 

The mission consists of two availability phases, designated (a) and (b), and a ’aunch phase. 
Subsystem functions in phase (a) are limited to monitoring and regulation of temperature 
and electrical power in each of 16 missile guidance subsystems. Maximum duration of phase 
(a) is 4000 hours. Phase (b) functions include those of phase (a) plus functions necessary to 
control the assignment and erection of the missiles. The subsystem is defined as fully up if it 
can perform the phase (b) functions and initiate the launch phase for all 16 of the missiles. 
Maximum duration of Phase (b) is 1500 hours. Functions during the launch phase are those 
required to control the preparation and firing of the missiles. The launch phase has a 
maximum length of 3 hours, during which no failures are permitted. Minimum acceptable 
availability is 0.85 in phase (a) and 0.99 in phase (b). A reliability requirement of 0.95 
applies to the launch phase. The subsystem can function in several modes; however, the 
illustration will be limited to the tactical mode and to availability phase (b). Figure 2-10 
shows the development of the mission profile. 

2.3.2 System Analysis 

The functional configuration is shown in Figure 2-4 and is repeated in Figure 2-11. All 
equipment blocks operate, fail and are repaired independently. The minimum subsystem 
configuration for functional capability is one S, one C and 16 M blocks. 
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Figure 2-11. Subsystem Block Diagram 

Corrective and preventive maintenance functions are analyzed in Figures 2-12 and 2-13. The 
500-hour (f = .002) preventive maintenance tasks of Figure 2-13 are considered as a single 
task performed serially. If they were performed concurrently, the mean maintenance time 
of the S block would be 0.5 hour rather than 1.0 hour. 

The equation for subsystem availability is derived in accordance with the principles 
previously set forth. The subsystem consists of three independent stages in series and is 
available when al! three stages are up. Thus 

3 
7T 

j=l 

a. 

where aj is the availability of the jth stage. The availability of a stage consisting of n 
equipment blocks in parallel, any r of which are required to be up for the stage to be up, is 
given by 

a. 
J 

m=n-r 

E 
m=0 

m=n-r 

L 
m=0 

O 

m 

n-in m 
M X 

km' 
(X + H) 
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where 

n!/ [(n-m) ! m ! ] 

Then stagewise, 

A. i A, * A. • A. 
‘s ‘c ‘m 

Blockwise, 

[j^-l felVcl 1(-02-]°] 
LXS+,isJ L(X^+u )2 J L\xm+mm/ J 

16. 

xs + MsJ l-(Xc+^c)2 J L\xm+mm/ 

where 

M = M -1 
c 

Availability with respect to preventive maintenance is unity for the M stage where no 
scheduled maintenance functions are required. It is also unity for the C stage, (though only 
.9955 for each block alone) because a sensible maintenance policy would stipulate that both 
equipment blocks not be down for scheduled maintenance simultaneously. Only the S stage 
requires downtime for preventive maintenance. Its availability Aps is estimated in the right 
hand column of Figure 2-13 by 

,-1 

f"1 + M 

Thus, the subsystem achieved readiness is given by 

A = A 
a P£ 

M 

The equation is solved using the parameter predictions obtained in Figures 2-12 and 2-13, 
giving an initial prediction of achieved availability 

Aa = (.998)(.9964)(.9999)(.8780)= .873 
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Data required to support measurements are implicit in the parameters of the equation. They 
are the uptimes and downtimes of each equipment block from which statistical estimates of 
the failure rates and repair rates can be obtained. Preventive maintenance downtimes are 
also required for the S block. 

Since the prediction does not indicate that the subsystem will initially meet its specified 
availability, (.99 in phase b), it is necessary to apportion i’qu:rements to elements of the 
subsystem. Before this is done, the subsystem should also be analyzed with respect to its 
reliability requirement since that requirement determines the upper limit of allowable 
failure rate. 

Before proceeding with the example, it would be well to summarize the predicted 
parameters. 

TABLE 2-2. SUMMAR Y OF PREDICTED PARAMETERS 

X M 
c 

f M 
P Ai 

A 
P 

s 
BLOCK 

STAGE 

.0035 

.0035 

1.03 

1.03 

.002 

.002 

1.0 

1.0 

.9964 

.9964 

.9980 

.9980 

c 
BLOCK 

STAGE 

.0086 

♦ 

1.16 

1.16 

.007 

0.0 

.63 

0.0 

.9901 

.9999 

1.0 

1.0 

M 
BLOCK 

STAGE 

.0083 

.1328 

0.99 

0.99 

0.0 

0.0 

0.0 

0.0 

.9919 

.8780 

1.0 

1.0 

SUBSYSTEM 0.998 1.0 .8750 .9980 

*The failure rate of an n-block parallel stage is not constant but is a function of 
time. For small X it is approximated by (XtP/t. 

The reliability requirement for the subsystem in R(3 hours) > .95. Then, in terms of blocks 
(not stages),the subsystem model is 

W =Hs[l-tl-Rcl2]R¿6 
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2-34 

16 
Rs Rc rm <2 - RC> 

= 2e 
*(XS+XC +16XJ3 + M'“ '"S "''C 

- e M' 

= .95 

If the prediction accurately reflects the relative complexities, stress levels, state-of-the-art 
factors, etc. that characterize each equipment block, it is reasonable to apportion failure 
rates among the blocks in the same ratios indicated by the prediction. Then the failure rates 
of the C and M blocks can be expressed in terms of the S failure rate. 

X _ .0086 . « X 
XC .0035 XS 2,46 XS 

X = • 6663 X _ r, „„ X 

M .0035 XS 2-37 

Given these relative magnitudes of block failure rates, the subsystem model becomes 

R(3) = 2e 
-41.38 Xg (3) -43. 84 X (3) 

d 
= .95 

which is easily solved graphically to yield X§ = .00044. Then, by the ratios previously stated, 
\ç = .00108 and X^ = .00104. These are the highest permissible block failure rates 
consistent with the subsystem reliability requirement. They correspond to MTBF’sof 2280 
hours, 930 hours and 960 hours for the S, C and M blocks lespectively, and they represent 
bounds on the tradeoff regions available for meeting the subsystem availability requirement. 
The subsystem MTBF is found by integrating the reliability function. It should be noted 
that the reliability of electronic, mechanical and electro-mechanical devices can usually be 
characterized in terms of constant failure rates (implying exponentially distributed failure 
times), provided the devices are complex and consist of parts of varying ages or mixtures of 
part types having different mean lives and failure distributions*. 

mFor a brief discussion of the relevant theory, see Bazovsky, /., Reliability Theory and 
Practice, Prentice-Hall, Inc., 1961, pp. 52-58. 
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MTBF= 0 = 1 
0 

2 

-,01818t 
2e dt 

,01818 .01926 

-/ 
-,01926t 

e dt 

- 58 hrs. 

Apportionment of availability can be begun by considering the subsystem as a whole. If it is 
assumed Ap must remain fixed, then minimum acceptable A¡ is 

A. = 
i 

,99 

.998 
.992 

An optimum combination of subsystem parameters 0 (MTBF) and Mc (MTTR) is sought 
subject to the constraint 

- A 

Ã 
. 008 
. 992 

.00806 

Several approaches to apportionment of goals for the improvement of reliability and/or 
maintainability are available and are discussed in the literature. One of the simplest is to 
determine the magnitude of improvement needed in each characteristic alone in order to 
satisfy the subsystem A¡ requirement. 

MTTR required at minimum MTBF: 

(1 - A \ 
-M = 58 ( * ) = .464 hr. = 28 minutes 

A / [.992 J 
required j ' ' 

MTBF required at predicted Ml TR: 

®required = “c (t^ç) = -998 (lUf)' 124 hrS- 

Mc in the above equation is computed from equation 2-22. The frequency weighting factor 
for the C-stage is not really a failure rate but 2Xç/3 = .0057, the reciprocal of the stage 
MTBF** 

**Bazovsky, op. ci. p 100. 
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Thus, it is apparent that the availability requirement can be met by improving the subsystem 
MTTR to 28 minutes while meeting the minimum MTBF consistent with the reliability 
requirement. Or, the availability requirement can be met with the predicted MTTR of one 
hour if the subsystem MTBF can be raised to 124 hours. Between these extremes there are 
an unlimited number of combinations of MTBF and MTTR that will also satisfy the 

requirement. 

Jn order to apportion reliability and maintainability goals in an optimum manner, it is 
desirable to predict the relative difficulty of improving each. In this example, the 
predictions take the form of cost functions, although the actual resources involved may 
include engineering and manufacturing man-hours as the major or sole variables. It is not 
realistic to formulate reliability and maintainability as deterministic functions of the 
resources expended for their realization. At best, the analyst can invoke past experience to 
predict the functional relationships in a largely subjective manner. Feasible improvement 
actions may be listed, and engineers asked to make optimistic, expected and pessimistic 
predictions ot the costs entailed in each and the degree of change each would produce in the 
reliability and maintainability of the system. The actions can then be listed as scaled sets 
and the distributions of the cost/improvement relationships estimated.* 

For purposes of illustration, let it be assumed that such an analysis is performed for the Fire 
Control Subsytem and that the following expected cost functions are obtained over limited 
ranges of 0 and Mc The unit of cost C is dollars x 10^. 

--2 
C (M ) = M 

' c c 

C (0) = 02/36OO 

The method of l agrange multipliers is employed to minimize the total cost function 

M, 
G = C (M ) + C (0) + a 

V 

where a is a Lagrange multiplier. The partial derivatives of the cost function are set_equal to 
zero and the resulting system solved simultaneously for the optimum values 0O and MC(). 

= C (M ) + 
a_ 
0 

= 0 

9 G 
â 0 

= c (0; - = o 

*For a thorough treatment of tradeoff techniques, see Goldman. A S. and Slattery, T.B., 
Maintainability. John Wiley and Sons, New York, 1964. Their approach is followed here. 
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SG 
sa 

M (1 - A.) 

from which 

0 = 86.6 hrs. 
o 

M . 693 hr. = 42 minutes 

These optimum subsystem values can then be apportioned in a conventional manner back to 
block level and ultimately to equipment level. The procedures are identical to those 
employed for reliability apportionment. Since all of the blocks have roughly the same 
predicted maintainability, the apportioned MTTR would be close to 42 minutes for each 
type. Apportioned MTBF’s would be about 3393 hours for the S block, 1379 hours for each 
C block, and 1432 hours for each M block. The apportionments are carried through below 
for purposes of illustration: 

86.6 = 

« 

/ 
2e-41.38Xst dt 

00 

-/ 
-43. 84Xgt 

41.38XS 43.84Xg 

Xs = .0002947, 0s = 3393 hr. 

X = 2.46X = .0007250 , 0 = 1379 hrs. 
c s c 

x„ = 2.37X = .0006984, 0.. = 1432 hrs. 
M S M 

» 

= ( 

2X, C - 
Mc = .693 = X M- + -T” Mc„ + 16XmM 

'S"*CS ' 3 *' cC M CM 
X + 2XG \ 
x® — + 16 

0002947MOg +~ (.0007250) (1.13)MCg + 16 (.0006984) (0.96)MCg 

.0002947 + f(. 0007250) + 16 (.0006984) 
O 

"1 
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SECTION 3 

STATISTICAL ESTIMATION OF AVAILABILITY 

3.1 BEST ESTIMATE OF AVAILABILITY 

For a subsystem that is repaired, the measured uptime ratio 

(total time up) 
(3-1) (total time up) + (total time down) 

can serve as a statistical estimate (expected value) of its operational availability. Achieved 
availability has been defined as the product ApA¡. In general, the durations of uptimes and 
downtimes with respect to scheduled maintenance will not vary appreciably from their 
respective means. Thus, they need not be treated as random variables. Therefore, Ap will be 
essentially constant and easily measured. Whatever uncertainty attaches to measured 
availability will be associated with the estimate of A¡. Given conditions of continuous 

monitoring and immediate initiation of repair 

(3-2) 

If the system is checked out only at intervals, operating untended over a period of length T 
between checkouts, its Aj is also estimated from the observed uptime ratio, in this case the 

ratio observed during n intervals of length T. 

(3-3) 
nT 

where u^ is the uptime observed during the kth interval. 

The expression " uk/n is an estimate of E lui, the expected value of u. Formally 

E[u] (3-4) 

3-1 
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A best estimate of subsystem availability can be computed from data obtained at '^er 
hardware levels, making use of the relationships given in equations (.-15) and (2-16), that is. 

A 

A. 
X 

n 
TT 
i=l Xi + Mi 

(3-5) 

for serially configured stages and, for a parallel stage of n identical items, 

m=n-r 
a n-rriA m 

A. = 
i 

L/'X II—I1IAX 

/n\ii-1 
(x + t)n 

(3-6) 

The Fire Control Subsystem modeled in the preceding section is an example of the process. 
Equation (3-2) is used to obtain an estimate for each element of the subsystem _The 
availability of a stage consisting of parallel blocks is then estimated by equation (3-6)^ 
Finally, subsystem availability is estimated by equation (3-5) as the product of th 

availability of series-related stages. 

3.2 ESTIMATION OF CONFIDENCE LIMIT ON AVAILABILITY 

The problem of finding a confidence limit for availability ultimately reduces to estimating 
the distribution of the quotient of two independently distributed random variables. For a 
subsystem considered as a single stage, the problem is tractable under ^her genera 
conditions. But for a multistage subsystem, where the measurement data are gathered at 
subordinate hardware levels, a solution is usually accessible only by the use of simu a ion 
methods. The analytical treatments that follow apply to the single stage case, Simulation 
methods for multistage subsystems are also discussed. 

3.2.1 Determining the Distribution of Repair Times 

The technique to be used in estimating a confidence limit on Aj is applicable whether the 
subsystem is viewed as a single stage or as multiple stages in series, since time to failure has 
the same distributional form in the latter case as in the former. However, it is necessary to 
treat repair times empirically, since the subsystem repair rate cannot be obtained by 
summing the rates of the series elements. The method used for confidence limit estimation 

depends on the distribution of repair times. 

There is little theoretical reason to assume a particular functional form for the distribution 
of repair times. Indeed, a rigorous approach would require that the distribution for a given 
subsystem be viewed as a weighted combination of distributions, each associated with 
particular equipment of the subsystem. In practice, however, subsystem rePau times are 
usually well described by log normal or exponential frequency distributions. A log norma 
distribution may be found to fit the data most accurately, but the exponential form 

3-2 
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mathematically more tractable and is to be preferred for that reason when it fits the 
observed data acceptably * Or a goodness of fit test can be run for both exponential and log 
normal distributions and the distribution can be chosen which gives the better fit. The 
procedures given herein treat confidence limit estimation for three forms of repair time 
distribution - exponential, log normal and constant. The procedure begins with a 
determination of the goodness of fit of a sample of m measured repair times to the 
exponential form of distribution. 

Mean repair rate is estimated from the sample 

A m (3-7) 

The sample data are then ordered and plotted as a cumulative distribution of observed repair 
times. An expected distribution is also plotted from the relation 

P(MC) = 1 - 

as shown in Figure 3-1. 

(3-8) 

Figure 3-1. Cumulative Distribution of Repair Times with 
Kolmogorov-Smirnov Limits (Exponential) 

*A strong case for exponential analysis of repair times is made by Creson, J. W., 
“Exponential Distribution Analysis of Corrective Maintenance Times”, J. Electronics Div. 
ASQC, Vol. 2. No. 4, June 1964, pp. 19-29. 
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The Kolmogorov-Smirnov test, as modified by Lilliefors,* is then applied to test the 
hypothesis that the data are from an exponential distribution with mean ¢. The statistic 
evaluated is D, the largest absolute deviation between the observed and expected ordinates 
of the cumulative distribution. 

max Í |P(MC) - S(MC)|) (3-9) D 

where 

measured repair time M 
c 

P(MC)= the computed cumulative frequency 

S(MC)= the observed cumulative frequency 

The sampling distribution of D is known (Table 3-1). Given a sample of m observed repair 
times and a significance level a the result D > K (m,«) supports rejection of the hypothesis 
with confidence (1 -a); otherwise the hypothesis is not rejected. 

A contractor may elect to use other goodness-of-fit tests, rather than the 
Kolmogorov-Smirnov, if he can justify their use. However, the Kolmogorov-Smirnov test has 
several claims to preference over such tests as the chi-square and RMS. It treats individual 
observations instead of combining categories as does chi-square; it is applicable to small 
samples as chi-square is not. The RMS test distributes error uniformly, hence, is probably 
weaker than Kolmogorov-Smirnov in most cases. 

If the exponential hypothesis is rejected, so that an exponential distribution cannot be 
fitted to the sample with satisfactory accuracy, it is necessary to fit a log normal 
distribution. All data points Mc are transformed into their natural logarithms X = In Mc 
which are then treated as samples from a normal distribution with mean and standard 
deviation "o. 

m 

X 
i 

M X i=l (3-10) 
m 

* Lillie fors, H W., “On the Kolmogorov-Smirnov Tesi for the Exponential Distribution with 
Mean Unknown", American Statistical Association Journal, March 1967, pp. 387-389. 
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A plot of the sample in cumulative form is again employed. The hypothesized cumulative 
normal distribution is plotted from the relation 

P(^ = 
-(X - M)2/2 ff2 dX (3-12) 

The Kolmogorov-Smirnov test, as modified by Lilliefors* for the normal distribution with 
estimated mean and variance (Table 3-2) is applied in the same manner as for the 
exponential. 

3.2.2 Confidence Limit Estimation for Exponential Repair Times 

When both failure and repair times are exponentially distributed, it can be shown (see 
Appendix) that the random variable u = 2nX/£ is distributed as chi-square (x2) with 2n 
degrees of freedom, where n is the observed number of uptimes terminated by failure. 
Similarly, the random variable v = Imulfi is distributed as x2 with 2m degrees of freedom, 
where m is the number of repair times observed. Since u and v are independently distributed 
as x2 with 2n and 2m degrees of freedom, the quantity 

_y/2n_ 
v/2m 

has the variance ratio density F. Thus, a (1 -o)100 percent upper confidence limit can be 
found for the quotient A//* by 

where F denotes the indicated fractile of the cumulative F density with 2n and 2m degrees 
of freedom. Then, a one-sided (1 - a)100 percent lower availability limit is 

A 
i 

L (3-14) 

* Lilliefors, H. W., "On the Kolmogorov-Smirnov Test for Normality with Mean and Varían je 
Unknown ”, American Statistical Association Journal, June 1967, pp. 399-402. 
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TABLE 3-1. KOLMOGORO VSM1RNO V LIMIT FACTORS K (m,a) 
FOR EXPONENTIAL DISTRIBUTION WITH ESTIMATED MEAN 

ABSOLUTE VALUES OE THE MAXIMUM DIFFERENCE D BETWEEN SAMPLE AND 
POPULATION CUMULATIVE FRACTIONS SIGNIFICANT AT THE 20, IS, 10. SAND 

1 PERCENT LEVELS, m - «impie «lie 

TABLE 3-2. KOLMOGOROVSMIRNOV LIMIT FACTORS K(m.a) FOR NORMAL 
DISTRIBUTION WITH ESTIMATED MEAN AND VARIANCE 

ABSOLUTE VALUES OF THE MAXIMUM DIFFERENCE D BETWEEN SAMPLE AND 
POPULATION CUMULATIVE FRACTIONS SIGNIFICANT AT THE 20, 15, 10. 5 AND 

l PERCENT LEVELS, m - «unple «l«e 
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3.2.3 Confidence Limit Estimation for Log Normal Repair Times 

When repair times are log normally distributed, the applicable measure of central tendency 
is the geometric mean 

M = 
CG 

m 
n m 

m 

i=l i 
(3-15) 

and V is defined as l/MCç. Then the statistic 1/Pe^ is distributed log normally. 

ue 
M (3-16» 

Failure times are distributed exponentially with 2n degrees of freedom. As previously noted 

2i* 2 
t X 2n (3-17» 

Then, a (1 - a) 100 percent upper confidence limit for the ratio X/p can be found by 

B2 

(t)-= 
m 

U 

X l e_ 
^^20 / ai-a’ sfZ * n 

(3-18) 

The coefficient a is tabulated in the Appendix. Equation 3-18 is derived in the Appendix. 
The (1 - a) 100 percent lower confidence limit on availability is 

<ï) U 
(3-19) 

3.2.4 Confidence limit Estimation for Constant Repair Times 

When repair time is constant, the confidence limit on availability is of the form given by 
equation (3-19) but depends only on the distiibution of X. Limits are quickly found from 
the relation of equation (3-17) by noting that 

3-7 
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X (3-20) 
2n 

Therefore, 

2 

S x i-a;2n 
U " A 2n 

(3-21) 

Then, with n constant, the lower (1 -a) 100 percent limit of availability is 

3.2.5 Confidence Limits for MTTR 

Availability limits can be found by the procedures of 3.2.3 and 3.2.4 without need for 
confidence limits on p or MTTR. Therefore, techniques for computing such limits are not 
treated in detail herein. If desired, however, confidence limits on p can readily be computed 
for exponentially distributed repair times using the methods given in NAVWEPS OD 29304 
for finding limits on failure rates. For log-normally distributed repair times, limits on MTTR 
are easily obtained using the standard error of the sample mean. A one-sided (100) a percent 
limit is 

antlloge(X+ta. ^ ,/ MTTR (3-23) a 

where t is the student’s -t statistic with m-1 degrees of freedom. Equations (3-10) and (3-11) 
are solved to obtain X and s. An advantage of equation (3-23) is that it is exactly correct for 
normally distributed X regardless of sample size and approximately correct with increasing 
sample size for virtually any distribution. 

3.2.6 Monte Carlo Simulation of Multistage Subsystem Availability 

Monte Carlo simulation has progressed during the past decade from a brute force method 
resorted to for problems intractable by other means, to its present stature as a primary tool 
of systems analysis and evaluation. Its value as an analogue of system experience would be 
difficult to overestimate. The mechanical aspects of computer simulation are now so well 
established that no discussion of them need be undertaken here. Instead the following 
paragraphs outline approaches to formulating the required distributions, given input data in 
the form of test results. 

3-8 
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In general terms, the availability of a subsystem is a product of availabilities of subordinate 
hardware items. For example, the availability of a serial subsystem consisting of N 
components, all of which fail and are repaired independently, is the product of the 
individual availabilities. 

N 

The true values of these availabilities are not known precisely but are estimated on the basis 
of test data. An estimate of subsystem availability without statistical confidence can be had 
by simple manipulation of the corresponding component estimates found by the methods 
already discussed. But valid subsystem confidence limits cannot be obtained by combining 
estimated component limits. 

N 

CL 

An interval estimate of subsystem availability can be obtained^by Monte Carlo simulation 
based on data taken at component level. Input data consist of X,n, m plus £ in the case of 
exponential repair times orí' and a for log-normal repair times. 

The core of the simulation technique is a Bayesian view which considers the true availability 
as a random variable and synthesizes its distribution g (Aj'Xjï, n, m) conditioned on the 
estimate or, more correctly, on the data generating the estimate. It has been shown that 

u/2n 
v/2m £ (i 2n, 2m 

and 

Since 
1 1 

A 
L 

3-9 
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it is apparent that sampling from F2n,2m 
/N /\ 

it is apparent that sampling from F2n 2mis equivalent to sampling from g (AlX, p, n, m) by 
the transformation shown above. It’ is a simple task to sample from any desned r 
distribution, beginning with random numbers distributed uniformly on the interval zero to 
one R|0,1 ), or beginning with random numbers distributed normally with zero mean and 
unit variance N|0,11. The transformations are 

N = / -2 ln R cos 2irR 

w 

where w is a 00 variate, 

w/2n 
y 

where y is a F2n 2m variate and the w are independent x2 (2n) and x (2m) variates . 
Thus, 2n + 2m independent normal variates must be drawn to construct one F variate, 
which is then transformed to a sample value of A¡ via 

1 

The computer executes the above algorithm for each component, stores the results, then 
uses the stored values to solve the system model for A. That represents one pass through the 
simulation procedure. Repetition of the process builds up a histogram of the sample values 
of A, which approaches the shape of g (A|X, n, n, m) as the number of passes increases. The 
desired interval estimate is obtained simply by reading the appropriate percentile values. 

When the repair time variable is log-normally distributed, the inverse function p 1 (w) - R 
(see Appendix A.3) can be solved for the coefficient a in the denominator below by 
numerical integration on each pass, then substituted into 

1 

Note that a in the denominator is the coefficient of Table A-2, not availability. 

*Segal, R., "Generation of Random Numbers for Monte Carlo Simulations , General 

Electric Co. Report 65SD231, April 1965. 
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Or, much more simply, an interval can be formed by sampling the X and m variables 
independently and forming their quotient. 

X ~ ^ X /2n 

= N(o. 2_) 

As in appendix A.3, o2 = o2 is assumed. It is important to fit successive samples of X and m 
into the expression for A and build its histogram. Operating arithmetically with limits 
computed for each parameter separately will give a much larger “at least” type interval. For 
example, if Al is computed using 80% limits on X and p, the resulting limit defines a 64% 
interval for A. 

It is easy to read from the histogram a variety of relevant statistics with standard errors 
which are entirely under control, since they depend only on the number of passes n. 
Specifically, one can read the mean or expected value, the mode or maximum likelihood 
value, the median or fifty percent confidence limit, any desired precentiles in order to 
construct one-sided or two-sided interval estimates, and the range. The standard error of 
each of these estimates, except the mode, are computable by reference to Kendall.* Briefly, 
the standard errors are, for the mean A, 

where n is the number of passes, and for the pth and (lOO-p)th percentiles 

V 

* Kendall, M., The Advanced Theory of Statistics, Vol. 1. Chas. Griffith & Co., London, 
1943-1946. 
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Kendall tabulates a few values of the ratio ¢, which is symmetrical about the median. When 
simulating is done often, it is useful to fit a smooth curve (Figure 3-2) and express 0 as a 
function of the desired percentile.* The standard error of the mode is available with 
somewhat greater effort by use of Yasukawa’s method.** 

0 = 1.93637 - 2.86403p + 2.86403p2 

1.9364 

<t> 1.5 

PERCENTILE, p 

Figure 3-2. Standard Error of a Percentile as a Multiple of 
Standard Error of Mean 

3.3 EXAMPLE 

As an example, consider a single stage subsystem for which the following data have been 
observed and parameters estimated: 

10 failures 
10 repairs 

143 hrs. 
.005 failures/hr. 
10/28.9 = .346 repairs/hr. 
1.284 hrs. 
7.0 nrs. 

5.0 hrs. 

n 
m 

3.9 hrs. 
3.0 hrs. 
2.5 hrs. 
2.3 hrs. 
2.0 hrs. 
1.7 hrs. 
1.0 hrs. 
0.5 hrs. 

* Wilson, M. and Fagan T., “Monte Carlo Simulation of System Reliability”, Proceedings 
Assoc, for Computing Machinery Natl. Conf 19t8. pp 289-293. 
**Yasukawa, K., “On the Probable Error of the Mode of Skew Frequency Distributions”, 
Biometrika 18, 263-292. 
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Availability with respect to scheduled maintenance is 

-1 

A = 
P 

143 

f'1 + M 
143 + 1.284 

= .9911 

A best estimate of Aj is 

A. = -1.= 

t + fi 

.340 

.005 + .346 
= .9857 

The repair time data are tested at the . 10 significance level in Figure 3-3. The hypothesis of 
exponential distribution with mean 2.89 hours is not rejected. Then, a 1-sided 80 percent 
confidence limit on the ratio A/*i is given by 

= - f (4 £ .80,20,20 

.005 (1.4656) = .0211 

.346 

and a 1-sided 80 percent limit on Aj is 

V 1.0211 
= .979 

The corresponding limit on achieved availability is obtained by multiplying by Ap. 

A = (.9911)(.979) = .970 
aL 

If, instead of those given above, the observed repair times were as shown below, the 
hypothesis of exponentially distributed repair times would be rejected at the .10 level. This 
is seen in Figure 3-4. 
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Figure 3-3. Cumulative Distribution of Repair Times with 
Kolmogorov-Smimov Limits (Exponential) 

fígure 3-4. Cumulative Distribution of Repair Times with 
Kolmogorov-Smimov Limits 
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Mc J = 6.1 

Mc2 = 4.6 

Mc3 = 3.5 

Mc4 = 3.0 

Mc6 = 2.5 

Mc7 = 2.2 

Mc8 = 2.0 

Mc9 = 2.0 

Mc5 = 3.0 Me jo - 0-6 

Thus it becomes necessary to fit a log normal distribution to the observed data. The data 
points are transformed to their logarithms (Xj = lnMc¡). Then by equations (3-10) ?nd 
(3-11): 

- 
ft = X = -- = . 9364 

m 

d = s 
f<V 
! m-T 

-5c,2 
= .413 

a für 
The geometric mean is MCç, = e 

ft ( M • 
l C1 

M • M *_M 
C2 C3 C10 

^0. i = 
2. 55 hrs. 

and V = .393. 

Then, by equation (3-18) and Table A-2 of the Appendix, an upper 80 percent confidence 
limit on \/n is: 

m 
1-a, /N 2, n 

.005 
a 

V 20 / .20,60,: .393 V 20 / .20.60.10 

.01272 (.0542)(14.049) = .010 
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The corresponding lower limits on Aj and Aa are 

A i 
L 

.983 

A = (.9911)(.983) = .974 
aL 

Although the arithmetic mean repair time is nearly identical in both examples, the log 
normal data have a smaller variance than the exponential data. Thus, the 80 percent 
availability limit is slightly greater in the log normal case. 

3-16 
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SECTION 4 

ANALYSES OF TEST PROGRAMS 

4.1 TESTS NECESSARY TO MEASURE AVAILABILITY 

For many subsystems, reliability is defined over a missio-j characterized by combined 
stresses of variable durations which are not reproducible in combination during the 
development tests In these circumstances, the mission reliability of the subsystem is not 
actually measured but is synthesized from single-environment tests on the assumption that 
failure rates and exposure times attributable to each of the mission environments are 
au litive. This feature of the approach makes necessary the alpha values of NAVWEPS OD 
29304, multipliers that convert environmental test time to equivalent missions. 

Typically, however, the availability phase of a subsystem’s mission is not characterized by 
an extreme or uncontrolled environment or by variable times of exposure to the 
environment that is experienced. Therefore, the concept employed in this manual is 
prediction of availability early in the program, followed by direct measurement of 
availability later in the testing program as data become available. It is normally desirable 
therefore, to exclude for purposes of availability analysis tests conducted under extreme 
environments. Where mission analysis discloses a significant environmental factor in the 
expected availability mission, that factor should be applied during the tests. Failing this, the 
alpha-value concept can be invoked to synthesize estimates of mission failure and repair 
rafpc r 

Economic considerations usually make it desirable to measure availability using only 
available data, i.e., data obtained by testing performed for other purposes or obtained by 
actual operation of subsystems in fleet service or training activities. Accordingly, the 
approach described herein is to evaluate the quantity of relevant test data the Integrated 

est Plan (ITP) can be expected to provide. Usually, though not necessarily, these will be 
subsystem level tests. Then, using predictions of the availability the subsystem will exhibit, 
it is a routine matter to estimate the measurement precision attainable as a byproduct of the 
development and production programs, assuming no recourse to additional tests for the 

TC:f,C,ir°Se °f meaSUring availability- If the measurement program projected by analysis 
ot the ITP appears inadequate, an estimate of the quantity of additional specific availability 
testing necessary to supplement the program is available. 

As noted in Section 3, Aj is measured by observation of times between successive failures 
and times required to complete conective maintenance tasks. An essential condition for 
such data to be valid is that the operation and maintenance of the tested hardware be 
carried out under conditions representative of the intended mission. It has been noted that 
failure rate is dependent on operating environment. In addition, the time required to repair 
a subsystem depends on skill levels, manning, diagnostic procedures, equipment and tools 
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available to the maintenance crew. In a practical sense, there is usually no way to ensure 
absolute equivalence ot usage and maintenance conditions in a test program with those that 
will prevail in fleet service, even when the service conditions are known - and they seldom 
are known with reasonable precision. But, it is necessary that the dependencies noted above 
be recognized during the process of test planning and that an effort be made to establish 
substantial equivalence of maintenance and use conditions with those expected in the 
mission. 

4-2 

Both the reliability and maintainability measurements necessary to measure availability are 
computed on the basis of assumptions of statistical regularity throughout the subsystem 
population - assumptions which make possible the direct substitution of test time for 
sample size. It is only necessary that cumulative operating and maintenance times be the 
sums of the times for all items tested. However, from both the statistical and engineering 
viewpoints, it is desirable to test a sample large enough to offer some assurance that the 
tested items are representative of the population. Therefore, whenever possibîe, availability 
measurements should be based on observation of more than a single specimen of the 
subsystem under development. 

It should be noted that in this section, as in Section 3, preventive maintenance times and 
frequencies are treated as constants. Should analysis or experience indicate variable 
preventive maintenance times, their statistical properties can be evaluated in a manner 
identical to that described for corrective maintenance. 

4.2 ANALYSIS OF INTEGRATED TEST PLAN 

Throughout the development and pilot production phases of the subsystem program, tin 
Integrated Test Program will provide the data for availability evaluation. An Integrated Test 
Plan (ITP), providing for central planning and control of all program testing activities is 
required by MIL-Q-21549. It must set forth the purposes and extent of the test program. 
The ITP is an essential input to the planning of availability evaluation. The value of the 
planned tests for availability measurement should be estimated by analysis of the ITP, which 
can then be expanded or amended as program requirements may dictate. Those tests that 
will contribute data for availability measurement must first be identified in accordance with 
the criteria discussed in Section 4.1, and their expected contribution indicated. This is 
accomplishec. by completing forms such as the Test Identification Form and Test Evaluation 

r^rirüi;ínoW^rvin«FÍgUreS 41 4'2' Thesc forms similar to those specified by 
NAVWEPS OD 29304, for use in reliability analysis. 

To comple'.e the analysis, it will be necessary to resolve any questions that may arise as to 
whether tests of individual equipments or other portions of the subsystem will be employed 
for availability measurement, as well as tests of the full subsystem configuration. In general 
tests of hardware at lower indenture levels should be accepted whenever the criteria of 
substantial mission equivalence can be satisfied with respect to operating environment 
functional use and maintenance conditions. With these criteria as guidance, analysis of the 
ITP is made in the manner described in NAVWEPS OD 29304, except that times are 
expressed in minutes or hours rather than in equivalent missions. 

Analysis of the ITP will yield an estimate of the total test time that will have accumulated 
for availability measurement at selected points in the development and pilot production 

. 
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Type of 
Tett 

Level of 
Te»t 

Purpose 
of Test 

Hardware 
Involved 

Test 
Duration 

Operating 
Time 

Pass/F it 
Criteri 

Maintenance 
Constraints 

:_ 

Figure 4-1. Test Identification Form 

Hardware 
Name 

Test 
Environment 

Estimated Test Time 
Time 

Required 
to Measure 
Avaikbility 

Difference 

Subsystem Equipment Total 

Figure 4-2. Test Evaluation Form 
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phases or at their conclusion. The following paragraphs describe how that information can 
be used to estimate the availability measurable during the program. 

The test time required to measure c: demonstrate a specified availability, at a specified 
confidence, is a random variable. It is quite possible, however, to predict its expected value 
or to predict the probability that a specified availability/confidence will be measured by the 
end of a program, once the program has been analyzed as described above. The technique is 
discussed here in terms of the subsystem as a unit, but it should be recognized that the same 
procedure is applicable at subordinate hardware levels. 

Predictions of subsystem reliability and maintainability, embodied in the estimates X and m 
will have been obtained as outputs of the system analysis function (Section 2). In analyzing 
the test plan, it is assumed that those predictions are accurate and that the quotient (X//i), 
commonly called the servicing factor, will determine the availability which the subsystem 
will exhibit during the test program. Further, exponentially distributed maintenance times 
are assumed, so as to avoid the need to predict their variance. It is also assumed that no data 
will be lost during testing, so the observed number of failures and repairs will always be 
equal. On the basis of the ITP analysis, an estimate is made of the number of failures (and 
repairs) that will have been experienced at selected points in the test program. Then, by 
reference to the tabulated F statistic, the contractor can plot the expected growth curve of 
measured availability vs. test time and can evaluate the adequacy of the test program by 
comparison of the growth curve with program requirements. 

Substitution of equation (3-13) into equadon (3-14) gives equation (4-1) which shows that 
the lower ( 1 - a) 100 percent confidence limit on A¡ is a function of the observed number of 
failures (= repairs) n, which, in turn, is related probabilistically to cumulative test time t. 

A 
_x_ 
A 
4 

(4-1) 

1 - a; 2n, 2n 

Figure 4-3 represents equation (4-1), the measured Aj, with n anda parameters. It can be 
seen that for a given n, Aj^ increases with time because A continuously decreases. 

It can be s* en that the measured availability approaches the true availability asymptotically, 
more rapid.y with increasing n, and that it is necessary to observe failures and repairs before 
a meaningful confidence statement can be made. A specified availability is demonstrated 
more quickly when it is well below the true availability achieved by the hardware. A¡L also 
rises more rapidly when the required confidence 0 - a) is low. 

It can be shown that given X, the number of failures most likely to be observed in test time t 
is the integer part of the product Xt. 
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Figure 4-4. Most Probable Growth Curve 

4.3 DETERMINING THE QUANTITY OF TESTS REQUIRED 

By analysis such as that described above, the contractor can gain an insight, albeit a limited 
one and hedged by assumptions, into the adequacy of the Integrated Test Program as 
initially planned. If the test program is considered to be inadequate, the question of how 
much additional testing should be undertaken must be answered. A variety of criteria can be 
applied to structure a test program but, basically, a tradeoff must be made, objectively or 
subjectively, between the cost and the value of additional testing. 

One objective approach to such a tradeoff is to write a utility oi cost function, then try to 
optimize its expected value. The function must embody the cost of accruing test time versus 
the cost and risk of downtime during a mission. The true availability of a subsystem is the 
probability that it will be up when needed; the risk that it will be down is U = 1 - A. If the 
subsystem is down, the user incurs a loss, which may or may not be expressible explicitly. 
The actual asymptotic availability of a subsystem cannot be determined precisely while the 
subsystem is in service, but it may be estimated from test or operating data. Thus, at any 
time IJ = 1 - X is the best estimate of the risk impliri^in the use of the subsystem. The 
purpose of availability measurement testing is to assess U and to confirm that it is below an 
acceptable level. 

The difficulty oi writing a utility function depends on the complexities of the mission and 
the circumstances of the development prograi... Under some conditions, the function may 
include items of positive utility (payoffs) as well as those of negative utility such as costs. 
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Moreover, the costs and payoffs need not be expressed in monetary terms. Any meaningful 
unit of utility, dimensional or dimensionless, may be used provided all the terms of the 
function are expressible in that unit. 

The function might take a very general form, such as 

(4-3) U 

where 

U = total utility associated with the availability measurement program 

Ua = positive utility associated with the measured availability level 

Ur = negative utility associated with residual risk level (unavailability) remaining 
after measurement 

Ut = negative utility associated with the cost of testing 

The planner would want to maximize a function such as equation (4-3). In general, it is 
sufficient to limit the elements of the utility function to costs, which usually can be thought 
of in conventional monetary terms. Thus, Ua can be neglected and the function written in 
terms of cost units C. Subsequent effort will be to minimize these since they have negative 
utility. The subscripts in equation (4-4) have the same meanings as in equation (4-3). 

C (4-4) 

It can be shown that the best strategy for minimizing C is to minimize its expected value. 
First, it is necessary to establish clearly what is meant by expected value. If U (x) is the 
utility associated with a random variable x, the expected value of the utility is 

n 

E {U (x)} = £ U (xi) • P (X.) 
i = 1 

(4-5) 

where P (xj) is the probability of the variable taking the value xj. If U (zj) is a step function 
of fixed value for each x¡. j < z¡ < x¡ and 

X 
f(x) dx (4-6) 

0 

4-8 
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is the non-decreasing distribution function of x, then E [U (x)] is the sum of producto 

n 
(4-7) 

i = 1 

The definition above can be employed to write the expected value of the cost function. The 
total cost C is the sum of the testing cost Q and a loss of magnitude Cr if the subsystem is 
down when needed and zero magnitude if the subsystem is up. 

E{C}= Cp U + (0) A + Ct (4-8) 

Fixed costs of testing can be separated from incremental (time dependent) costs. In many 
cases, the latter increase approximately linearly with test time. Equation (4-8) can then be 
written as 

A (4-9) 
E(C1* * S,/ V 

where: 

fixed costs of testing C to 

incremental cost of one hour (or other unit) of test time C 
ti 

As pointed out in Section 2, it is meaningful to define up and down states of varying degrees 
for most subsystems. The subsystem’s availability is usually different for each such state, as 
is the associated cost of having the subsystem in that state at the time a demand is made on 
it during the mission. Then the first term of equation (4-9) is replaced by a series, one term 
for each cost/risk level, and these are additive. Equation (4-10) illustrates this point. The 
cost of each subsystem state is multiplied by the estimated probability of occurrence of 
exactly that state. 

n 

E(C}- 'Wl> +V + Cto 
(4-10) 

i = 1 
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A function such as (4-10) can be minimized by analytical or graphic methods to estimate a 
test time t0, which is optimum in that no other quantity of testing will yield a lower 
expectation of total cost. Figure 4-6 illustrates the tradeoff process conceptually. In some 
cases, it may not be reasonable to define the cost of mission downtime or failure in 
conventional terms. This is so, for example, if the social or political consequences of failure 
are the major concerns of the planner. Such a situation would dictate that a high level of 
availability be specified, together with a measurement test program of sufficient scope to 
verify achievement of satisfactory availability in the operational phase. 

C 

t 

Figure 4-6. Cost Tradeoff Curve 

The technique described above assumes that measurement data are gathered in real time, 
that is, by observing failures and repairs that occur naturally in the course of testing. In 
many programs, little useful maintainability data are realized prior to the pilot production 
phase. It should be noted that maintainability data can also be collected in “accelerated” 
time by simulating failures in the subsystem, in accordance with procedures such as those 
given in MIL-STD-471. As a result, maintainability demonstration is usually a much more 
economical undertaking than reliability demonstration. However, the value of 
maintainability demonstration in reducing the uncertainty interval associated with an 
estimate oí A is generally much less than the value of reliability demonstration. This can be 
shown by applying the error propagation equation 

(4-11) 
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where the A symbols denote the respective uncertainty intervals. 

Since 

dA = X (4-12) 

Òti (X + M)2 

and 

âA _ -M (4-13) 

äX ' (X + (i,2 

it is clear that when X « M, as is nearly always the case, the reliability influence is much the 

greater of the two. 
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SECTION 5 

DATA SYSTEM 

5.1 DATA SYSTEM REQUIREMENTS 

MIL-Q-21549 establishes a requirement that the contractor maintain an Integrated Data 
System. NAVWEPS OD 29304 defines in detail a system acceptable fer reliability 
measurement. Availability evaluation requires only straightforward extensions of that data 
system to encompass the collection, control, processing and utilization of usage mode, 
performance, and maintenance data, in addition to the operating time and failure data used 
for reliability measurement. In this manual, discussion of the integrated data system is 
limited to a summary of its functions and presentation of modifications necessary to 
implement availability measurement. 

Four activities comprise the integrated data system: (1) Data Collection establishes the 
requirements and instructions to be used by test areas in reporting data; (2) Data Control 
monitors the reported data to ensure its completeness, accuracy and validity and 
keypunches it for computer input;(3) Data Processing performs the computer runs and 
checks to generate a historic test results file; and (4) Data Utilization prepares the required 
summaries and reports from the historic test resuits file. Application of the data system 
depends on the specific data requirements list, which is an output of the system analysis 
function. It is in that list that the information the data system must provide is defined. The 
following paragraphs discuss expansion of the four functional areas of the data system to 
meet the needs of availability measurement. Figure 5-10 outlines information flow in the 
integrated data system. 

5.2 DATA COLLECTION 

5.2.1 Factory Data Collection 

The data collection activity issues procedures and instructions to test areas for recording 
test, failure, and maintenance data. It also develops the forms required to record the data 
and procedures for use of the forms. Information needed for reliability processing includes 
categories, A, B and C below. Category D gives typical additional information needed for 
availability measurement. 

A. Test Description 

1. Test Report Number 
2. Test Level - Component Equipment or Subsystem 
3. Test Type - Qualification, Acceptance, etc. 
4. Test Site 

5-1 
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5. Test Environment 
6. Date of Test 
7. Test Condition - Operating, Non-Operating or Cycling 

B. Hardware Identification 

I Hardware Name 
2. Hardware Drawing Number 
3. Hardware Serial Number 
4. Sub-hardware Actually Involved in Test 
5. Hardware Level 
6. Vendor 
7. Project 

C. Test Results 

1. Operating Time or Cycles 
2. Excludable (Non-productive) Time 
3. Operating Mode 
4. Test Environment (Availability Phase Ambient, Other) 
5. Failures 

D. Maintenance Data 

1. Preventive Maintenance Functions 
2. Preventive Maintenance Time Components 
3. Corrective Maintenance Functions 
4. Corrective Maintenance Time Components 
5. Delay Time Components 
6. Modification Time 
7. Ti:ne-to-Failure 

Illustrations of typical data sheets applicable for use in test areas to record operating, 
maintenance, and failure data are given in Figures 5-1 through 5-6. 

Figure 5-1 is typical of data collection forms for use in factory tests of equipments or lower 
indenture-level hardware. It identifies the hardware under test and gives the elapsed test 
time and test results in minutes and/or cycles as appropriate to the functions tested. Figures 
5-2 and 5-3 present typical forms for reporting failure and corrective maintenance data from 
factory test areas. 

Operating data at the subsystem level can be reported by means of utilization logs such as 
Figure 5-4, whether or not elapsed time indicators are included in the subsystem or in 
ancillary test equipment. The design and information content of utilization logs should be 
unique to the subsystem under evaluation. Figures 5-5 and 5-6 are examples. Typically, each 
one-line entry should fully descebe a subsystem performance state and indicate the duration 
of the state. A new log entry should normally accompany any change of state, such as the 
failure of an equipment or a change of usage mode. Responsibility for maintenance of logs 



pr-

NAVORD OD 43251

PERFORMANCE DATA SHEET
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figure 5-1. Performance Data Sheet
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Figure 5-2a. Failure and Corrective Maintenance Report, Front 
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dUr'n8 Pt'n0dS °f ,CS"n6' 'm"ing- OT“P'™'"'al'on. 
for a I » Mi. h L c maintenance supervisor at other times. Typical information coding 

contra!“ dam svSs “ ^ “ 'S ^ '<> «"«*« ^ “-*Pmen. of 

—-k Time ” Locul timc in m'*'tary notation at beginning and end of state described. 

Elapsed Time This Operation - Difference between start and stop times above. 

Functions Tested Type of test activity, programs run, etc. 

Mode - Operating mode, subsystem configuration, etc. 

Use Code 

100 

101 

110 

111 

112 

120 

121 

122 

123 

210 

220 

221 

Operating Time - Power on and subsystem operating. 

Reduced Capacity - Subsystem up at reduced capacity due to known 

cmolumnCt,0n' y faÍIUre and gÍVe fai,Ure rep0rt nUmber in remarks 

^~Up Timef - Power on ‘¡"le used for setup, updating stored references 
debugging software, integration of hardware and test equipment, etc. 

Time ~ Time lost due to specification error, procedure error, software 
error, operator error, test equipment error, facility breakdown, etc. 

Idle Power On Time - Subsystem not in use. 

Pj~grOn RePa'rT'me - Operaiirg time necessary to effect repair. Subsystem 

W On Modification Time. - Operating time necessary to effect 
modification or retrofit. Subsystem down. 

gower On Preventive Maintenance Time - Operating time necessaty to effect 
preventive maintenance. Subsystem down. 

Seduced Capacity Delay Tine - Subsystem operating but down because of 
reduced capacity. Used when supervisor directs that a malfunction not be 

.emarrkdclme„ y malfUnC'i0n a"d failure ^ 

Idle Power Off Time - Subsystem not in use. 

Power Off Repair Time - Subsystem down. 

Power Off Modification Time - Subsystem down for i lodification or retrofit. 
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222 - Power-Off Preventive Maintenance Time - Subsystem down. Approved 
scheduled maintenance time. 

223 - Administrative Delay Time - Power off. Subsystem down. 

224 - Supply Delay Time - Used when parts not available within the facility to 
repair a malfunction. Indicate failure report number and type of failure in 
remarks column. 

Subsystem configuration - When the subsystem configuration is highly variable, the 
utilization log mav be structured as shown in Figure 5-4, so that check marks ( / ) in the 
correct columns can be used to designate the equipments comprising the subsystem in use at 
the time of an entry. When a line entry describes a failed state, a check can be used to 
denote the failed equipment. 

Environment Indicate environment if other than room ambient. 

Operator Identification of person making entry, by number or initials. 

ETI Reading - Totals on all subsystem elapsed time indicators should be logged at the 
beginning of each log sheet, and prefeiably at more frequent intervals. Remarks column may 
also be used for ETI readings. 

Data recorded at the level of detail indicated in the preceding paragraphs enable 
computation of a variety of availability statistics. For example, if decision riles implied in 
the use c' des listed above and reflected in the time classification categories of Figure 5-7 
were deemed applicable for a subsystem, the availability statistics might be estimated as 
shown below. 

power-on-time 

U uptime 

D downtime 

Time logged under use codes Ixx. 

Time logged under use codes lOx. 

Time logged under us; codes x2x. 

inactive time 

active time 

delay time 

n0 total malfunctions 

nj relevant malfunctions 

Time logged under use codes x 1 x. -Under 
different decision rules, all or part 
of this time might be classified as up¬ 
time and included in the time base for 
measuring A0. 

Calendar time less inactive time. 

Time logged under use codes 123, 223,224. 

Th; sum of all equipment failures. 

The sum of all relevant failures. 
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observed failure rate 

% inherent failure rate 

Mc repair time 

T5TC mean repair time 

unscheduled downtime 

mean downtime 

np preventive maintenance 
events 

Mp preventive maintenance 
time 

modification time 

/N 

Mp mean preventive main¬ 
tenance time 

observed preventive 
maintenance frequency 

fj specified preventive 
maintenance frequency 

Aj inherent availability 
(availability with re¬ 
spect to failure) 

Computed as n0/power-on-time. 

Computed as n¡/power-on-time. 

Time logged under use codes x20. 

Computed as Mc/n0. 

Repair time plus delay time. 

Computed as D/total occurrences of use 
codes x2x. 

Total number of preventive maintenance 
actions. 

Time logged under use codes x22. 

Time logged under use codes x21. 

Computed as Mp/np. 

Computed as np/power-on-time. 

Set by specification. 

availability with 1 / 1 $} 
respect to preventive *1 A*¡ + ^P¡^ 
maintenance 

achieved availability 

operational availability 

Aii • APi 

U 
U+D 

5.2.2 Fleet Service Data Collection 

Operational availability data is reported from fleet service by means of the FBMWS Trouble 
and Failure Reporting Program (SP Instruction 3100.1). The forms illustrated in Figures 5-8 
and 5-9 exemplify those used to provide the minimum required information-hardware 
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identification, operating time and maintenance time. Data from fleet service can be used in 
the availability measurement model given herein and can be analyzed and reported by the 

methods of this manual. 

5.3 DATA CONTROL 

The specific function of data control is to monitor data collection for timeliness and 
accuracy and to provide the necessary handling and preparation for computer processing. 
Data handling encompasses transmission of test data forms from test areas to a central Data 
Control area, where they are reproduced and distributed. Failure data forms are sent to 
Failure Analysis for review and classification, then reproduced and distributed. 

Data monitoring includes checks of test areas to assure that all data are reported promptly. 
The data monitoring activity also checks all report forms, as received, for gross errors. 

Preparation of test, failure and maintenance data for mechanized processing is accomplished 
by keypunching the information contained on the forms to standard electronn, accoun i g 
machine (EAM) cards in formats suitable for computer usage. Definition of EAM formats 

must include: 

a) One-to-one correspondence of data fields on original test or failure document 

with fields on EAM card. 

b) Special handling instructions for any particular data fonn or information field. 

Detailed checking for data errors is accomplished in conjunction the 
activity by tabular analysis of the data prior to processing. This is bV computer 
under software control. Comparing the data against previously established entena of 
\alidity, the computer validates hardware identifications, test descriptions, definition of 
alphanumeric fields, ranges or dates, and the logic of the presence or absence of certain 
fields on the source documents. When errors are detected during this processing listings 
defining the errors are sent to Data Control, which must then provide for correcting the 
error. Corrected data are again prepared for processing. A suspense file is P^ided o assure 
that all data errors have been corrected prior to final processing. It contains a list of a 

errors that have not been corrected. 

5.4 DATA PROCESSING 

The function of Data Processing is to generate and maintain a historic file of test, fai*ur® ^ 
maintenance data for each level of hardware, using information furnished by Data Control 
In addition to the preliminary processing described above for error correction several 
auxiliary processing functions arc necessary to enable production of the histone file^ 
Keypunched input formats are rearranged into a standard tape record format for furthe 
processing This provides for standardization of the formats of data originated on different 
ZZ Tom the various test areas. Data are then segregated and grouped according o 
project. Finally, the historic file is compiled and updated by the addit.on of recently 
generated data. In addition to the composite status report, which is the primary outPut ° 
the processing activity, provisions are made for generating optional data summaries within 
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or across various parameters (serial number, environment, etc.) a^ desired. Updating of the 
historic data file is done monthly or more often as required by program reporting 
requirements. 

5.5 DATA UTILIZATION 

Data Utilization uses the historic data file to generate various summary reports and to 
compile an availability status report. Specifically, the utilization program employs the 
historic file for the solution of the availability model for each equipment and for the 
subsystem in relation to their defined mission. It also provides for the production of special 
reports from the historic file, as desired. 



DATA COLLECTION DATA CONTROL 

I 
I 

TEST 
ACTIVITY 

DATA 

CONTROL 
PRfJCEDCRES A 
CHECKLISTS 

DATA 
CONTROL 
OFFICE 

MANUAL 
CORRECTION 
OF ERROR 





NAVORD OD 43261 

DATA 
UTILIZATION 

Figure 5-10. Integrated Data System Flow Chart 

5*19/5-20 



NAVORD OD 43251 

SECTION 6 

OUTPUTS OF AVAILABILITY EVALUATION PROGRAM 

6.1 AVAILABILITY EVALUATION PLAN 

The evaluation plan is a contractual document prepared by the contractor to describe the 
scope and cornent of the evaluation program. First submission typically is required not later 
than 90 days following th« start of development effort. A second submission is usually 
required 60 days after sutmission of the integrated test plan. The plan is then updated 
periodically as required by the SSPO on an annual or more frequent schedule. The 
evaluation plan contains, as a minimum, the basic analyses and planning necessary to 
develop the evaluation program. These are: 

Analysis Output 

Mission analysis Definition of tactical mission phases 

Mission profile 

System analysis Definition of subsystem configuration 

Definition of significant subsystem states 

Subsystem availability equation with derivation 

Analysis of preventive and corrective mainte- 
ance tasks 

Predictions of availability with respect to 
preventive maintenance and failure 

Identification of measurement data requirements 

Trade-off studies and apportionment to subsystem 
elements 

Evaluation of ITP 

Projected growth curve 

Criteria for failure classification 

Criteria for classification of time elements 

Sample data collection forms 

Analysis of ITP 

Data system 
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In addition, the evaluation plan describes the contractor’s organization responsible for 
availability evaluation, the statistical procedures to be used in the evaluation program and 
the contents and schedules of planned reports. 

6.2 AVAILABILITY STATUS REPORT 

The Availability Status Report (ASR) is a quarterly contractual report, summarizing the 
achieved availability status of the subsystem and its equipments in relation to the goals 
established for them. The report includes at least the following sections: 

Introduction - Identification of the contractual requirement for the report and 
reference to the Availability Evaluation Plan. 

Summary and Conclusions Highlights of the report, significant events, achievements, 
etc. 

Descriptive Statistics - Current measured system availability indices; best estimates 
and confidence limits; growth curves showing changes in measured availability during 
the course of the program; and statistics on measured repair times. 

Failures - Summary of failures included and excluded in computing indices, corrective 
actions. 

Problem Areas - Identification of problems and discussions of actions planned and 
taken. 

Appendix - Block diagrams and availability model. 

The information contained in the ASR does not obviate the need for the information 
reported in the Reliability Status Report (RSR) required by NAVWEPS OD 29304. The 
ASR contains maintainability and availability-phase reliability numerics; the RSR provides 
launch-phase and flight-phase reliability information. Nevertheless, it should be recognized 
that in some programs, economies will be realized by combining the two reports. 

Preparation of the report is begun by selecting from the computer files of the integrated 
data system, listings of the relevant statistics describing the measured reliability and 
maintainability of the subsystem and of the equipments comprising the subsystem. The 
;ubsystem model number is employed as a selection criterion for this purpose. These 
statistics are substituted into the equipment and subsystem availability equations. These 
estimates, together with the input statistics are presented in tabular form in the report, the 
format of which appears as Figure 6-1. Availability growth curves are prepared for 
equipments and the subsystem showing cumulative progress of measured availability since 
the first report. Significant changes in design or manufacturing are noted on the curves. 
Equipments showing significantly lower availability than the apportioned levels are 
identified. Problem areas are discussed with emphasis on cause, nature and effective date of 
corrective actions. Subsequent quarterly reports should indicate effectiveness of the 
corrective actions based on more recent experience. 

6-2 
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6.3 CONTRACTOR MANAGEMENT REPORTS 

In addition to fulfilling customer reporting requirements, the data utilization function can 
be used to generate a variety of ir.-house reports useful to contractor management in 
preparing analyses and organizing material intended for contractually required reports. 
These reports and data tiles are also of value to availability-related functions such a ¿spares 
provisioning, and for evaluating the limits of the “infant mortality”, useful life and wearout 
phases of various types of hardware. The data base can also be used to evaluate the 
timeliness, completeness and accuracy of the data system and the effectiveness of the 
contractor’s testing, review and inspection activities. Typical in-ho ise reports, their contents 
and uses, are discussed in the following paragraphs. In general, the in-house, reports 
described herein differ somewhat from those specified in NAVWEPS OD 29304 for 
reliability measurement. Thus, in the initial formulation of an integrated data system, the 
contractor must decide whether to generate independent in-house reports for the availability 
evaluation program or to combine them with the corresponding outputs of the reliability 
measurement program. 

6.3.1 Historic Data File 

Th’s file contains one-line entries corresponding to each entry in the system utilization log 
and each failure report. Thus, it comprises a complete and accurate record of all test and 
utilization data in a form that enables the data to be sorted, analyzed and presented quickly 
and efficiently. The report contains: 

A. Hardware Identification 
Subsystem nomenclature 
Subsystem serial number 
Constituent equipments 

B. Use Description 
Mode 
Use code 
Environment 

C. Subsystem State Data 
Cumulative operating time 
Elapsed time in state 
Failures 
Failure classification data 
Maintenance actions 
Maintenance times 

D. Reference Information 
Date 
Site/location 
Log page number 
Failure report number 

Beyond the preparation of contractually required reports, a variety of outputs are available 
to contractor management by manipulation of the data base embodied in the Historic Data 
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File. For example, the ef fectiveness of procedures employed by the contractor to eliminate 
potential defects from a subsystem can be evaluated using summaries of the experience 
represented in the data file. 

A subsystem car oe depicted, as in Figure 6-2, in its flow through successive analyses, 
reviews and tests intended to detect and divert defects from passing downstream to the 
operational use phase*. 

Defects that are present in the subsystem and eligible for detection are shown entering the 
test block. Within the block some defects are generated in the course of the test. Flowing 
out of the block are those defects that are detected and diverted and those that escape. 
Defects that will enter the next screen downstream are the sum of the escapes plus any 
defects that may have completely by-passed the block for reasons of ineligibility (e.g., 
certain equipments containing defects had not been installed in time to be detected in the 
block) or decision (e g., defects detectable by a test that could have been, but was not, run 
in the block). Effectiveness of a block can be characterized by a variety of indices such as 

F = defects detected 
total defects present 

which, for Figure 6-2, is 254/(146 + 133) = .91. Such analyses are but examples of feasible 
applications of the Historic Data File. Figure 6-3 is a sample sheet from a file. 

GENERATED 

PRESENTED TO 
SCREEN 

Figure 6-2. Test Screen Model 

•Smith, A.M. and Waltz, W.R., "Testing for Spacecraft Reliability 
Overview”, Annals Assurance Sciences 1: No. 2, 1968, pp.214-220. 

A Management 
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6.3.2 Error List 

An error list is generated as the result ol programmed checks of accuracy, validity and 
completeness made on all inputs to the data processing functions. Errors are returned to the 
responsible personnel for correction, thereby closing the loop and tending to stabilize the 
reporting system (i.e., reduce error frequency). The basic tests are for correctness and 
completeness of data fields, correctness of formats, logical admissibility of reported data, 
and reconciliation of reported times with ETI readings and with calendar time. The 
computer can also be programmed to calculate the efficiency of the reporting function by 
summarizing the contents of the error list in terms of error rates (errors per unit of data 
reported), and mean reporting delays, etc. attributable to each reporting organization, 
location, etc. It has been shown that in addition to improving the numerical efficiency, 
conscientious feedback to the reporting function is necessary to maintain and improve the 
quality of the information reported*. Figure 6-4 is a specimen Error List. 

6.3.3 Serial Number Summary 

The Serial Number Summary contains a one-line entry for each piece of serialized 
component in the subsystem and for each serialized subsystem. It is prepared by the 
computer from the subsystem utilization logs and failure reports. It reports cumulative 
operating time on each equipment, number of failures, dates of failures, cumulative 
operating time at each failure, number of corrective maintenance actions, and the 
maintenance time of each. The latter four items of information are additions to the content 
of the Serial Number Report specified by NAVWEPS OD 29304 for reliability 
measurement. 

The summary report is of value for determining the exponential failure regions for various 
equipment types, the so-called “green line” and “red-line” times as shown in Figure 6-5, and 
for verifying recovery time distributions, assessing learning effects, etc. A number of 
statistical procedures can be used to test the fit of observed data to various distributional 
forms. When computing failure rate as a function of operating time, data may be pooled 
across serial numbers only if normalized to a common cumulative operating time base. The 
Serial Number Summary Report provides the information necessary for ^uch analysis. 
Figure 6-6 is a sample sheet. 

6.3.4 Hardware Summary 

The Hardware Summary Report (see Figure 6-7) contains a one-line entry for each type of 
equipment comprising the subsystem. This report contains a summation of total test time 
and number of failures. It is useful in logistic planning, particularly spares provisioning. 

If it is decided that spares are to be provided for an item, and that usage may be expected to 
follow a Poisson distribution, an estimate of the failure rate (X) can be used to predict the 
number of spares (n) necessary to support an item population (N) for a calendar time (T), 

*Greenberg, G. et al, "Relative Frequency Analysis tu Assess Communication Feedback in a 
Malfunction-Coding Scheme’’, IRE Trans. Human Factors in Electronics 3: No. 1, 1962, pp. 

22-24. 



NAVORD OD 43251 

INFANT MORTALITY 

Figure 6-5. Green-line and Red-line Tíív js 

with a limiting acceptable risk (e) of not having a spare of the required type at hand when 
needed. It is necessary to know or estimate the item’s duty cycle or fractional operating 
time (0 < k < 1) in order to convert calendar time to operating time. The prediction 
equation is the partial Poisson sum 

E 
i=0 

e-NAkT(NXkT)i 

i! 
s 1 

(6-1) 

evaluated for n. If spares must be provided for m types of item and the risks ej are veiy low, 
then the risks are approximately additive, so that ej is roughly the probability that at 

least one type of spare will not be available when needed during the period T. 

6.3.5 Composite Status Report 

The Composite Status Report (see Figure 6-8> presents all test data and results by 
equipments comprising the subsystem, plus all computed reliability, maintainability and 
availability statistics, best estimates and confidence limits on all indices. It permits manual 
verification of ASR computations and is of value in plotting growth curves, and in searching 
for significant trends in the data. 
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APPENDIX A 

DERIVATION OF MEASUREMENT STATISTICS 

A. 1 Confidence Limit for Exponential Failure and Recovery Times* 

If the failure rate of a device is a constant X, independent of time, the density of operating 
times between failures is 

f(t) = X e ^ 

If test time is truncated by failure, the failure rate is estimated by 

A 

X = n 
n 
Z 
i=l 

t 
i 

where n is the number of failures observed and t¡ is the operating time between the tth and 
the (i - 1) th failures. Then the joint density of (tj t2 tn) can be written as 

-X 

f<tr V •••• tn) = X e 

n 
Z 
i=l 

By transformation, the joint density of (X, t2, tj, ...tn) is obtained 

a n 
g(X, Í2, tg, .... tjj) - n X e 

*The derivation presented here is due to Keesee, W. R., "A Method of Determining a 
Confidence Interval for Availability”, Mise. Publ. No. NMC-MP-65-8, U.S. Naval Missile 
Center, Point Mugu, Calif. 9 July 1965. 
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and the marginal density g (X) is obtained by integrating over the variables t2. t3.tn. 

Now let the random variable u = 2n Xft. The density function g (u) is then a chi-square <x ) 

function with 2n degrees of freedom. 

g (u) 
^e(-D 

2n (n - 1)! 

If test time is truncated arbitrarily rather than by failure, the final operating time tn+i does 
not end in a failure. Then the quantity u = 2nX/S is distributed as x* w.th 2n + 2 degrees of 
freedom - twice the number of failures plus two. 

If the repair rate of a device is also a constant n, independent of time, the density function 

of repair times is also exponential. 

f(M_) = H e 
->iMc 

H being estimated by 

A 
ß 

m 
m 
I. M 
i=l Ci 

where m is the number of repairs observed and Mc¡ is the time required for the ith repah. 
The density function off is obtained by a procedure identical to that for the density of h. 

m 

g (M) = (b) (i 

m-1 m 
m e 

•T) 

A-2 
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Let the random variable v = =^. It is assumed that each repair time Mc¡ is terminated by a 
repair. Then. ^ 

(- - m-1 V 2 
v e 

is a X“ density with 2m degrees of freedom. Since u and v are independently distributed **’ M v«»- ». j cr 

with 2n (or 2n + 2) and 2m degrees of freedom, the quantity ll'-n has the variance ratio 
density F with 2n (or 2n + 2 ) and 2m degrees of freedom. v/2m 

For the case where testing is truncated by failure, a 100 (1 - «) percent lower confidence 
limit on A¡ is computed from the relation 

where Fj^. 2n 2m is the (1 * a) tactile of the cumulative F distribution with 2n and 2m 
degrees of freedom. Then 

1 
A 

For testing truncated arbitrarily, the limit is obtained from 

Table A-l gives F go; f]. ^or H = ' 0 ) 80, Í2 = 1 (1) 80. 

A.2 Estimation of the Parameters of a Log-Normal Distribution* 

A random variable z> 0 has a log normal distribution if it has the density function 

*A complete discussion of the log-normal distribution can be found in Pangborn, C.E. and 
Arabadjis. C, “The Log-Normal Distribution“, TIS R6 7S1PD12, General Electric Co., 
Special Information Products Dept., Syracuse, N.Y., 18 April 196 7. 
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2 1 
X (z; n, cr ) - —— 

ay2nz 
exp 

1 / In z - U\ 
2 \ a / 

Then its logarithm y = In z has a normal distribution 

The cumulative log-normal distribution is denoted A (z; m, o^). 

An expression for it does not exist in terms of elementary functions but by the simple 
transformation y = 1 n z it is transformed into the normal integral. 

2 2 
A ) = N( In z;M,cr ) 

and by a further simple transformation to the standard normal variate x = ^ ^ Cumulative 
probabilities of the log-normal can be found numerically from tabulated values of the 
standard normal N (x;0, 1). 

A (z; M, a2)=N ( B ; 0, l) 

The parameters /x and o can be estimated from log-normal data by means of the 
transformation 

M = Tñz = 
ln Zi 

n 

s 

-Tñz)2 
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A 3 Confidence Limit for Exponential Failure Times and Log-Normal Recovery Times 

Gray and Lewis* have shown that it o2 (the variance of In Mc) is assumed to be known, 
then for a random sample of m repair times 

where Mcq is the geometric mean and“?“ is 1/Mcq- For purposes ot analysis©2 is assumed 
to equal the variance estimated from the sample. For exponentially distributed failure times 

X (2n) 2nX 

1 hen a confidence interval for X/p can be found by finding the distribution of 

2nX 

a M 2nX 

1 
/N M 
i/e 

In general then, letting U ~ x2 OO and V ~ A 

2 
-m/2 ( 1 n v/(T )' 

me u c 0 < u < 00 f (u, V) = 
0 < y < 00 

= 0 elsewhere 

•Gray. H.L. and Lewis TO., "A Confidence Interval for the Availability Ratio, 
Technometrics 9: 1967, pp. 465-71. 
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Let W = U/V and Z = V; then 

g(w) = c 

00 

Í eXP ['^ Z ~ 2WZ] 
h _ i 
2 

(wz) dz, 0<w<® 

= 0 elsewhere 

where 

if 
c = 

r(|) 2k/2 

Hence P|a < w < b) is given by 

b 

[a < w <b] = g (w) dw = p 

Let 

21?" e^nX 
w = y 

[*<b] = p|<l] = 1 -a 

Then a one-sided 100 (1 - a) percent confidence limit for Aj is 

X I ae 
1 + X 

02/2 

2n 

A-n 
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Table A-2 gives selected values of the coefficient aj^- n, for 

a = 
F(n) 2n V2ff" 

a ® 

j" J exp ^ In2 z- wz J (wz)n dzdw 

= .20 
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