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PREFACE

The Engineering Design Handbooks of the US Army Materiel Command have
evolved over a number of years for the purpose of making readily available basic
information, technical data, and practical guides for the development of military equip-
ment.

This handbook was prepared by Igor Bazovsky and Associates, Inc., of Sherman
Oaks, California, for the Engineering Handbook Caae of Duke University, prime
contractor to the US Army Materiel Command. It was completed through the coor-
dinated efforts of Mr. Bazovsky, Sr., and the Engineering Handbook Office of the
Research Triangle Institute, prime contractor to the US Army Materiel Command.
Technical guidance was provided by an Ad Hoc Working Group under the chairman-
ship of Mr. H. J. Bukowski, Headquarters, US Army Matericl Command.

Igor Bazovsky, Sr., Igor Bazovsky, Jr., George W. Dauncey, Dr. Melvin B. Kline,
Dr. Emest M. Scheuer, and Dr. David Sternlight participated as co-authors in the
writing of the handbook: each contributed his particular expertise and practical experi-
ences.

The individual chapters were written to stand on their own, with a minimum of
cross-referencing between the chapters, so that the reader can concentrate on the
chapters which are of specific interest to him or to his activity. The interrelations of
maintainability with design engineering and other disciplines (reliability, system effec-
tiveness, logistic support, and life cycle costing) are highlighted through the whole text.
Notation and symbols differ in some instances because of the variety of subjects
covered, and in an attempt to be consistent with notation used in the referenced
standard texts, documents, and papers pertaining to the various subjects. A standardi-
zation of notation is long overdue, as evidenced throughout the maintainability and
reliability literature and also in statistics and probability theory.

The Engineering Design Handbooks fall into two basic categories—those approved for
release and sale, and those classified for security reasons. The US Army Materiel
Command policy is to release these Engineering Design Handbooks in accordance with
current DOD Directive 7230.7, dated 18 September 1973. All unclassified Handbooks
can be obtained from the National Technical Information Service (NTIS). Procedures for
acquiring these Handbooks follow:

a. All Department of Army activities having need for the Handbooks must submit
their request on an official requisition form (DA Form 17,dated Jan 70) directly to:

Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201

(Requests for classified documents must be submitted, with appropriate “Need to
Know” justification, to Letterkenny Army Depot.) DA activities will not requisition
Handbooks for further free distribution.
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b. Al other requestors—DOD, Navy, Air Force, Marine Corps, nonmilitary
Government agencies, contractors, private industry, individuals, universities, and
others—must purchase these Handbooks from:

National Technical Information Service
Department of Commerce
Springfield, VA 22151

Classified documents may be released on a “Need to Know™ basis verified by an official
Department of Army representative and processed from Defense Documentation Center
(DDC), ATTN: DDC-TSR, Cameron Station, Alexandria, VA 223 14,
Comments and suggestions on this Handbook are welcome and should be addressed

to:

Commander

US Army Materiel Development

and Readiness Command

ATTN: DRCRD-TT

Alexandria, VA 22333

(DA Forms 2028, Recommended Changes to Publications, which are available through
normal publications supply channels, may be used for comments/suggestions.)
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CHAPTER 1

THE MAINTAINABILITY CONCEPT
SECTION |

INTRODUCTION

1-1 GENERAL

The rapid technological advances which have oc-
curred in the past 25 years have made operating reali-
ties today of complex and costly systems. With the
advent of jet aircraft, large helicopters, nuclear subma-
rines, digital computers, automated combat vehicles
and guns, satellites, manned spacecraft, worldwide
command and communication systems, and other so-
phisticated systems, greater emphasis has been placed
on the need for efficient and effective design in terms
of system performance, support, cost, and life.

In the design of a system, many different require-
ments must be taken into consideration. Some of these
are shown in Fig. 1-1. In addition to the more familiar
requirements of performance, packaging, and environ-
ment, there are requirements for supportability, human
factors, safety, reliability, maintainability, and
producibility —all of which contribute to the measure
of system worth and utilization. These requirements
exist within the constraints of time and cost which also
must be satisfied by the system, during its acquisition
period as well as its use period.

In order to achieve the effective design desired, we
must be able to handle qualitatively and quantitatively
all of these parameters in our system models. Optimiza-
tion of the system design will then consist of cost-
effective trade-offs among pertinent parameters. The
methodology for combining each of these parameters
into the optimized system, as well as for handling each
one separately within its own discipline, is called the
System Engineering Process.

Maintainability is one of the system design parame-
ters which must be given careful consideration, along
with the other parameters of design, as part of system
engineering. The ability of a system to be maintained-
—i.e., retained in or restored to effective usable condi-
tion—is often as important to system usefulness as is its

ability to perform its intended function reliably. In
spite of this, system designers are often more concerned
with system performance features-than with reliability
and maintainability.

Reliability, as an engineering discipline, experienced
rapid development shortly after World War II as an
outgrowth of the requirements of missile and space
technology. Within recent years, the realization that, in
many cases, a more cost-effective system can be ob-
tained by trading off some reliability for the ability to
maintain a system easily has led to a considerable re-
search and development effort to describe a new engi-
neering discipline—maintainability. This discipline is
new not in basic concept, but rather in the concentra-
tion given to its attributes, its relationship to other
system parameters, the quantitative prediction and
evaluation of maintainability during design, and its
management.

Maintainability is a characteristic of system and,
equipment design. It is concerned with such system
attributes as accessibility.. test points, controls, dis-
plays, test equipment, tools, connectors, maintenance
manuals, checklists, test and checkout, and safety.
Maintainability engineering is the discipline which is
concerned with the design and development of weapon
systems and equipment to ensure effective and
economical maintenance within prescribed readiness
requirements.

Maintainability may be defined as a characteristic of
design and installation which imparts to a system or
end item a greater inherent ability to be maintained, so
as to lower the required maintenance manhours, skill
levels, tools, facilities, and logistic costs, and to achieve
greater mission availability.

This engineering handbook is concerned with the
theory and practice of maintainability as an engineer-
ing discipline which influences design.

11
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Maintainability, as an engineering discipline, is not
quite 20 years old. However, the ability to maintain
equipment has been of concern for a much longer time.
For example, in 1901 the Army Signal Corps contract
for the development of the Wright Brothers” famous
airplane contained a requirement that the airplane be
“simple to operate and maintain”. However, in its
modem context, maintainability dates back to the early
1950’s as an outgrowth of the intensive development of
reliability after World War 11. At that time, concern
with regard to maintainability was centered on the abil-
ity of systems to be serviced and repaired, without a
formal approach.

By the late 1950’s, concern with maintainability was
focused on specific maintainability features in equip-
ment design. Human factors engineers and psycholo-
gists, rather than equipment designers, took the lead in
the development of maintainability. Numerous confer-
ences, seminars, and informal group and panel meet-
ings resulted in the development of a number of good
design guides to an extent not ,continuedin the 1960’s.
These design guides contain many worthwhile consid-
erations still applicable to design for maintainability.

The growing concern for maintainability resulted in
the development of military specifications as part of
system requirements, the first of which, MIL-M-
26512(USAF), appeared in June 1959. Subsequently,in
the early 1960’s general specificationsfor maintainabil-
ity were issued by various Army and Navy Materiel
Command organizations, in addition to the Air Force.
As a result of the rapid proliferation of reliability and
maintainability specifications —along with the develop-
ment of the concept of system effectivenessas a combi-
nation of performance, reliability, and maintainabil-
ity—the Department of Defense in the mid-1960’s
launched a standardization effort to reduce the number
of specifications and to replace them with DoD-wide
standards and a common language applicableto all the
military services. One of the first of these was MIL-
STD-778 on definition of maintainability terms. Subse-
quently, DoD issued in 1966 MIL-STD-470 on main-
tainability — program  requirements (Ref. 1),
MIL-STD-471 on maintainability demonstration (Ref.
2), MIL-HDBK-472 on maintainability prediction
(Ref. 3), and MIL-STD-72 1B on definition of effective-
ness terms for reliability, maintainability, human fac-
tors, and safety (Ref. 4). The latter standard replaced
MIL-STD-778, and the others replaced the individual
service maintainability specifications. In addition, con-
tinued efforts in the maintainability engineering disci-
pline resulted in refined techniques and additional
maintainability design guides, such as AMCP 706-134
(Ref. 5).

Parallel with the development of the Military Stand-
ards and Specifications of the 1960’s, the trend in main-
tainability turned away from guides for maintainability
design and human factors to the quantification of main-
tainability, with time generally adopted as the common
measure. Significant effort has been given to the devel-
opment of techniques for prediction, demonstration,
and evaluation of maintainability using statistical
measures, such as mean time to repair (MTTR) and
median repair time, as the quantification parameters.
Other measures frequently used are maintenance man-
hours per unit of use (e.g., flying hours, miles, rounds),
minimum time to failure, maximum time to repair,
minimum time between overhaul. In addition, consid-
erable attention has been given to maintainability pro-
gram management throughout system development
and design, as part of system engineering,includingthe
interface relationship of maintainability with reliabil-
ity, integrated logistic support, and cost-effectiveness.

The rapid development of maintainability as a disci-
pline in the 1960’s, along with other system engineering
disciplines, has resulted in some instances in specifica-
tion of maintainability program requirements that have
become too costly when applied. Recently, it has been
recognized that maintainability, as well as other system
disciplines, must be selectively tailored to the needs of
each particular program or specific categoriesof equip-
ment.

Experience has shown that specifications often have
expressed optimistic desires rather than operational
needs. Maintainability demonstrations and predictions
have not agreed with subsequent field use of systems,
with actual repair times proving to be several times
longer than predictions and demonstrations had in-
dicated (Refs. 6-8).

It is already apparent that the 1970’s will see the
continued development and accelerated maturation of
maintainability as one of the system engineering disci-
plines. Current specifications and standards will un-
doubtedly be modified as experience dictates and as
new technology requires. For example, the advent of
microelectronics and new methods of constructing and
packaging eclectronic systems requires that data for-
merly applicable for vacuum tube, discrete component,
and conventional wiring and construction contained in
current maintainability prediction and demonstration
specifications be revised. New maintenance concepts
and maintainability design techniques must also be de-
vised to keep up with such change. The long neglected
and more difficult need to develop maintainability de-
sign and quantification techniques for nonelectronic
systems and equipment, particularly mechanical and
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hydraulic, has been recognized and will become one of
the primary areas to receive considerable attention.

1-2 THE IMPORTANCE OF
MAINTAINABILITY

If a system is to be cost-effective over its designated
operational life, its ability to meet performancerequire-
ments is only one of many considerations. Also of con-
cern is system ability to perform when needed and for
the duration of its assigned mission. This latter concern
deals with system operational readiness and mission
reliability:; for this, a proper balance between system
reliability and maintainability is required. Not only is
such a balance necessary, but in order to be achieved,
reliability and maintainability considerations must be-
gin early in the conceptual and definition phases of
system acquisition, as part of the overall system engi-
neering effort.

The need for maintainability is emphasized by the
alarmingly high operating and support costs which ex-
ist due to failuresand the necessary subsequent mainte-
nance. Lack of reliability and poor maintainability
carry the major responsibility for this situation.

One study, made in the 1950’s, showed that one-
third of all Air Force operating cost was for mainte-
nance, and one-third of all Air Force personnel was
engaged in maintenance, even though a large portion of
the maintenance was done by contract (Ref. 9). Army
studies indicate that the orginal purchase price of elec-
tronic equipment represented only 25 to 40 percent of
the total life-cycle cost, with the remainder resulting
from operation and maintenance (Ref. 10, Chapter 1;
Ref. 11).

No exact dr up-to-date data on the cost of mainte-
nance of military equipment exist at present. Service
and General Accounting Office studies indicate that,
when averaging maintenance costs over all systems de-
ployed, these costs exceed three to ten times the pro-
curement costs during the life cycle of equipment.

The system resources associated with nraintainabil-
ity, and their attendant costs, include test and support
equipment, repair parts, maintenance personnel and
their training, training equipment, maintenance facili-
ties, maintenance instructions and data, and other log-
istic costs. The extent of the resources depends upon
the specific reliability and maintainability features de-
signed into the equipment and specified in contract
work statements. Because they represent such a signifi-
cant part of total system resources and costs, the need
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for a logical, cost-effective approach to maintainability
is emphasized.

There is a multiplier or leverage effect involved in
system design, particularly with respect to maintaina-
bility and logistic support. In effect this means, as illus-
trated in Fig. 1-2, that maintenance and support con-
siderations have a strong leverageeffect on system cost
and effectiveness when taken into account early in the
system life cycle and have much less effect later on. One
can considerthe system life cycle to be a long lever with
its fulcrum placed at the life-cycle phase where main-
tainability and logistic support are considered. Thus, in
the conceptual development phases, a relatively moder-
ate investment in reliability, maintainability, and sup-
port design requirements can produce very substantial
savings in the operation phase. On the other hand,
waiting until late validation or production phases to
consider maintainability and support features may tip
the balance in the other direction and resultin excessive
maintenance and support costs. No other factor affects
the life-cycle logistic cost with the preponderance of
inclusion of proper implementations of its maintaina-
bility and reliability.

In personnel costs alone, the savings realized from
using just one less maintenance technician has been
estimated to be approximately $15,000 per year in pay
and allowances, administrative support, and training
costs. Couple with this the savings in repair parts,
maintenance information, and support equipment
costs, and a significant impact on life-cycle cost can be
achieved.

It is readily seen, therefore, that an original invest-
ment in maintainability made during system acquisi-
tion may produce a manifold saving in operating costs
and a substantial improvement in system effectiveness.
The Weapons Systems Effectiveness Industry Advisory
Committee (WSEIAC) study on system effectiveness
(Ref. 12) states:

“The high cost and complexity of modern military
systems require the most efficient management pos-
sible to avoid wasting significant resources on inade-
quate equipment.

“Efficient systems management depends on the
successful evaluation and integration of numerous dif-
ferent but interrclated system characteristics such as
reliability, maintainability, performance and cost. If
such evaluation and integration is to be accomplished
in a scientific rather than intuitive manner, a method
must be formulated to assess quantitatively the effects
of each system characteristic on overall system effec-
tiveness.”
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However, although extremely important, cost is not
the only consideration with regard to the need for
maintainability engineering. The ability of a system to
operate when needed and to do so for the duration of
the specified mission is often as important, and some-
times even more important, than cost savings. This
suggests then that time is an important parameter in
maintainability. Time is used as a common measure in
system effectiveness. A system to which maintainabil-
ity engineering has been properly applied can be ex-
pected to have:

1. Lower downtime, and therefore a higher opera-
iional readiness (availability)

2. The capability of being restored quickly to oper-
ating status when downtime is due to random failures
(corrective maintenance)

3. The capability of being retained in an operation-
ally ready state by inhibiting those types of failures
which result from age or wearout (preventive mainte-
nance).

In some Army systems, the failure of one critical
item of equipment due to lack of maintenance or provi-
sion of adequate maintainability features may cause an
important mission or battle to be lost, with a resultant
loss of life and equipment. This could be vital to our
national security.

The need, therefore, is to provide a maintainability
program which,will assure that maintainability features
reflecting operational maintenance requirements are
included in system design throughout system acquisi-
tion from the early conceptual phase through at least
system development, test, and evaluation.

1-3 PURPOSE OF MAINTAINABILITY

Maintainability engineering is concerned with the
operational readiness of a system or equipment. Opera-
tional readiness (sometimes called materiel readiness in
the Army) is the term used to indicate the ability of a
system to be utilized upon demand. It consists of a
number of factors— primary ones being the inherent
reliability of the system/equipment, its ability to be
maintained, and its mission or operational demand re-
quirement in its operational environment. AR 702-3
states “The primary objectives of the reliability and

maintainability program are to assure that during th-
life cycle, items of materiel provided to Army forces
will be ready for use when needed, will be able to
successfully perform their assigned functions, and will
fulfill all required maintenance characteristics™ (Ref.
13).

It is possible to achieve operational readiness by
making the system so reliable that failures are rare.
However, such a system, if feasible within the state-of-
the-art, could require components that might be so
costly that the system would not be economical or
cost-effective. On the other hand, it is possible to design
a system in such a manner that any failure could occur
frequently but the failure could be corrected in a short
time. Such a system might also be very expensive in
terms of its design characteristics (number of test
points, accessibility, skill levels required, displays, trou-
bleshooting logic, repair levels), or in terms of mainte-
nance resources required (skilled technicians, mainte-
nance float, repair cycle float, repair parts, tools and
test equipment, manuals), so that it also would not be
cost-effective. In addition, when considering system or
equipment utilization in terms of mission times, a sys-
tem that might fail frequently, even though it could be
repaired quickly, might be intolerable to a field com-
mander and might well result in loss of confidence by
the user or in mission failure, with consequent disas-
trous results. Operational readiness, therefore, requires
a suitable balance between reliability and maintainabil -
ity. Maintainability, then, is used to obtain maximum
operational readiness in such a way that an end item
can be maintained in the least time consistent with
other system requirements, and with a minimum ex-
penditure of support resources.

In order to achieve such a proper balance, maintain-
ability considerations, like reliability, must start with
the original materiel requirement in the concept devel-
opment phase of the system life cycle. Maintenance and
maintainability considerations must be part of the
original system/equipment planning effort. Integrated
logistic support concepts must be developed during
these early phases and must be approved before subse-
quent phases can be entered by the developer. Further,
there must be a proper balance of logistic support re-
source needs versus cost, schedule, and performancein
order to achieve maximum system effectiveness and
operational readiness.
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'1-4 MAINTENANCE ENGINEERING
AND MAINTAINABILITY
i

Maintenance and maintainability have different
meanings. Maintenanceis concerned with those actions
taken by a system user to retain an existing system/
equipment in, or restore it to, an operable condition.
Maintainability is concerned with those actions taken
by a system/equipment designer, during development,
to incorporate those design features which will enhance
case of maintenance. Its function is to ensure that—
when produced, installed, and operated —the ficlded sys-
tem/equipment can be maintained at minimum life-
cycle support cost and with minimum downtime.

The life-cycle support (user) aspectsare the responsi-
bility of maintenance engineering, and they influence
the design aspects which are the responsibility of main-
tainability engineering. This difference in perspective
and responsibility is recognized in AR 750-1 (Ref. 14)
and TM 38-703 (Ref. 15).

1-4.1 THE USER-PRODUCER DIALOGUE

Every system has a user and a producer. The system
user is the one whose needs for the system must be met
by the system producer. Thus, a dialogue is necessary
between system users and producers, as, for example,
between someone who wants a house built and the
architect and builder who design and produce the
house to satisfy the user’s needs.

The system user is concerned with formulating and
developing the needs and concepts for the system and
for its operation and support. He provides the require-
ments to which the producer designs. The producer is
concerned with translating the user’s formulated needs
into the design, production, and installation of the sys-
tem which meets these needs and which can be oper-
ated and supported in a cost-effective manner. The
system life cycle is the logical framework for carrying
out the user/producer dialogue. (See par. 3-2.)

There is a user-producer relationship within the
Army. The ultimate users in the Army are the various
combat Field Army Commanders and other operating
forces. The Army Materiel Command (AMC) is re-
sponsible for system and equipment research and devel-
opment, acquisition, and support; and the Training and
Doctrine Command is responsible for training. These
are the internal producers in the Army. AMC repre-
sents the Army as user and developer to the industry
which is the external producer.

The user-producer dialogue allows maintenance en-
gineering and maintainability engineering to be put into
proper perspective. Maintenance engineering repre-
sents the user’s needs; maintainability engineering
represents the producer’s response to these needs. The
responsibility for the conduct of both maintenance and
maintainability engineering rests with the AMC com-
modity commands.

1-4.2  MAINTENANCE ENGINEERING

Maintenance engineering is defined in AMCR
750-42 as “that activity of equipment maintenance
which develops and maintains concepts, criteria, and
technical requirements from concept through obsoles-
cence of materiel to assure timely, adequate, and eco-
nomic maintenance support of AMC materiel” (Ref.
16). It is defined in AMCP 706-134 as “the application
of techniques, engineering skills, and effort organized
to ensure that the design and development of weapons,
systems, and equipment provide adequately for effec-
tive and economical maintenance’” (Ref. 5). Of particu-
lar note in these definitions is the important role as-
signed to maintenance engineering in the concept,
validation, and design phases of system and equipment
development.

This is further emphasized in AMCR 750-42 as fol-
lows:

“During the concept formulation, validation and
production phases, the maintenance engineering activ-
ity provides necessary maintenance support concepts,
plans, and maintenance experience data to be used in
developing technical requirements for new weapons
and equipments. Maintenance engineers participate in
the design reviews and evaluation of test results to
reduce the need for maintenance support. Thus, effec-
tive maintenance engineering participation signifi-
cantly influences technical requirements in design
which, in general, dictate initial and future support
investments and operating costs associated with new
military hardware.”

The maintenance engineer is concerned with how the
fielded system will be operated and maintained. Since
he represents the user needs, he is concerned with sys-
tem mission/operational and support profiles, the envi-
ronment in which the system will be operated and
maintained, the levels of maintenance, maintcnance
and other support resources, and maintenance actions.
It is his responsibility to see that user needs with regard
to maintenance are reflected in system development
and design requirements.

Within the defined operational use concepts, the
maintenance engineer must help develop the overall
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system integrated logistic support (ILS) concept and
the maintenance concepts and constraints which will
guide the system designer with respect to maintainabil-
ity design. Maintainability design requirements for
maintainability engineers are provided through the
process of maintenance engineering analysis, the devel-
opment of maintenance concepts, the analysis of main-
tenance tasks and requirements, and the determination
of maintenance resource requirements. The develop-
ment of a maintenance concept must precede maintain-
ability design, not result from it. Maintenance and
maintainability engineering must influence system de-
sign to be effective. The output of maintenance engi-
neering analysis should be a “Plan for Maintenance™
which is consistent with the maintenance concept and
which serves as the basis for maintenance planning for
the system during its use period as well as a basis for
maintainability design.

1-4.3 MAINTAINABILITY ENGINEERING

Since maintainability is defined as “the inherent abil-
ity of a design to be maintained” (Refs. 1 and 2), main-
tainability engineering is concerned with incorporating
required maintainability features in system/equipment
design. Maintainability design requirements are an out-
put of the maintenance engineering analysis which re-
flects user needs. It is the task of the maintainability
engineer to see that maintainability features required to
meet these needs are incorporated in the system/equip-
ment design contracts. Maintainability engineering
must be integrated with the other elements of system
engineeringso as to provide the necessary effectiveness,
considering all costs over the entire life cycle of the
system equipment (Ref. 13).

Maintainability engineering is concerned with spe-
cific features of system/equipment design and with
other physical characteristics of the system pertinent to
its rapid maintenance with the least logistic resources.
Examples of such design features are accessibility, hu-
man factors considerations, test, checkout, calibration,
and replace/repair/discard features resulting from the
selected maintenance concept and from maintenance
engineering analysis.

Maintainability engineering is also concerned with
specific features for fault detection— Built-in Test
Equipment (BITE), fault isolation, correction, and
verification—at each maintenance level. It is concerned
with contributions of various parts of the system to the
allocation, prediction, and demonstration of quantita-
tive measures of maintainability. It is concerned with
incorporating preventive and corrective maintenance
requirements in such a way that the system will meet

1-8

stated operational readiness and system effectivenes.
goals within specified mission and logistic time profiles.
Maintainability engineering is concerned with design-
ing for specified manpower skills and with the develop-
ment of maintenance instructions, aids, and training for
maintenance personnel.

AMCP 706-134, Maintainability Guide for Design
(Ref. 3), is an engincering design handbook which con-
tains many of the design requirements, features, and
concepts that maintainability engineers will apply to
Army systems and equipment.

1-4.4 EXAMPLES OF MAINTENANCE POLICY

INTERRELATIONSHIPS

The following examples illustrate the interrelation-
ships between maintenance engineeringand maintaina-
bility engineering. In each example, a maintenance con-
cept is stated, followed by the resulting maintainability
design implications.

Example 1. Maintenance Concept. Organizational
maintenance shall be performed by equipment opera-
tors, organization repairmen, and direct support tech-
nicians as needed. Organizational maintenance activi-
ties shall be limited to inspection, preventive
maintenance, servicing, and minor adjustment. Only
minor repairs and replacements shall be made by direct
support technicians. No special tools or limited gener-
al-purpose test equipment shall be required for this
maintenance level.

Maintainability Design Implication. Organizational
repairmen shall not require high skill levels. BITE fea-
tures shall be incorporated into equipment so that the
operator need only turn a function test switch and note
an indicator reading, preferably by a go/no-go or lo-go-
hi type of indication. Repairs shall be made primarily
by replacing faulty items without the need for special
tools and test equipment, utilizing built-in signal
sources and indicators, and with minimum dependence
on repair parts.

Example 2. Maintenance Concept. MTTR at the or-
ganizational level shall not exceed 10 min.

Maintainability Design Implication. No time for de-
tailed troubleshooting and repair is allowed at organi-
zational level. Fault localization and isolation and
verification features must be incorporated directly in
the equipment, using a test function switch. Repairs
shall be made by replacement, using plug-in units and
standard tools. Quick-access fasteners shall be used to
gain access to units.

Example 3. Maintenance Concept. Organizational
level maintenance shall make maximum feasible use of
plug-in modules which can be discarded at failure. No
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module repair shall be performed at the organizational
level. A repair/discard criterion of $100 might be used.

Maintainability Design Implication. Module design
shall be such that, insofar as possible, those modules
requiring replacement at the organizational level
should cost less than $100. Where modules costing
more than $100 must be removed, they should be re-
placed and the failed unit sent back to general support
or depot for repair.

Example 4. Maintenance Concept. At the direct sup-
port level, replacement of one module shall not require
removal or adjustment of other modules or important
units, except for those adjustments normally provided
by BITE for operator use in order to align unit per-
formance to peak efficiency.

Maintainability Design Implication. Replaceable
modules must be designed so that they contain all nec-
essary performance functions, components, and adjust-
ments within the module, except for interface adjust-
ments.

1-5 PRIMARY CONSIDERATIONS

Reliability and maintainability are elements of sys-
tem engineering and are viewed as interrelated charac-
teristics (Ref. 13). They are different but complemen-
tary engineering disciplines.

Reliability engineering provides the methodologies
for increasing the ability of a system to operate without
failure or serious degradation for prolonged periods of
time in its operational environment (Ref. 17).1t is thus
concerned with extending system “up” time. Maintain-
ability engineering, on the other hand, provides the
methodologies for reducing the “down” time of sys-
tems when maintenance becomes necessary because of
failures or in order to reduce the need for preventive
maintenance actions when system performance is drift-
ing out of, the specified performance limits.

Reliability and maintainability of a system are
related to each other in terms of operational readiness,
mission success, and system availability which measure
system uptime with respect to the total time the system
is required to operate.

Although reliability and maintainability are closely
allied disciplines, one significant difference between
them is the extent to which they are dependent upon
the use of manpower, and, therefore, human factors.
Inherent (equipment) reliability is primarily dependent
upon the physical characteristics of the equipment and

its components—such as stress-strain relationships,
failure modes and effects, and environmental factors.
Mission (operational) reliability is dependent, in addi-
tion to the stated physical characteristics, on the num-
ber and skill level of the equipment operators and,
therefore, of the specific human engineering features
which have been incorporated in the equipment to as-
sist the operator in performing his task reliably.

Inherent maintainability cannot be divorced from
human factors considerations, except in the improbable
event of completely self-healing systems.

By self-healing is meant the ability of a system to
correct its own defect or failure, such as removing a
short or restoring an imbalance. The automatic switch-
ing in a standby redundant item to replace a failed item
doesnot constitute self-healing. From the outset, there-
fore, the maintainability engineer must be concerned
with human factors, maintenance technician skill levels
and capabilities, and safety. Thus, maintainability engi-
neering requires a multi-disciplined approach utilizing
personnel with backgroundsin such areas as equipment
design, statistical techniques, safety, and human fac-
tors. Maintainability is a joint effort of these types of
personnel with the reliability and system effectiveness
engineers, maintenance and logistic engineers, and sys-
tem engineers (see Fig. 1-1).

The actual preventive and corrective maintenance
tasks which can be performed on a system are a direct
consequence of the maintainability characteristics
which have been designed into the system. To design
for these features s the responsibility of the maintaina-
bility engineers and equipment designers. The main-
tainability design requirementsare derived from main-
tenance and logistic support concepts and operational
requirements. Maintainability design considerations
are discussed in Chapter 5.

Maintainability as an element of system effectiveness
is predicated on the fact that system maintainability
requirementscan be specified quantitatively and, there-
fore, can be predicted, measured, demonstrated, and
evaluated. Maintainability quantification, as part of
system effectiveness, is discussed in Chapters 2, 4, 6,
and 8.

Maintainability is part of integrated logistic support,
system engineering and program management, and,
therefore, must be considered in terms of the system life
cycle with respect to program and system planning,
system trade-offs, and life-cycle costs. These aspects of
maintainability are discussed in Chapters 3, 7, 9, and
10.

1.9/1-10
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SECTION 1I

QUANTIFICATION OF MAINTAINABILITY

1-6 MAINTAINABILITY MEASURES

In MIL-STD-721B (Ref. 4) maintainability is de-
fined as “a characteristic of design and installation ex-
pressed as a probability that an item will be retained in
or restored to specified conditions within a given period
of time, when maintenance action is performed in ac-
cordance with prescribed procedures and resources.”
Expressed somewhat differently, maintainability is the
Probability that an item in need of maintenance will be
retained in/or restored to a specified operational condi-
tion within a given period of time. The variable in this
probabilistic definition of maintainability is the mainte-
nance time.

Obviously, maintenance time will differ from case to
case according to the nature of the failure or malfunc-
tion which requires maintenance. Therefore, mainte-
nance time is not a constant but is in some way statisti-
cally distributed. This is in a sense similar to the
distribution of time-to-failurein reliability. The differ-
ence is that in maintainability the variable is always
time, while in reliability the variable may be the time
to failure, or miles to failure, or rounds fired to failure,
or cycles to failure, or number of successful trials to
failure, etc. This difference, as will be seen later in the
text, shows up in evaluating the availability of systems,
where uptime may be measured in miles traveled or
rounds fired without failure and downtime is measured
in hours or minutes; it is thus not always easy to com-
bine the two into meaningful and realistic measures of
availability. Another difference between reliability and
maintainability is the fact that while reliability is the
probability that an event, i.e., failure, will nof occur in
a specific time, maintainability is the probability that
the event, i.e., successful completion of maintenance,
will occur in a specific time.

1-6.1 THE EXPONENTIAL CASE

The simplest and mathematically ecasiest way to han-
dle a case is with exponential distribution. It appliesin
maintainability to corrective maintenance when the du-
ration of repair times is exponentially distributed, ac-
cording to the equation

M(t) = 1 - exp(~ {/MTTR) (1-1)
where
M(#) = probability that repair will be
successfully completed in time t
when it starts at = 0
t = variable repair time

MTITR = mean time to repair

exp = base of the natural logarithm
(e = 2.71828..).
Looking atthis equation, we seethat it has only a single
parameter, namely the M77R. Once the MI'TR is
given, M(¥) can be calculated for any specific value of
t Thus for cach value of % the probability M(#) of
completing repair in t is fully defined by the
MTTR. Fig. 1-3 illustrates two such maintainability
functions M{#H—one for an equipment with an MTTR
of 0.5 hr and the other for an equipment with an MITR
of 1hr.

162 THE CONCEPTS OF MEDIAN REPAIR

TIME AND M,

From Fig. 1-3 we can make some interesting obser-
vations and draw definite conclusions. Looking at the
maintainability function M#H = 1 — exp( — 29 of
the equipment which has an MTTR of 0.5 hr, we sec
that the probability of accomplishing repair M#) in a
time ¢+ = 0.5 hr (30 min) is approximately 0.63 or 63
percent, while the probability of accomplishing repair
in £ = 0.25 hr (15 min) is only about 0.40 or 40 per-
cent. Onthe other hand, the probability of accomplish-
ing repairsin 1hrbecomes approximately 0.865 or 86.5
percent, and we find that for a repair time of 2.3 X
MITR, or for t = 1.15 hr (about 69 min) there is a
probability of M(#) = 0.9 or 90% of accomplishing
repair.

To generalize, an exponentially repaired equipment
has a probability of about 63% of accomplishingrepair
in a time ¢ which equals its M7T7TR (ie, t =
MTITR), a probability of about 40% for ¢ = 0.5
MTTR, a probability of about 22% for t = 0.25
MTTR, a probability of about 90% for t = 2.3 X
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MTTR and a probability of about 95% for t = 3 X
MTTR. Finally, there is a 50% probability of accom-
plishing repair in approximately ¢ = 0.7 MI'TR which
is called the median time to repair.

Of specific interest in maintainability specifications
are the last two numbers, i.e., 50% and 90% probabili-
ties. It is often desirable to specify a maximum repair
or maintenance time M,,,, which should possibly not
be exceeded or, exceeded only with a small probability.
Such constraints on maximum maintenance tirhe ate
usually associated with the 90th or 95th percentile, i.e.,
the probability of accomplishingmaintenancein a spec-
ified time t = A4,,,, should be 0.9 or 0.95, according
to what the specification demands. In the case of an
exponentialdistribution of repair times, M(7) = 0.9 for
approximately t = My, = 2.3 X MIIR and
MpH =095 for t = My, =3 X MITR. The ex-
planation of such a requirement is that 0% or 95% of
all repair actions shall require less than ¢ = 2.3 X
MTITRort =3 X MTTR, respectively, according to
which percentage is associated with the M, require-
ment. For example, if the MTTR is 1hr (refer to Fig.
1-3),90% of all repair actions should take less than 2.3
hr and 95% should take less than 3 hr.

In the exponential case it makes no difference
whether the MI'TR or the M,,,, arc specified along
with the associated probability or percentile. If M,y
(maximum maintenance time) is specified with proba-
bility M(t) = 1 — a,ie,

M(fy=1-a=1=-exp(=My,x/MTTR) (1-2)

which may also be written as

Ina = = My,x /MTTR (1-3)

we obtain from such requirement the MTIR as a de-
sign goal by taking the natural logarithm of the above
equation, i.e., In a= /MATTR, and solving
for MTTR we get

- MMAX

MTTR = - My,x/In (1-4)

For example, if the assumption of an exponential
distribution of maintenance time is valid and a cus-
tomer specifies that with probability M(t) = 1 —a =
0.9, the maintenance time must not exceed 1 hr, i.e.,
M, = 1hr, the MTTR to design for is obtained
from Eq. 1-4by finding a = 0.1,In 0.1= —2.30259,

and MTTR = — M, .
0.434 hr or about 26 min.

So far we have determined that one of the maintaina-
bility measures is the length of time it takes to perform
maintenance actions and that this time may be dis-
tributed according to a maintainability function
M(1), such as the exponential functionin Eq. 1-1. When
the exponential distribution is applicable, a specific,
unique, and sufficient measure of maintainability is the
MTTR . When this is specified, all percentile points are
also automatically defined, such as -M,,,; and associ-
ated with this, the median time to repair. The math-
ematical formulas by which these measures are inter-
related have been shown, and the relationships are
illustrated in Fig. 1-3. It must be emphasized that all
the equations presented so far apply only to the case of
the exponential distribution of repair or maintenance
time. However, the maintainability measures devel-
oped—i.e., the concept of maintainability function
M(%), mean time to repair MTTR, maximum repair
time M, and median time to repair—apply also to
other statistical maintenance time distributions, such as
the lognormal, normal, gamma, and others; only the
mathematical formulas by which these measures are
interrelated become different.

fln a =—1/(—2.30259) =

1-6.3 THE REPAIR RATE p

In the maintainability literature one often finds the
concept of maintenance rate or repair rate M, especially
when dealing with the exponential distribution. For the
exponential case, the repair rate is given as the recipro-

cal of the MTI'TR, i.e,

u=1/MTTR (1-5)

Since the MTTR is a fixed number, the repair rate
w is a constant for the exponential distribution. For all
other distributions, the repair rate is nonconstant. It
usually increases as a function of the progressing main-
tenance time ¢ When this is the case, the probability of
completing or finishing a repair in a short period dt
when repair started ¢ time units ago, i.e., u{(dHdt, in-
creases the longer repair has been in progress. On the
other hand, in the exponential case pdt is always con-
stant, regardless of how long a repair action has been
in progress.

16.4 THE MEAN TIME TO REPAIR (MTTR)

Toreturn to the conceptof MTTR, this is an impor-
tant parameter, easy to quantify, and easy to measure

1-13
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(Ref. 18). Unfortunately, by itself, except for the expo-
nential distribution, MTTR does not tell us enough
about the tails of the distribution, such as the fre-
quency and duration of the very long maintenance ac-
tions. Still, MTTR is an important design requirement
especially for complex. pieces of equipment and sys-
tems, and it can be measured when the hardware is
tested.

By its nature, MTTR depends on the frequencies at
which various replaceable or repairable components in
the equipment fail (i.e., on the failure rates or replace-
ment rates), and on the times it takes to repair the
equipment as the different kinds of failure occur. There
is a predicted MTTR for which we need to know the
predicted failure rates and estimated repair times down
to the lowest repair level at a given repair level, and
there is the measured MTTR observed on actual hard-
ware. Ideally, the two MTTRs will be close to each
other. But if the predicted failure rates are not correct,
the measured MTTR may deviate significantly from
the predicted value, even though the individual repair
times initially were well estimated. When designing an
equipment for maintainability, prediction techniques
such as are in MIL-HDBK-472 arec used. An MTTR
estimate of an exponentially failing equipment is ob-
tained from the formula

N
MTTR = ) M1,/ (1-6)
izl

where
N = total number of replaceable or
repairable components
A; = failure rate of the ith
component
t, = equipment repair time when the
ith component fails
A = failure rate of the whole
equipment, usually taken as the
sum of the failure rates of all
components in the equipment
Eq. 1-6is a very practical design tool for maintaina-
bility. When the predicted failure rates are available,
the maintainability engineer evaluates the expected re-
pair times z They are estimated by maintenance time
analysis methods based on previous field data or expert
engineering judgment which consider fault verification,
fault localization, fault isolation, disassembly, replace-
ment, reassembly, adjustment, servicing, and checkout.
Each of these actions takes a certain time to perform,
but these times can well be estimated from the design,

1-14

testability, and packaging concept for the equipment.
Trade-off techniques are used to change design and
packaging characteristics, as well as test capabilities, to
achieve the desired repair times ¢, for the various types
of failures and thus to comply with the M7T7TR require-
ment. As to the measured M77TR, this is determined
from hardware test, simulated maintainability demon-
strations, or field databy computing the total observed
repair downtime over an extended period of time (the
sum of all individual downtimes), and dividing this by
the number of repair actions &, which occurred in the
period of observation, i.e.,

Ny
MTTR =) _ t;/N, (1-7)
i:l

Observing Egs. 1-6 and 1-7, one can see that the
MTTR computations are very simple, requiring only
simple summations, multiplications, and divisions/
casily done by the help of an inexpensive desk cal-
culator or slide rule. As to the preceding Eqgs. 1-1
through 1-5, these are also easily handled by exponen-
tial tables (Ref. 18)and slide rules. Some more complex
mathematics, however, will be involved when discuss-
ing the specifics of the more complicated distributions.

1-7 SPECIFIC MEASURES IN
MAINTAINABILITY

In par. 1-6, certain measures in maintainability have
been identified and some equations for these measures
developed, with an emphasis on the simple exponential
distribution of repair time. However, in many instances
maintenance is performed not only when a system or
equipment develops a failure or malfunction but also
preventively to forestall the possible occurrence of such
an undersirable event. Maintenance actions can thus be
divided into two major categories.

1. Corrective maintenance, performed when the
equipment fails to perform to required performance
specifications.

« 2. Preventive maintenance, performed to avoid the
equipment getting into a condition requiring corrective
maintenance.

Whether maintenance is corrective or preventive, it
usually causes a definite amount of downtime for the
equipment so it cannot be used while the maintenance
actions are performed. But there is a distinct difference
between downtime due to Corrective maintenance ac-
tions and downtime due to preventive maintenance ac-
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tions. While the need for corrective maintenance is
usually due to equipment breakdowns and malfunc-
tions which occur at random times when the equipment
is operating and therefore interfere with equipment op-
erational schedules, preventive maintenance can be
scheduled so that it is performed at predetermined
times when the equipment is not required to operate or
when substitute equipment can be used, so that either
no undesired reduction of output or use is encountered,
or effects of such are minimized.

Still, it is obvious that the need for preventive or
scheduled maintenance imposes additional burdens on
an undisturbed equipment operation in terms of the
costs associated with it, the possible need for substitute
equipment, or the loss of the function for some periods
of time. In the context of maintainability, it is therefore
necessary to consider preventive maintenance as well as
corrective maintenance when evaluating the usefulness,
maintenance costs, and availability of an equipment.

Though the penalties due to scheduled preventive
maintenance may be smaller than those resulting from
corrective maintenance, they are still real losses and
subtract from the value of the equipment to the user.
Even though such loss is usually not of the same magni-
tude as the loss suffered due to failures during opera-
tion, to assess it and to include it in the evaluation of
overall worth of the equipment to the user in terms of
maintainability, availability, and pay-off capability
becomes a necessity.

1-71 MEASURES OF MAINTENANCE

DOWNTIME

Although maintainability has been defined as a prob-
ability (Ref. 4), there are a number of useful time meas-
ures by which quantitative maintainability require-
ments can be specified and trade-offs performed with
reliability, availability, and other system engineering
disciplines. Quantitative requirements for maintaina-
bility may be expressed in different ways according to
the type of equipment/system, their usage, and the
maintenance concept. There may be a quantitative
availability requirement specified which, in conjunc-
tion with the reliability requirement, yields a quantita-
tive maintainability requirement in terms of the mean
time to repair (MTTR)or mean downtime. In other
instances, the maintenance manhours per system oper-
ating hour (MM H/ OH) may be specified and maintain-
ability design goals then derived from such specifica-

tion. Other useful measures applicable to specific
systems are time between overhauls, turnaround time,
and a number of maintenance downtime measures cur-
rently used by maintainability engineers, such as mean
time to repair (M TTR),mean active corrective mainte-
nance time (M), mean active preventive maintenance
time (M,), mean active corrective and preventive main-
tenance time (@, median equipment repair time
(ER]I), maximum ecquipment repair time (ERT,,,),
geometric mean time to repair (MT7TR), and maxi-
mum maintenance time (M,,,). Ref. 19, Chapter 4,
and Ref. 3, pages 2-3 through 2-6, define these various
terms somewhat differently. In the paragraphs that fol-
low definitions are used which give more consistent
results.

1. Mean Time to Repair (M TTR)is defined as the
mean of the distribution of equipment or system repair
time. In its simplest form, the MTTR is given by the
equation

(1-8)

N N
MTTR = inti/z A
i=1 iz1

where
A, = failure rate of the ith repairable
or replaceable component in
the equipment/system
t, = time required to repair the
system when the ith component
fails
The MTTR is sometimes given in hours and at other
times in minutes. It is important to use the same time
units for the A’s and for the #’s. Failure rates are usually
(but not always) given in units of “failures per hour”.
Then the repair times should also be given in hours.
This becomes obvious in availability calculations.

As an example of MTTR computation, assume a
system consisting of three replaceable subassemblies
(components) which have the following MTBF’s and
replacement times:

Subassembly 1: M7BF, = 1000 hr, #, = 1hr

Subassembly 2: MTBF, = 500 hr, ¢, = 0.5 hr

Subassembly 3: MTBF, = 500 hr, t,, = 1hr
To compute the MTTR of the system, we first convert
the MTBFs into failure rates, ie, A, = 1/1000 =
0.001; A, =1/500 =0.002;and A, = 1/500 failures
per hour. Then, using Eq. 1-8 we calculate

1-15
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Aty + Nly + Nt
A T, A

_(0.001)(1) +(0.002)(0.5) +(0.002)(1)
- 0.001 + 0.002 + 0.002

MTTR =

= 0.8 hr (1-8a)

When the time to failure is exponentially distributed
according to the reliability equation

R(T) = exp (- AT) (1-9)
where

A = failure rate

T = operating time

the reciprocal of A is the mean time between failures,
i.e, MTBF = 1/ (Ref. 20, Chapter 3). The MTBFis
often used as a measure of reliability,just as the MTTR
is often used as a measure of maintainability.

__ 2. Mean Active Corrective Maintenance Time
(M), is defined the same way as the MTTR, except that
emphasis is on active maintenance time, which means
that no idle time must be included when measuring the
duration of maintenance tasks. However, this appliesto
the MTTR measure, also.

Denoting the active maintenance time of a system by
M, when the ith component with failure rate A, fails,
the mean active maintenance time of the system is given
by

(1-10)

jﬁc = ZAiMci/ZAi

_ 3. Mean Active Preventive Maintenance Time
(M), is defined as the arithmetic mean of the active
preventive maintenance times of an equipment or sys-
tem and is given by

(1-11)

MP = ZfiMpi/Zfi

where

=~
Il

frequency at which the ith
preventive maintenance task is
performed
M, = system active maintenance time
when the ith preventive
maintenance task is performed.
If the frequencies f; are given in maintenance tasks per
hour, the downtimes A, should also be given in hours.

4. Mean Active Corrective and Preventive Mainte-
nance Time(M) is defined as the mean of the distribu-
tion of time of all maintenance actions, both corrective
and preventive, of an equipment or system. It is given
by the equation

7 E)\iMci + Efinlpi
M= ZM*-Efi

(1-12)

where the terms A, f, M., and M, are as defined in the
preceding paragraphs. In this equation the same units
must be used for the A/s and /s, and the same time
units for M,’s and M,’s.

5. Equipment Repair Time (ERT) is defined as the
median of the distribution of repair times of an equip-
ment/system. It was discussed in par. 1-6.2 in connec-
tion with the exponential distribution. Fig. 14 is pre-
sented here to indicate more generalization. As seen in
Fig. 14, the ERT corresponds to that repair time
within which 80% of all repair actions can be accom-
plished.

The numerical relationships between ERT and
MTTR are different for different distributions. For the
normal distribution, because of its symmetry, the
median and the mean coincide

ERT =MTTR (1-13)

For the exponential distribution, we have approxi-
mately
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ERT = 0.7 MTTR (1-14)

For the lognormal distribution the relationship holds

MTTR = ERT exp(c8/2) (1-15)
which yields
ERT =MTTR /exp (0%/2) (1-16)

where o is the variance around the mean of the natu-
ral logarithm of repair times.

6. Geometric Mean Time to Repair (MTTR) is
used in the lognormal distribution, where it happens to
be identical with ERT. It is given by Eq. 1-17 which is
identical with Eq. 1-16, i.e.,

MTTR, = MTTR /exp (0%/2) (1-17)

It can be directly obtained from the mean m of the
natural logarithms of the repair times ¢ which is given
by

m = ZA,- In t,./zxi

(1-18)

and the MTTR, is then given by

MTTR, =e™ (1-19)

7. Maximum Maintenance Time(M,,,y) is defined
as the 95th percentile of the maintainability function
M(?), as shown in Fig. 1-5. M,,,, is that maintenance
time within which 95% of all maintenance action can
be accomplished, i.e., not more than 5% of the mainte-
nance may exceed My, For the normal distribution
M, occurs at approximately

My.x = MTTR +1.65 0 (1-20)

where o is the standard deviation of the normally dis-

tributed maintenance time. For the exponential distri-
bution A,,,, is approximately

MMAX = 3 MTTR (1—21)

and for the lognormal distribution the relationship
holds

InMy,x =m+1.650 (1-22)

where m is given by Eq. 1-18,and o is the standard
deviation of the natural logarithm of the repair times.

In some instances the concept of Maximum Equip-
ment Repair Time (ERT,,,;) also has been introduced
into maintainability. It is defined as the “maximum
allowable value” of ERT, and is quoted to be
ERTy,y = 0.45 M, for the lognormal distribution
(Ref. 19, page 87).

1-7.2 TIME FACTORS IN MAINTENANCE

In the preceding paragraph specific maintenance
downtime measures were defined, mostly pertaining to
the active maintenance time as it occurs in repairs and
preventive maintenance tasks. The active maintenance
time can be corrective or preventive.

The active corrective maintenance time consists of
the sum of certain elemental times it takes to perform
the various activities which jointly result in the com-
pleted repair. These are failure verification time, fault
location time, fault isolation time, access time, fault
correction time, reassembly time, adjustment-calibra-
tion time, checkout time, and cleanup-servicing time.
Fault correction time may involve repair in place; or
remove, repair and replace; or remove and replace with
a like item. The active preventive maintenance time
involves inspection time and servicing time or turn-
around time in the case of scheduled maintenance
actions (Ref. 21).

However, when considering the total downtime, al-
most invariably delays occur, such as supply delay
time, administrative time, and work breaks, which can
be summarized under the concept of delay time. Fig.
1-6 presents a useful block diagram of time relation-
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ships which considers system uptime as well as down-
time and thus establishes a good basis for the discussion
of availability and related factors (Ref. 4).

1-7.3  AVAILABILITY FACTORS

The concept of availability is best explained in terms
of a continuously operating system which is either op-
erating and thus “up”, or is in maintenance and thus
“down”. Availability is then defined as the probability
that at an arbitrary point in time the system is operable,
ie., is “up”.

Of specific interest to maintainability engineers, who
look at the long-term or steady-state operation of sys-
tems, are the concepts of Inherent Availability 4,
Achieved Availability A, and Operational Availability
Ao (Ref. 19, pages 6, 7, 82-84).

Inherent Availability A; considers the mean time be-
tween failures (M7TBF) and the MTTR of a system and
is by definition given by the formula

A, = MTBF/(MTBF +MTTR) (1-23)

It excludes idle time, logistic time, waiting time, and
preventive maintenance time and is therefore a useful
parameter for equipment/system design. Fig. 1-71is a
nomograph for fast determination of A, MT7TBF or
MTTR.if two of these parameters are known.

Aclieved Availability A, includes preventive mainte-
nance and is given by the formula

A, = MTBM/(MTBM + M) (1-24)

where M is the mean active corrective and preventive
maintenance time as given by Eq. 1-12, and M7TBM is
the mean interval between corrective and preventive
maintenance actions equal to the reciprocal of the fre-
quency at which these actions occur, which is the sum
of the frequency or rate A at which. corrective actions
occur, and the frequency or rate fat which preventive
maintenance actions occur.

Therefore

MTBM =1/(x +£) (1-25)

Operational Availability includes in addition to A
logistic time, waiting time, and administrative time, so
that the total mean downtime MDT becomes

1-20

MDT = M + Mean Waiting Time
+ Mean Logistic Time
+ Mean Administrative Time
and adds to the uptime the ready time R7 i.e.,

A, = (MTBM + RT)/(MTBM + RT + MDT)
(1-26)

It is important to realize that RTis the system average
ready time in a complete operational cycle, the cycle
being MITBM + DT + RT,

1-7.4 MAINTENANCE MANHOURS

The maintenance manhours expended in equipment
maintenance are not identical with active maintenance
downtime. This would be so only in a case where a
single maintenance man would perform the mainte-
nance actions. Quite frequently two or more men, or a
whole maintenance crew, work on a system. In addi-
tion, maintenance manhours are expended at various
maintenance levels—such as at the organizational
level, direct support level, general support level, and
depot level.

For instance, a system may have only a short mainte-
nance downtime to replace a failed “black box”. But
the failed black box may require many maintenance
manhours at some rear maintenance level to be re-
paired and made available again as a spare part.

Since maintenance manhours are expensive, it
became necessary to specify certain constraint for these
support labor costs in terms of an index called mainte-
nance manhours per system operating hour
(MMH/OH). This is a necessity especially for larger
systems where several maintenance levels are usually
involved. The 3/MH/ OH index, when specified, must
be and can be considered in maintainability design and
becomes a design parameter not only for the maintaina-
bility of the system, but also for maintainability of the
“black boxes” at rear levels and for appropriate plan-
ning of the maintenance concept.

1-8 STATISTICAL ASPECTS AND
STATISTICAL DISTRIBUTIONS

Statistics play an important role in the estimation of
the various measures in maintainability. Maintenance
downtime is always in some way statistically dis-
tributed, and when maintenancetime data are collected
they must first be ordered in some way. The kind of
statistical distribution they most likely belong to must
be determined, and then the parameters of the distribu-
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4on are predicted using estimation techniques. Esti-
mates thus obtained also serve to verify whether the
predicted parameters, i.¢., the maintenance downtime
measures, were predicted closely enough during the
design phase.

Probability is an important aspect of maintainability,
in view of the fact that maintenance times are statisti-
cally distributed. There are several statistical distribu-
tions which can be well applied in maintainability and
are used commonly in solving maintainability prob-
lems. Some of these distributions are now discussed.

In this paragraph the major statistical distributions
are introduced in a form usually given in texts on statis-
tics and probability (Refs. 22, 23, 24), and for simplicity
of presentation, will use the notation ¢ for the variable
maintenance time and Mfor the mean of the distribu-
tion of maintenance time. The exponential distribution
has already been introduced in par. 1-6. All distribu-
tions introduced in this paragraph, including the expo-
nential distribution, are discussed in great detail with
numerical examples in Chapter 8.

1. The Normal Distribution

The probability density function (pdf) of the normal
distribution (Ref. 22, Chapter 10, and Ref. 23, Chapter
3) has the equation

PSRN TR

where & is the standard deviation of the variable main-
tenance time t around the mean M. Fig. 1-8 shows a
typical normal density function, which is always sym-
metrical about the mean M
The area under this curve, taken from the left to any
point tis the cumulative distribution A4(#) which is the
maintainability function (see Fig. 1-9).

Therefore, the maintainability function M(?) is given
by

M(t)=#ﬁ[i exp[—%(t:cM z:ldt (1-28)

X==

(1-27)

The mean M, which corresponds to the MTTR, is
estimated from observed and measured maintenance
times ¢

Fot i, thoeee t 1 2
M= 2 3 n _ t,/n
n i=1

(1-29)

and the standard deviation o is estimated by the equa-
tion

o =\/§n:(t,. -MY/(n - 1)

i=1

(1-30)

We call the normal distribution a two-parameter dis-
tribution, since when the mean M and the standard
deviation o are known, the shape of the curves A#) and
M(¥) is fully defined.

2. The Lognormal Distribution

The lognormal distribution is a skewed two-parame-
ter distribution, widely used in maintainability. In its
most general form the probability density function
A9 of the lognormal distribution is given by:

1 expd-1 Ii(f__:_ﬂ'_’”]g
fm:(t—c)cm'exl){— 2[ o }
) (1-31)

where
t = maintenance time
m = mean of the natural logarithms
of the maintenance times
o = standard deviation with which
the natural logarithm of the
maintenance times are spread
around the mean m
¢ = a constant, the shortest time
below which no maintenance
action can be performed.
The effect of cis to shift the origin of A4 from t = 0
to ¢ = ¢ In subsequent discussions, we assume ¢ to be
zero so that A#) starts at ¢ = 0. Fig. 1-10 shows a
typical density A#) and maintainability M(#) function of
the lognormal distribution.

Like all skewed distributions, the lognormal density
function has three characteristic points (Ref. 24),
which are shown in Fig. 1-10: the mode A, at which
AP has its maximum; the median M, which bisects the
area under {2 into two equal parts of 50 percent; and
the mean Mwhich is the expected or average value of
maintenance time £ and is defined as the first moment
of the distribution.

Mty = fo” LF (Yt

1 - - \E
S oV 2 J; €xp [- %(lnt o m)]dt (1-32)
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To find explicit formulas for the mode, median, and
mean, we make use of a convenient feature of the log-
normal distribution, namely, that the natural logarithm
of the variable maintenance time t is normally dis-
tributed. This fact, on which the derivation of the log-
normal distribution is based, makes it also easier to
obtain numerical values of the maintainability function
M( 1), for given arguments t, by looking up in normal
tables the cumulative probability values (arcas) corre-
sponding to x = In t Fig. 1-11 shows the transform
property of the lognormal distribution graphically.

The transformed density function Ax) = Aln 1),
which is of the normal form, has an x = In tscale on
the abscissa. For t = 0, x = — . The mean of the
In #’s is m. It bisects the area of the normal density
curve. Since every point ton the abscissa of the lognor-
mal curve corresponds to a point x = In ton the ab-
scissa of its normal transform curve and vice versa, the
point 7 on the In t scale will correspond to a point
M on the tscale such that M, bisects the area under
the lognormal curve, and is thus its median, and in this
case also its geometric mean. Realizing that
In M; = m,we also have M; = &", as the antilog.
Now, if we want to know M(7), i.e., the area from
t = 0 to 7 under the lognormal curve, we form
X =In Tand look up in standardized normal tables
the corresponding normal tail area after determining
how many standard deviations o is Xaway from m to
the left or to the right. Of course ¢ and m =
In M must be given to be able to plot the density curve
of Eq. 1-31. The magnitudes of o and m determine the
shape of the lognormal distribution. Thus its shape
changes as o changes and also as the location of M,
changes.

The estimators of m and o, from measured mainte-
nance times ¢, are

n

Inf, +1nt, +1nt, tees +
m=9 Int/n = -1 Inh ¥k Inf,

i=1

(1-33)

(1-34)

3. The Gamma Distribution

The gamma distribution is one of the most flexible
distributions and can, probably better than any other,
approximate any set of maintenance time data drawn
from a population which is assumed to be continuously
distributed and positively skewed. It has two parame-
ters, exists only for positive values of £ includes the
exponential distribution, and, in the limit, approaches
the normal distribution. Certainly, in maintainability
work it deserves as much attention as the lognormal
distribution (Ref. 25). Besides, the gamma distribution
has the advantage of mathematical tractability.

In its most general form, the gamma probability den-
sity function Af) is of the form

kl’l

70 = i =t (1-35)

where I'(n) is called the gamma function given by

I'(n) = j:x"'le"‘dx (1-36)

and k and nare positive constants (Ref. 26, Chapter 9).
We call 7 the shape parameter and k the scale parame-
ter. For n = 1, I'(n) = I'(1) = 1, and the gamma
distribution becomes the exponential distribution

f(8) = ke (1-37)

with k representing the repair rate u.

If n # 1, the gamma distribution will not have an
exponential shape.

The cumulative probability, or the maintainability
function M(#) of the gamma distribution, is given by:

1

M(H) = J;tf(x) dx = ft x™le™ dx (1-38)

where ['(n) is defined by Eq. 1-36. For known values
of k and n, M(#) can be found by the use of tables of
the Incomplete Gamma Function (Ref. 27) which tabu-
late the values of the following integral K#):
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1) = f(l—n) fo 21 gy (1-39)

This integral A#) has the same shape as M(?) of Eq.
1-38, except for the missing multiplication factor k"
Using K9, we may write for M(?),

M(ty = KI(H) (1-40)

which gives us direct numerical answers when k and
n are known and reading X(#) from tables.

The mean Mof the gamma distribution has the sim-
ple form of

M =n/k (1-41)

which is the ratio of the shape parameter to the scale
parameter, and the variance Yar(¥) is

Var (t)=n/K = M/k (1-42)

so that standard deviation o of the gamma distribution
is

0= Vi /&= VM]E (1-43)

For positive integer values of the shape parameter
n, the gamma density function A# assumes a simple
form because I'(n) = (n — 1)}, so that we get

Sty = [B/(n = 1)1t 1e7ht (1-44)

This is often referred to as the Special Erlangian distri-
bution. It has the physical interpretation of a ‘“‘stage-by-
stage' repair. The corresponding maintainability func-
tion M(9 is then given by

n=1 o
M(ty=1- ?:0 [e*t(kt)! /i1 ] = ; (e (kt) /i]

(1-45)

and can be read directly from Poisson tables (Ref. 28)
as M(f) = D(X) for X = n. oras M) = 1 —

C(X)for X = n — lwiththe argument U = kt, since
the summations are the cumulative terms of the Pois-
son distribution. Also, the density function £2) of Eq.
1-44 can be written in individual Poisson terms multi-
plied by the scale factor 4, i.e.,

f(@) = ke™ ()" /(n - 1)! (1-46)

4. The Weibull Distribution

At times it is assumed that the field maintenance
time of complex electronic equipment is Weibull dis-
tributed. In fact, it was found in some specific cases that
the distribution of administrative times which delay
field maintenance can be closely approximated by the
Weibull distribution (Ref. 29, page 366). Of course, a
gamma distribution also can be fitted as closely to such
data. In general, the Weibull distribution in maintaina-
bility work has not become popular or useful.

The Weibull density function A7) (Ref. 30) is given
by

() = (/BN exp [(¢/RY') (1-47)

where n is the shape parameter and k is the scale pa-
rameter. The maintainability function M(9) is then

M(f) =1 - exp[~ (t/EY] (1-48)
and the mean maintenance time Mis
M =kT(1 +1/n) (1-49)

5. The Poisson Distribution

The Poisson distribution (Ref. 22, Chapter 8) s a
discrete distribution with the density function p

P(Ng =n) = p(n, t)= e (k)" /n! (1-50)

which in maintainability work is interpreted as the
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probability that in time ta single repair channel, man,
or crew will successfully complete exactly # mainte-
nance actions in sequence, when the maintenance time
of the actions is exponentially distributed with a mean
maintenance time of M = 1/k The variable is here
N9, i.e., the number of successfully completed main-
tenance actions in time t where tis fixed and the main-
tenance rate of k = g isknown. "3 theoretically can
assume any integervalue of 7 from zero to infinity. The
values of p(n,4) are found as individual terms A X) in
Poisson tables, where the cumulative terms (QX) also
are tabulated (Ref. 28).
The mean E of the Poisson distribution is

E(Ng)=kt=t/M (1-51)

which is the expected number of successfully completed
maintenance actions in time t, when the actions are
performed in sequence.

Observing Eq. 1-50, we may write

P(Ng=0)=p,=e™ (1-50a).

which is the probability no maintenance action will be
completed in ¢

P(Ng =1)=p, = kte™ (1-50b)

which is the probability that exactly one and only one
maintenance action will be completed in t

P(Ng=2)=p, =[(kt)?/21]e™ (1-50c)

which is the probability that exactly two maintenance
actions will be completed in t, etc.
As to the cumulative probability, we get

X
P(Ng < X) =Z; Do = €™[1 + bt + (ROR/21 +.40e

+ (ktY*/X 1] (1-52)

which is the probability that X or less maintenance
actions will be completed in time £, or, we may say, the
probability that at the most Xmaintenance actions will
be completed in time # We may also write Eq. 1-52in
the form
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X
P(N <X —1)=§:1pn =e*1 +kt +...
n=0

+(RtY /(X - 1)!] (1-53)

which is the probability that at the most X — Imainte-
nance actions will be completed in t Consequently, we
get

P(Ng=X) = i:p,, = e”* [ (kY X!
n=X

+ RO/ (X H D+ ] (1054)

as the probability that Xor more (or at least X) mainte-
nance actions will be completed in £ so that by adding
Eqgs. 1-53 and 1-54, we get

PNy <X - 1)+ P(Ng >X)=ng,, =1 (1-55)

Fig. 1-12 shows the probability density and the
cumulative probability of a Poisson distribution with a
repair rate of k = 0.5 per hr and an observation time
of t = 10 hr, so that &t = § is the mean or the ex-
pected number of completed maintenance actions in 10
hr, when equipments are repaired in sequence (i.e., no
parallel simultancous repairs take place in this repair
channel).

The bars in the upper graph of Fig. 1-12 represent
the probabilities of completing exactly » =0, 1,2, 3,
.. . maintenance actions in 10hr, while the lower graph
of Fig. 1-12 represents the cumulative probability of
completing at least #» maintenance actions in ¢ hours
(i.e., n or more).

To conclude this discussion let us mention the very
interesting relationship between the discrete Poisson
distribution and the time-continuous gamma distribu-
tion. When we observe a Poisson maintenance process,
we may ask what is the expected or mean time Az, to
the occurrence of the nth successfully completed re-
pair. This is given by

E(t) =n/k (1-56)

since the time #, to the nth completed repair when the
Poisson maintenance process startsat ¢ = 0, is gamma
distributed with the density £¢,)
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ft) = [/ (n - D1]¢7 exp (- kt,) (1-57)

which, as we know, has the mean n/k.
6. The Binomial Distribution

Another discrete distribution frequently used in sta-
tistical work is the binomial distribution. Its applica-
tion in maintainability appears to be rather limited.

The binomial distribution applies to so-called Ber-
noulli trials where each trial has the same probability
of success P,

Assume that one has to perform a fixed number N
of trials of the same kind where each trial can end with
a success or with a failure and where S, successes arc
counted in the Ntrials, so that there are N — S, fail-
ures. If one would observe the number of successes
Sy in a repeated series of Ntrials, the number S, would
very likely change in each # trials. In fact, Sy is a
random variable which may assume all integer values
from zero to &, ie., Sy = K, where K =0,1,2, 3,
.. ., ¥. The probability that .Sy assumes a definite value
of Kis then given by the binomial probability density
function p as

Py =p(Sy=K) = (}é’)plé(l — P VK (1-58)
where, by definition
(¢)=NU/I[KIN-K)!] (1-59)

The mean value of this distribution is the expected

or average number of successes Z(.S,) in Ntrials given
by

E(Sy) = NP (1-60)

That is, if one would run a large series of expeti-
ments, with Ntrials performed in each experiment, the
averaged number of successes observed per N trials
should approach the value of Eq. 1-60.

Observing the binomial probability density function,
one can write the equations for .S assuming any of the
valuess K =0, 1,2,3, ..., N For example, the proba-
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bility that not a single success will occur in Ntrials, i.e.,
HASy = 0), is given by

Po =P(SN = 0) = (1 - Ps)N (1'61)

which is obtained by setting K = Oin the Eq. 1-68. The
probability that exactly one success will be observed in
N trials is

Py =p(Sy=1)=NPg(1 - P)"? (1-62)

The probability that exactly two successes will be ob-
served in Ntrials is

Pz =P(S1v = 2) = [N(N - 1)/2! ]P?s(l - Ps)"-z
(1-63)

etc., until one gets the probability that all trials will be
successful, i.c., Sy = A, is

p(Sy=N) =P} (1-64)

The cumulative binomial distribution ASy 2 X) is
then given by the partial sum of the probability densi-
ties px summing from K = Xto K = 4, i.e,

N N
Pe=(PSy> XY= ) pe= D (HPE1L - P&
K=X K=X

(1-65)

which is the probability that in N trials X or more
successes will be observed.

To perform these calculations one must know the
probability of success Pg in any one Bernoulli trial. In
real life one obtains only'an estimate of Py because it
is not possible to run an infinite series of Ntrials each
to get the true value of Px Running just one set of N
trials one obtains only an estimate of P, denoted by
Py as

P, =Sy/N (1-66)
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How good this estimate of P is depends on the number
N of trials performed. If one wants to determine the
goodness of this estimate, he would be interested in the
lower confidence limit of this estimated probability of
success P, denoted by Py, such that with a confidence
(or probability) of 1 — a one could confidently make
the statement that the true P; exceeds P, which is
given by

P(Ps >PSL)=1—Q (1'67)

If the value of P; was obtained from Ntrials in which
Sy successes were observed, the lower confidence limit
Py, is given by

0.14 ¢
0.12f
010
008}
0.06 |

0.04

PROBABILITY OF EXACTLY
K SUCCESSES IN 100 TRIALS

0.02

Pop={1 +[(N =Sy + 1)/SN][F(a)(f1)(f2)]}-1
(1-68)

where Fis the a percentage point of Fisher’s Fdistribu-
tion for i = 2(N — Py + Dand £, = 25, degrees
of freedom.

Fig. 1-13 showsa typical binomial distribution (den-
sity and cumulative) for N = 100 trials, and P = 0.9
and 1 — P; = 0.1 per trial.

In maintainability work the application of the
binomial distribution could occur in cases where the
duration of many maintenance actions <« the same kind
is observed, and one would be interested in obtaining
an estimate of the probability (and confidence limit)
that such specificaction will be completed in a specified
time t Each action completed by the specified time ¢
would be designated as a success and when it exceeds
tit would be designated as a failure.
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Figure 1-13. The Binomial Distribution (¥ = 100, £z = 0.9)
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SECTION Il

EQUIPMENT CONSIDERATIONS IN MAINTAINABILITY

1-9 CATEGORIES OF EQUIPMENT

It would be convenient and would simplify the task
of both the reliability and the maintainability engineer
if different categories of systems and equipment could
be treated in the same manner with respect to their
reliability and maintainability characteristics. Unfortu-
nately, this is not the case. Each category of equipment
may require specific considerations which are peculiar
to it. For example, reliability and maintainability con-
siderations for mechanical systems (Ref. 20, Chapter 6)
- systems in which there are moving parts subject to
wear — have different maintenance requirements and
implications for maintainability design than do elec-
tronic systems.

This paragraph contains a discussion of salient
points of maintainability applicable to different catego-
ries of equipment, including electrical-electronic sys-
tems, electromechanical systems, hydraulic and pneu-
matic systems, optical systems, chemical systems, and
systems containing nonreversible devices.

There are a number of considerations which affect
maintainability design regardless of the category of
equipment. These include:

1. The operational level at which maintenance is to
be performed (organizational, direct support, general
support, depot levels)

2. The system maintenance level (system, subsys-
tem, equipment, group, unit, assembly, subassembly,
stage, piece part)

3. The maintenance task to be performed (detec-
tion, diagnosis, correction, replacement verification).

In addition to these common considerations, there are
those which are peculiar to the specific category of
equipment. Among these are:

1. Equipment attributes such as accessibility, test
points, connectors, controls, displays, inspection
points, fittings, lubrication points, and packaging.

2. Maintenance methods such as module replace-
ment, repair in place, periodic maintenance, adjust-
ment, alignment, inspection, overhaul, remove, repair
in shop, and reinstall.

3. Test methods such as built-in automatic c¢heck-
out, monitoring, marginal testing, periodic check, and
calibration.

1-9.1  EECTRICAL-ELECTRONIC SYSTEMS

Electrical-electronic systems are in many ways the
casiest to handle from a reliability and maintainability
standpoint. More is known about their behavior, more
reliability and maintainability data have been collected
for such systems and prediction and demonstration
techniques have been developed for these systems.
Electrical systems generally are associated with the
generation and distribution of electrical energy and
may contain continuously rotating components, such
as motors and generators. Electronic systems contain
active as well as passive devices used for amplification,
transformation, and shaping of electrical signals. They
generally do not contain continuous rotating devices,
but may contain intermittently operated electrome-
chanical items, such as switches, relays, variable resis-
tors, capacitors, and inductors.

Experience with reliability and maintainability of
electronic systems has shown that where a constant
hazard rate is experienced, (the flat bottom of the well-
known bathtub curve in reliability), chance (random)
failure is the predominant reliability phenomenon.
Maintainability, in this case, primarily is concerned
with corrective maintenance upon the occurrence of a
failure. Indeed, it has been shown in such instancesthat
the best maintenance policy may be to do no mainte-
nance until failure occurs, the so-called hands-off or
“leave well enough alone” policy. Studies have shown
that where preventive maintenance, other than periodic
test or performance monitoring, is performed, mainte-
nance-induced failures often result. In these cases, and
where the wearout portion of the failure rate curve is
sufficiently far away in time, the assumption of the
exponential failure distribution and the lognormal cor-
rective maintenance distribution frequently have been
shown to be valid for electronic systems.

A similar situation is true for electrical systems. In
these cases—where rotating components such as mo-
tors, generators, and servos are used—wearout life
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characteristics can be expected to be approached at
carlier points in time than for purely electronic systems
in which no moving parts are involved. Preventive
maintenance tasks—such as brush and contact inspec-
tion and replacement, lubrication and other servicing,
or inspection of shafts and bearings for alignment and
frictional wear—may be necessary in order to retain the
system in its serviceable condition, effectively prevent-
ing the rising portion of the wearout curve from occur-
ring too soon.

The inclusion of maintainability features and mainte-
nance tasks in equipment design is usually simpler for
electrical-electronic systems than for other types. Elec-
trical-clectronic systems lend themselves readily by
their very nature to the use of automation with regard
to monitoring, fault diagnosis, and verification. It is
also simpler to achieve low corrective maintenance
downtimes. Many of the studies and data collected as
to the actual percentage of corrective maintenance
times in the principal areas of detection, diagnosis, cor-
rection, and verification have been on electronic sys-
tems and equipment. Since corrective maintenance and
the associated corrective maintenance tasks are gener-
ally of greater importance in electrical-electronic sys-
tems than preventive maintenance, maintainability
characteristics which should be considered include:

a. built-in test points

b. built-in test equipment

¢c. automatic monitoring

d. automatic test and checkout

e. functional packaging into unit replaceable
modules with provision for test points and failure in-
dicators

f. controls

g. displays

h. connectors

i. parallel or standby redundancy to increase sys-
tem availability

j. throwaway modules

k. the possibility of accomplishing a significant
amount of corrective maintenance by replacement at
the organizational and direct support level.

1-9.2 ELECTROMECHANICAL SYSTEMS

The primary difference between electromechanical
systems and electrical-electronic systems is that me-
chanical actuating elements are utilized in electrome-
chanical systems to perform some of the system prime
functions in addition to electrical or electronic ele-
ments. Electromechanical systems may include such
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items as servo systems, actuators for moving missile
control surfaces, autopilots, radar gun laying devices,
tracking radars, and the like.

Electromechanical systems combine components in
equipments which fail in different modes, and, there-
fore, have different failure distribution statistics. Some
of the items may have constant hazard rates and thus
obey an exponential failure distribution. Other parts
may exhibit a hazard rate which increases with time
and, therefore, may be described by one of a number of
other distributions such as the Weibull distribution.
For those parts which do have a constant hazard rate,
corrective maintenance features are predominant; for
those which have an increasinghazard rate, preventive
maintenance features are more significant. Thus, one
thing which distinguishes electromechanical systems
from electronic systems is the necessity for concern
with preventive maintenance features—such as peri-
odic servicing, lubrication, and inspection—in addition
to the corrective maintainability features provided for
electronic systems.

1-9.3 MECHANICAL SYSTEMS

For purely mechanical systems, or those systems
which are essentially mechanical, the situation with
regard to maintainability considerations becomes quite
different. Mechanical systems, in general, do not have
constant hazard rates. They begin to wear out as soon
as they are put to use. This does not mean that they
necessarily have short wearout lives; it just means that
friction and aging characteristics resulting from me-
chanical motion begin to exhibit themselves rather
carly. In order to obtain reasonable life expectanciesor
reasonable MT7TBFs, therefore, the maintainability
designer’s attention must be focused on those equip-
ment considerations which will inhibit failures and will
prolong component and equipment life.

One approach to this is to design long-life, low-fric-
tion elements, such as air bearings, or to use hard sur-
face finishes. In many instances this may be costly and
unrealistic, particularly when one considers the various
environments in which the equipment will be expected
to operate. This approach puts the emphasis on design
for high reliability.

Another approach, which is often more cost-effec-
tive, is to recognize the essential nature of mechanical
systems with regard to the physics of failure and to
incorporate maintainability features during system de-
sign which will inhibit the rapidly rising wearout char-
acteristic. Attention, therefore, must be on preventive
maintenance features such as periodic inspection and
replacement, lubrication, calibration and alignment,
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and overhaul (Ref. 20, Chapter 20). Indeed, for me-
chanical systems, this might be the most realisticmeans
for achieving high operational readiness.

Cost-effective trade-offs between item life and main-
tenance intervals, maintenance personnel, and other
maintenance resource requirements are of concern in
mechanical systems. The ability to remove assemblies
and components with a minimum of teardown empha-
sizes the need for modularization, interchangeability,
and standardization. These are also important, of
course, in electrical-electronic systems, but more dif-
ficult to accomplish in mechanical systems.

With regard to maintenance levels for mechanical
systems, the simplest preventive maintenance func-
tions—such as inspection, lubrication, removal and re-
placement, and adjustment and alignment—should be
performed at organizational levels, assisted by Direct
Support technicians and tools. Additional detailed
maintenance tasks must be performed at the General
Support level. For complex mechanical items, most
corrective maintenance, repairs, and overhaul can be
expected to be accomplished at the General Support
and Depot levels. The concept of rotatable pools of
mechanical components, assemblies, and equipments,
such as the Army Direct Exchange Program (DX), is
a feasible one. This concept, discussed in more detail in
Chapter 5, is one in which forward level repairs are
primarily accomplished by replacement of assemblies,
components, and equipments, with detail repair in field
operations performed at rear levels, and the repaired
items returned to a repaired rotatable pool. As a matter
of fact, when it is desirable to overhaul certain items
after so many hours of use, the rotatable pool concept
can be very cost-effective.

194  HYDRAULIC AND PNEUMATIC

SYSTEMS

Hydraulic and pneumatic systems are examples of
systems in which fluid flow is the primary energy trans-
fer means. While there are instances of purely hydrau-
lic and pneumatic systems, generally these types of
equipment are combined with electrical or mechanical
equipments to form electrohydraulic and other combi-
nation systems. Reliability and maintainability prob-
lems with respect to hydraulic and pneumatic systems
are primarily concerned with pressure strengths, ero-
sion, contamination and leakage of the fluids used (liq-
uid or gas), and the reliability of seals, gaskets, and
other sealing devices. Of concern to the designer then
are the material and life characteristics of components,
such as pressure vessels, piping, O-rings, gaskets,
pumps, filters, and ports. Contamination from internal

as well as external sources are of great importance.
Maintainability design considerations are concerned
with preventive maintenance as the principal means of
obtaining long-lived hydraulic and pneumatic systems.
Alignment, lubrication, visual indicators (such as sight
gages, pressure and temperature indicators), oil and air
spectral and chemical analysis, filter characteristics,
and inspection and replacement are some of the pri-
mary maintainability considerations.

1-9.56 OTHER SYSTEMS

Among other categories of systems to which main-
tainability consideration may have to be given are opti-
cal and chemical systems. For fixed optical systems (no
moving parts), reliability is generally high, and primary
maintainability requirements are those of keeping the
system clean, aligned, and calibrated. For electro-opti-
cal systems without moving parts, maintainability con-
siderations for electronic systems apply. Similarly,
when there are moving parts so that the systems are
mechanico-optical or electromechanico-optical, then
maintainability considerations for these types of equip-
ments and systems, as discussed carlier in this para-
graph, will also apply.

For chemical systems, maintainability considera-
tions have to do with contamination, cleanliness,
safety, visual inspection, chemical analysis, and with
the specific nature of the chemical apparatus involved
in the chemical reaction. The chemical system may
contain features of several of the previously discussed
categories of systems, and thus maintainability consid-
erations of these will also apply where appropriate.
Propulsion systems are examples of chemical systems.

1-10 NONREVERSIBLE DEVICES

Nonreversible devices are items which depend upon
some physical, chemical, or biological reaction or effect
which, once started, cannot be reversed or changed
back to its original form or state. Ammunition, radi-
oactive substances, and chemical processes are nonrev-
ersible devices. Bullets, bombs, and missiles are exam-
ples of the first; atomic bombs and nuclear power or
propulsion of the second; napalm and rocket propel-
lants of the third. Reliability and maintainability con-
siderations for such devices are different from the
categories of equipments discussed in par. 1-9. Because
their reactions cannot be reversed and are thus not
repairable once the action is initiated, it is essential that
the mission reliability of such devices be high. Empha-
sis on these devicestherefore has been and will continue
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to be high inherent reliability and safety. This does not
mean that there are no maintainability considerations
involved in nonreversible devices. 1t only means that
once the mission has been started, maintainability can
no longer be effected, such as is possible with a commu-
nication or radar system, aircraft, or tank.

Maintainability considerations for these types of de-
vices primarily reside in the maintainability of the re-
maining parts of the system of which the nonreversible
device is a part. These remaining parts include such
items as launching and aiming devices, fuzing, and ini-
tiating devices. In the early guided missile days, many
valuable lessons were learned with regard to reliability
and maintainability. One of the principal lessons
learned was that, although missiles are designed to op-
erate for a short duration, measured in minutes, relia-
bility design was originally performed so that the parts
of the missile would operate only for the mission time.
The necessity for test and checkout was not considered
by the designers, and this resulted in many of the early
missiles being worn out because of the need for frequent
test and checkout and the accumulation of significantly
more operating time than the missile components were
designed for. In order to assure high mission reliability,
however, it was necessary to exercise and test all those
parts of the system except the nonreversible devices up
to and including its fuzing circuitry.

With the emphasis almost completely on reliability
in the early missile developments, there was a lack of
maintainability considerations, and the consequent
drastic effect on operational availability of the missile
systems due to repeated testing helped spur the devel-
opment of maintainability as a system design discipline.

Maintainability considerations, therefore, of nonrev-
ersible devices have to do with the state of readiness
prior to the mission start. They have to do with design-
ing features into the equipment which emphasize peri-
odic test and checkout, and the prediction of the overall

device effectiveness from test results. Of prime concern
are:

1. The ability to simulate the operation of the non-
reversible device where necessary in order to properly
exercise and test the total system

2. The ability to safely test the system under vari-
ous operational situations and environments without
initiating the nonversible reaction

3. The ability to obtain high confidence levels of
successful operation once committed to the mission.

This places great emphasis on the areas of safety, test,
and checkout as prime equipment design considera-
tions for the maintainability of nonreversible devices.
Such test and checkout ranges all the way from rela-
tively simple manual tests to highly sophisticated and
complex automatic checkout equipment and proce-
dures.

1-11 DESIGN GUIDES

A number of equipment design guides for maintaina-
bility have been written. These guides, in general, dis-
cuss the maintainability design features and problems
in terms of maintenance methods, maintenance tasks or
actions, maintenance time distributions, maintenance
levels, and equipment attributes. No attempts are made
to relate these to the maintainability quantitative re-
quirements, except by implication in generic terms. In
addition, many of these design guides, including
AMCP 706-134(Ref. 5), contain specific anthropomet-
ric and other human factors Considerations, specific
equipment design features, and designer’s checklists
which can be applied to a wide variety of equipment
and maintenance concepts (Refs. 31-39). Chapter 5
treats equipment design for maintainability in greater
detail.
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CHAPTER 2

SYSTEM EFFECTIVENESS
SECTION |

INTRODUCTION

2-1 GENERAL

As pointed out in par. 1-2, the realization that in
many cases a more cost-effective system can be ob-
tained by trading off some reliability for the ability to
maintain a system has led to a considerable research
and developmenteffort into describing maintainability
as an engineering discipline. This, in turn, has led to the
concepts of operational readiness, availability, and sys-
tem effectivenessas elements of system worth—the ul-
timate measure of a system. Army Technical Manual
TM 38-703-1 (Ref. 1) states:

“The worth of a system is determined primarily by
the effectiveness with which it does itsjob. Subsequent
to World War 11, system reliability came to the forefront
as a measure of system performance. More recently the
systems approach requiring such consideration as system
maintainability and availability has received increasing
attention. All of these factors are highly interdependent
and tend to make the measurement of system
performance very complex. A measure of system
performance may be generally defined as a quantified
assessment of the ability of a system to fulfill a specified
function, when both the system and function are
thoroughly defined. The parameter to be defined by
such a measure is called system effectiveness.”
Specification of the support environment is also
essential in system effectiveness assessment.

It is recognized by system designers today, particu-
larly for systems that are not of the “one-shot” type but
which are required to have a long operational life with
repeated usage, that system effectiveness considera-
tions, in which maintainability is indeed as significant
a parameter as reliability, consist of more than just
system performance and mission reliability considera-

tions. Obviously, with repeated usage case of mainte-
nance assumes a very significant role.

An Air Force study on system effectiveness states:

“The high cost and complexity of modem military
systems require the most efficient management possible
to avoid wasting significant resources on inadequate
equipment.

“Efficient systems management depends on the
successful evaluation and integration of numerous
different but interrelated system characteristicssuch as
reliability, maintainability, performance, and costs. If
such evaluation and integration are to be accomplished
in a scientific rather than intuitive manner, a method
must be formulated to assess quantitatively the effects
of each system characteristic on overall system
effectiveness.” (Ref. 2).

How do availability, readiness, and maintainability
relate to other system parameters? Considerable atten-
tion has been paid to this question in recent years, and
many concepts have been proposed. Of these concepts,
system effectiveness has been elevated to the position of
highest rank.

The notions of effectiveness and measures of effec-
tiveness are not new. Such measures have been used for
many years for determining how well a device performs
or for comparing one device with another. The use of
figure-of-merit comparison is well known, e.g., the
gain-bandwidth product for electronic amplifiers.

The extension to measuring system performance on
some overall mission basis is, however, relatively re-
cent. Many of the operationsresearch and system anal-
ysis efforts, which became prominent starting in World
War 11, were initiated in order to find quantitative
methods for assessing and optimizing system effective-

2-1
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ness. Cost-effectiveness considerations have become a
major item of system design in defense and space sys-
tems, due largely to the emphasis given by former As-
sistant Secretary of Defense Hitch.

A system is designed to perform a function or set of
functions (meet a need). System effectiveness is a meas-
ure of how well the system performs its intended func-
tion in its operating environment. In order to be a
useful measure, it is necessary to express system effec-
tiveness in quantitative terms. A number of such meas-
ures have been derived, most in a probability sense:

The effectiveness of a system, in the final analysis,
can only be really measured when the system is per-
formingits mission in the environmentfor which it was
designed or other accurately simulated environment.
Of great concern, however, is how system effectiveness
can be predicted while the system design concepts are
being formulated and again later when the system is
being designed and evaluated. Thus, most system effec-
tiveness methodologies deal more with the predictive
design and test aspects of effectiveness’of the system
than with the later use of the system.

The effectiveness of a system, then, is concerned with

1. The ability of the system to perform satisfac-
torily for the duration of an assigned mission, often
stated as mission reliability

2. The ability of the system to begin performing its
mission when called upon to do so, often stated as
operational readiness or availability;and

3. The actual performance measures of the system
in terms of its performance functions and environment
in which it performs, often stated as design adequacyor
capability.

These may be related, asin AMCP 706-134 (Ref. 3), as
System Effectiveness = Reliability X Availability X
Performance (How Long?) (How Often?} (How
Well?)

Just about all system effectiveness methodologies
which have been developed in the past 10to 16 yr are
concerned with these fundamental questions in one
way or another. They include such system attributes as
performance parameters, reliability, maintainability,
and logistic supportability, as well as such other attrib-
utes as human factors, safety, and standardization, all
of which condition the ability of a system to perform
its assigned missions. (SeeFig. 1-1.)

It is instructive, therefore, to discuss and compare
the various concepts and methodologies that have been

2-2

put forth and are being used today, the semantic barri-
ers (sometimes very great) that have arisen, their points
of similarity and difference, and the ease or difficulty
of their application.

SYSTEM EFFECTIVENESS
CONCEPTS

2-2

The three generally recognized components of sys-
tem effectiveness described in the previous paragraph
(reliability, availability, performance) will be used as
the basis for description and comparison of the con-
cepts and formulations of system effectiveness which
are currently in use. It should be recognized that all of
these effectiveness components must be derived from
an analysis of the operational needs and mission re-
quirements of the system, since it is only in relation to
needs and missions that these three basic components
can be meaningfully established.

Many semantic difficultiesarise when discussingsys-
tem effectiveness and its components. These difficulties
result from the fact that some people use the same
words to mean different things or different words to
mean the same thing.

2-21 THE ARINC CONCEPT OF SYSTEM

EFFECTIVENESS

One of the early attempts to develop concepts of
system effectiveness was delineated by the ARINC Re-
search Corporation in Chapter I of their book, Reliabil-
ity Engineering (Ref. 4). It contains some of the earliest
published concepts of system effectiveness and repre-
sentsone of the clearest presentationsof these concepts,
from which many of the subsequent descriptionshave
been derived. The definition of system effectiveness in
this early work is as follows: “System effectiveness is
the probability that the system can successfully meet an
operational demand within a given time when operated
under specified conditions”.

This definition includes the following concepts:

1. That system effectiveness can be measured as a
probability

2. That system effectiveness is related to opera-
tional performance
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3. That system effectiveness is a function of
time

4. That system effectiveness is a function of the
environment or conditions under which the system is
used

§. That system effectiveness may vary with the
mission to be performed.

What is not obvious in this definition, with regard to
system effectivenessas a function of time, is that there
are two kinds of time to be considered. One is the point
in time in which we wish to make use of the system and
whether or not the system is usable at that time. The
other is the continuedperiod of time, starting with this
point in time, for which we want the system to continue
to operate (mission time). The three components of
system effectiveness, according to the ARINC model
Fig. 2-2(C), are mission reliability, operational readi-
ness, and design adequacy, as shown in Fig. 2- 1. Defini-
tions of the words used in this figure are given in Table
2-1. These are essentially the three factors which con-
tribute to system effectivenessas indicated at the begin-
ning of this paragraph. A study of these definitionsand
their meaning is of particular significance. While most
of these definitions are left to the reader to study, cer-
tain definitionsand their meanings or implications will
be discussed in more detail. This will be particularly
helpful when other concepts of system effectiveness
which have been developed are discussed.

Although it is not essential to describe system effec-
tiveness and its component parts in terms of probabili-
ties as opposed to other quantitative measures, it has
often been found to be convenient to do so. The
ARINC model may be expressed such that system ef-
fectiveness probability Pgz is the product of three
probabilities as follows:

PSE=PORXPMRXPDA (2'1)

where

P,r = operational readiness

probability
P« = mission reliability probability
Pp, = design adequacy probability
This equation states that the effectivenessof the sys-

tem is the product of three probabilities: (1) the proba-
bility that the system is operating satisfactorily or is
ready to be placed in operation when needed, (2) the

probability that the system will continue to operate
satisfactorily for the period of time required for the
mission, (3) the probability that the system will success-
fully accomplish its mission given that it is operating
within design limits (Fig. 2-2(A)).

Each of these terms may then be developed in terms
of the specific problem. (See, for example, Chapter 11
of Ref. 4.)

2-2.2 THE AIR FORCE (WSEIAC) CONCEPT

A more recent definition of system effectiveness re-
sults from the work of the Weapon System Effective-
ness Industry Advisory Committee (WSEIAC) estab-
lished in late 1963 by the Air Force Systems Command
“to provide technical guidance and assistance to Air
Force Systems Command in the development of a tech-
nique to apprise management of current and predicted
weapon system effectiveness at all phases of weapon
system life”. Five task groups worked for one year on
various aspects of this problem. The result of these
efforts has been published as Air Force Systems Com-
mand Technical Reports TR-65-1, TR-65-2, TR-65-3,
TR-65-4, TR-65-5, and TR-65-6 (Ref. 2). The
WSEIAC definition of system effectiveness, Fig. 2-
2(B), is

“System effectiveness is a measure of the extent to
which a system may be expected to achieve a set of
specificmission requirements and is a function of avail-
ability, dependability, and capability” (Ref. 2).
This definition may be expressed as

E = ADC (2-2)

where

A = availability, a measure of the
system condition at the start of
a mission, when the mission is
called for at an unknown
(random) point in time

D = dependability, a measure of the
system condition at one or
more points during the
performance of the mission,
given the system condition
(availability) at the start of the
mission
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EFFECTIVENESS

l
DESIGN

MISSION OPERATIONAL
RELIABILITY READINESS ADEQUACY
STORAGE OPERATIONAL
TIME FREE TIME AVAILABILITY —
ALERT TIME REACTION TIME
OPERATING TIME
(RELIABILITY) [
INHERENT ‘
AVAILABILITY ‘ DOWNTIME -
SCHEDULED —_—
MAINTENANCE ACTIVE REPAIR TIME
|
o

ACHIEVED
AVAILABILITY

UNSCHEDULED

=

Figure 2-1, Concepts Associated With System Effectiveness
Adapted from: Vd1lian H. vanAlven, Ed., Reliability Engineering, © 1964 by
ARINC Research Corporation. Usad with permission of Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey.
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TABLE 2-1.
DEFINITIONS

Definitions of Concepts:

System Effectiveness is the probability that the system can successfully meet an operational
demand within a given time when operated under specified conditions.

System Effectiveness (for a one-shot device such as a missile) is the probability that the system
(missile)will operate sucoessfully (killthe target) when called upon to do so under specified
conditions.

Reliability is the probability that the system will perform satisfactorily for at least a given
period of time when used under stated conditions.

Mission Reliability is the probability that, under stated conditions, the system will operate in
the mode for which it was designed (i.e., with no malfunctions)for the duration of a mission,
given that it was operating in this mode at the beginning of the mission.

Operational Readiness is the probability that, at any point in time, the system is either
operating satisfactorily or ready to be placed in operation on demand when used under stated
conditions, including stated allowable warning time. Thus, total calendar time is the basis for
computation of operational readiness.

Availability is the probability that the system is operating satisfactorily at any point in time
when used under stated conditions, where the total time considered includes operatingtime, active
repair time, administrative time, and logistic time.

Intrinsic Availability is the probability that the system is operating satisfactorily at any point
in time when used under stated conditions, where the time considered is operating time and active
repair time.

Design Adequacy is the probability that the system will accomplish its mission successfully,
given that the system is operating within design specifications.

Maintainability is the probability that, when maintenance action is initiated under stated
conditions, a failed system will be restored to operable condition within a specifiedtotal downtime.

Repairability is the probability that a failed system will be restoredto operable condition
within a specified active repair time.

Serviceability is the degree of ease or difficulty with which a system can be repaired.
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TABLE 21.
DEFINITIONS (Cont.)

Definitions of Time Categories:

Operating time is the time during which the system is operating in @ manner acceptable to the
operator, although unsatisfactory operation (or failure) is sometimes the result of the judgment of
the maintenance man.

Downtime is the total time during which the system is not in acceptable operating condition.
Downtime can, in turn, be subdivided into a number of categories such as active repair time,
logistic time, and administrativetime.

Active repair time is that portion of downtime during which one or more technicians are
working on the system to effect a repair. This time includes preparation time, fault-location time,
fault-correction time, and final checkout time for the system, and perhaps other subdivisions as
required in special cases.

Logistic time is that portion of downtime during which repair is delayed solely because of the
necessity for waiting for a replacement part or other subdivision of the system.

Administrative time is that portion of downtime not included under active repair time and
logistic time.

Free time is time during which operational use of the system is not required. This time may
or may not be downtime, depending on whether or not the system is in operable condition.

Storage time is time during which the system is presumed to be in operable condition, but is
being held for emergency—i.e., as a spare.

Alert time is that element of uptime during which the system is awaitinga command to
engage in its mission.

Reaction Time is that element of uptime needed to initiate a mission, measured from the time

the command is received.

Reprinted from “William H.vanAlven, Ed., RELIABILITY ENGINEERING © 1964 by ARINC Research
Corporation. Reprinted by permissionof Prentice-Hall, Inc., Englewood Cliffs, New Jersey.
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(A) ARINC MODEL

| SYSTEM EFFECTIVENESS (sﬂ

OPERATIONAL READINESS 1 MISSION RELIABILITY | DESIGN ADEQUACY l
PROBABILITY THAT, AT ANY PROBABILITY OF A SYSTEM PROBABILITY THAT A SYSTEM
POINT INTIME, A SYSTEM PERFORMING ITS PURPOSE WILL SUCCESSFULLY
OPERATING SATISFACTORILY ADEQUATELY FOR THE ACCOMPLISH ITS MISSION,

OR IS READY TO BE PLACED PERIOD OF TIME INTENDED. GIVEN THAT THE SYSTEM IS
IN OPERATION ON DEMAND. OPERATING WITHIN DESIGN
RELIABILITY SPECS.

HUMAN FACTORS

MAINTAINABILITY
LOGISTIC SUPPORT

{B) WSEIAC MODEL

SYSTEM EFFECTIVENESS (SE) |

AVAILABILITY (A) DEPENDABILITY (D) [ CAPABILITY (C)
MEASURE OF SYSTEM MEASURE OF SYSTEM MEASURE OF RESULTS
CONDITIONAT START CONDITION DURING OF MISSION
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Al ABILITY ARETY
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LOGISTICS SUBVIVABIHTY LETHALITY

PERFORMANCE {P) AVAILABILITY (A) | UTILIZATION (U)
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PRIMARY MISSION RELIABILITY ENVIRONMENTAL
SECONDARY MISSION
D MISERaN MAINTAINABILITY FUNCTIONAL
e OFTOTAL OPERABILITY LOGISTICAL
MISSION TIME LOGISTIC SUPPORTABILITY

SAFETY.

Figure 2-2. System Effectiveness Models

Reprinted from Maintainability Principles & Practices, by B. S. Blanchard, Jr.
and E. E. Lowery. Copyright 1969, McGraw-Hill Book Co. Usad with permission

of McGraw-Hill Book Company.
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C = capability, a measure of the
ability of the system to achieve
the mission objectives, given
the system condition during the
mission (dependability).

These are usually expressed as probabilities as follows:

1. A is a vector array of various state probabilities
of the system at the beginning of the mission.

2. Dis a matrix of conditional probabilities over a
time interval, conditional on the effective state of the
system during the previous time interval.

3. Cis also a delineal probability matrix repre-
senting the performance spectrum of the system, given
the mission and system conditions—expected figures of
merit for the system.

The similarity of the WSEIAC definitions to the
ARINC definitions should be noted.

2-2.3 THE NAVY CONCEPT

In the ecarly 1960’s, under the sponsorship of the
Systems Effectiveness Branch of the Office of Naval
Material, the Navy developed a system effectiveness
concept (Fig. 2-2(C)), which also combines three basic
system characteristics—performance, availability, and
utilization (Ref. §). It can be expressed as ‘‘a measure
of the extent to which a system can be expected to
complete its assigned mission within an established
time frame under stated environmental conditions. It
may also be defined mathematically as “the probability
that a system can successfully meet an operational de-
mand throughout a given time period when operated
under specified conditions”.

It. has been formulated as follows:

E, =PAU (2-3)

where

e
Il

index of system effectiveness
P = index of system performance—a
numerical index expressing
system capability, assuming a
hypothetical 100% availability
and utilization of performance
capability in actual operation
index of system availability —
numerical index of the extent
to which a system is ready and
capable of fully performing its
assigned mission(s)

U = index of system utilization—a
numerical index of the extent
to which the performance
capability of the system is
utilized during the mission.

The components of the Navy model are not as
readily compared as are the ARINC and WSETAC
models. The Navy has stated that “the terms PU and
A are similar, respectively, to the WSEIAC terms C
and AD’ (Ref. 6). In this same reference, the Navy
states that it “translates its terms PA Uinto the analytic
terms P-and P7’ in which

P. = performance capability —a
measure of adequacy of design
and system degradation, and

P, = detailed time dependency —a
measure of availability with a
given utilization.

Thus, the Navy model is compatible with the WSEIAC
model (see Ref. 6) in the following manner:

f(P!A;U)=f(PC)PT)=f(AvD!C) (2'4)

The WSETAC, Navy, and ARINC concepts of sys-
tem effectivenessare depicted in Fig. 2-2 (Refs. 7 and
8).

2-2.4 OPERATIONAL READINESS,

AVAILABILITY, AND DEPENDABILITY

The terms operational readiness, availability, and de-
pendability have similar connotations. As shown in
Fig. 2-1, one concept of operational readiness includes
total calendar time, while availability includes only
desired use time. These are usually termed point con-
cepts, since they refer to the ability of the system to
operate at any given point in time when called upon to
do so.

Mission reliability and dependability are terms used
to depict the ability of the system to operate effectively
for a specified “mission” time period, usually condi-
tional on its being operable at the start of the period.

Unfortunately, there has been considerable overlap
in the use of these terms during this period of intensive
development of the concepts of system effectiveness,
operational readiness, dependability, availability, and
related ideas. The paragraphs that follow are an at-
tempt to clear up some of this confusion.
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2-2.41 Operational Readiness

A definition of operational readiness is put forth by
ARINC:

“Operational readiness is the probability that, at any
point in time, the system is ecither operating
satisfactorily or ready to be placed in operation on
demand when used under stated conditions, including
stated allowable wamning time” (Ref. 4).

As noted in this definition, this concept uses total cal-
endar time as the basis for the computation of opera-
tional readiness (see Fig. 2-1). Others have used the
term operational readiness in different contexts, vary-
ing from similar to, or synonymous with, dependability
(not a point concept) on the one hand, to the availabil-
ity of a specific number of systems composed of multi-
ple devices on the other hand. Some detailed modeling
techniques of operational readiness are presented in
par. 2-4.2.1.

2-2.4.2 Availability

Availability (see Fig. 2-1) has generally been under-
stood to include a relationship between uptime (relia-
bility) and downtime (maintainability). In general,
availability may be defined as the ratio of the total time
the system is capable of performing its function (up-
time) to the total time it is capable plus the time it is
down for maintenance (uptime plus downtime). It is
usually expressed as a percentage or a probability, for
example:

“Availability is the probability that the system will
‘operate satisfactorily at any point in time when used
under stated conditions.”

At least three kinds of availability have been defined.
These are inherent (intrinsic) availability, achieved
availability,and operational availability (Refs. 3 and 9).

Inlierent or intrinsic availability A; takes into ac-
count, in the calculation of the availability ratio, only
those items which are inherent in the system design. It
generally includes only active repair time items in the
calculation of downtime, excluding such items as pre-
ventive maintenance and delay times due to adminis-
trative delays, personnel delays, and supply delays.
Thus, it is a measure only of the intrinsic design varia-
bles controllable by the system designer.

Acliieved availability A, is the measure of the availa-
bility of a system, including preventive maintenance in
an ideal support environment (no delay time).

Operational availability A, is the extension to the
actual operating environment and includes delay times
as well.

All three cases have been discussed in par. 1-7.3 and
defined by the steady-state Egs. 1-23, 1-24, and 1-26.
More sophisticated equations and modeling techniques
are presented in par. 2-4.2.2. See also Fig. 2-1 and Table
2-1 for concepts and definitions associated with system
effectiveness.

Because steady -state availability is basically a simple
concept, it has often received more attention as a trade-
off relationship and system design measure than have
the other concepts.

2-24.3

Although availability is a simple and appealing con-
cept at first glance, it is a pointconcept, i.e., it refers to
the probability of a system being operable at a random
point in time. However, the ability of the system to
continue to perform reliably for the duration of the
desired operating (mission) period is often more signifi-
cant. Operation over the desired period of time depends
then on clearly defining system operating profiles. If
the system has a number of operating modes, then the
operating profile for each mode must be considered.

The term mission reliability has been used by some
to denote the system reliability requirement for a par-
ticular interval of time. Thus, if the system has a con-
stant failure rate region, so that its reliability R can be
expressed as

Dependability

R =exp(- At) (2-5)

where

A = failure rate = 1/MTBF

t = time for mission
then mission reliability R,, for a mission duration of
Tis expressed as

R, =exp(~ AT) (2-8)

This reliability assessment, however, is conditional
upon the system being operable at the beginning of its
mission, or its (point) availability.

In order to combine these two concepts, the word
“effectiveness” is sometimes utilized. If the system is
operating within its design specifications so that
P,, = 1, then system effectiveness may be construed
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simply as the product of the probabilities that the sys-
tem is operationally ready and that it is mission relia-
ble.

If A is the mean availability of a system at any point
in time #, when we want to use the system, and if
R,,1s the system reliability during mission time 7, then
system effectivenessE, not including performance, may
be defined as

E = AR, (2-7)

Thus, A is a weighting factor, and E represents an
assessment of system ability to operate without failure
during a randomly chosen mission period.

One concept of dependability, developed for the
Navy (Ref. 10), takes into account the fact that, for
some systems, a failure which occurs during an operat-
ing period #, may be acceptable if the failure can be
corrected in a time & and the system continues to com-
plete its mission. According to this concept, dependa-
bility may be represented by

D=R, +(1 -R,)M, (2-8)

where

D = system dependabilitp—or the
probability that the mission
will be successfully completed
within the mission time #
providing a downtime per
failure not exceeding a given
time & will not adversely affect
the overall mission.

R,, = mission reliability—or the
probability that the system will
operate without failure for the
mission time #.

M, = operational maintainability—or
the probability that when a
failure occurs, it will be
repaired in a time not
exceeding the allowable
downtime &,

This definitionis useful for somelong duration naval
missions in which system or equipment failures do not
necessarily result in catastrophic <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>