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Pages 131, 133 - Replace the second paragraph of Section 8,4.3.3,
Summary of Exponential Test Plans, wlth the following paragraph:

Por truncated replacement life tests, one can use
this table to completely describe all the test charac-
teristica since the rejectlon number r, and x2

:l.'IZI..121"n

glven in the table, the sample size n, the test termina-
tion time To, and the termination on total test hours T*

are functionally related to each other as follows:

2 : *
X l'ﬂ:Ero nTO T .
2 T8, 8,
Hence, if any one of n, T,, or ™ are specified (as well as
Bo), the other two parame%ers can be determined. As an ex-
ample, assume that a maximum of 75 hours of test time 1s
avallable for each item on test. If 6, = 200 and 6, = 100,
what 1s the appropriate plan if a = .16, p = .05? From the
table, for k = 2, a = ,10, B = .05, we have

2

X 1-0s20, nTO )
——— =7 = 12.8. Since ‘1‘o = 75 and 90 = 200,

)
n = {12.8)(200}/75 = 34. Hence, 34 items are put on test,
each for a maximum of 75 hours. Replacements or repalrs
are made upon fallure. If less than 18 fallures occur be-
fore (75)+{34) = 2550 total test hours are accumulated, the
lot 18 accepted. If 18 faillures occur before 2550 test hours
are accumulated, the lot 1s rejected,.

Page 132 - Replace Table 8-7 with the attached revised table.



TAULE B-7

TEST PARAMETERI AWD EXPECTED NUMBER OF FALLURES FOR
VARIDUS TRUNCATED AND SEQUENYIAL REPLACEMENT LIFE TEST3

Truncated Teats - replacement Sequential Tests - repiacemant
8 . Expeoted Number Expected Numbar
k-_gj. a -] _HaJ;::lon x® of Failures ;l"rm;cnunn of Failurea
' 1 s T 120 umber, %
[ _._2.._!. Ea'(rJ Eet(r) BE.(r) 59,1("’
1.5 0.05 | 0.05 67 .13 4,0 66.8 201 28,0 36,7
0,05 Q.10 55 3,40 0.5 LI 165 el.1 32.9
0,05 | o5 35 25.87 24.9 EON 165 1210 23.5
0.10 0.05 2 h3,00 37.6 1?1'8 156 25.1 7.6
0,10 0,10 1 3%.04 32.8 0.7 123 18.6 24 .0
0,10 Q0,25 25 18.84 18, 24,2 15 10.1 16.5
0,25 Q.05 32 28.02 27. 31.9 96 18.0 15.7
0,25 0.10 23 19.61 19,0 22.;{ 69 12.6 13.2
0.25 0,25 1z 9.52 .1 11, 36 5.8 T.6
2 0,05 0.05 23 15.72 15.6 22.9 69 8.6 13,
0.05 0.10 19 12,04 12,4 18.8 5T 6.5 . 12.;
0,05 0.25 1% 7.69 7.6 12.4 3 3.7 8.8
0,10 0,05 1 12.82 12,7 1zg I‘f 7.7 10,3
0.10 0,10 15 10,30 10,2 14, 5 5.’{ 2.1
0,10 0.15% 9 g 3 3-3 8.5 27 3. 6.2
0.25 0.05 11 62 .2 10.9 3 5.5 2.9
0,25 | 0,10 8 5.96 5.6 I'B 2 3.9 g
0.25 0,25 5 3.37 3.2 7 15 1.8 2.
3 0.05 0,05 10 5.43 5.4 9.9 30 2,9 6.1
0,05 0.10 <} 3.98 3.9 7.8 24 2.2 5.5
0,05 0.2% ] 2.61 2.6 5.6 1 1.3 3.9
0,10 o.og ] .66 4.6 7.9 2 2.6 .6
0,10 a.1 6 3.13 3.1 5.9 18 2,0 - 4.1
0,10 0,25 '} 1,7 1.7 3.6 12 1,1 2.8
0.25 0,08 R 3.37 3.2 5.0 15 1.9 2.6
0,25 0,10. 2,54 a4 3.9 12 1.3 2.2
0.25 .25 2 0,96 0.86 1.7 & .61 1.3
5 0,05 0,05 E 1.97 1.2 5,0 15 1.1 3.3
0,05 Q.10 1,37 1, 3.9 12 0.83 2.9
Q.05 0,25 R 0.B2 0,81 2.7 9 a.47 2.1
0,10 0,05 1.114 1.-1; 5.0 12 0.99 2.5
0,10 0,10 3 1.10 1. 2.9 9 0-13 2,2
0,10 0.25 3 1,10 1.1 2.9 g a. 40 1.?
0.25 0.05 2 0.96 0,86 1.9 [ 0.73 1.
0,25 0,10 -4 0.96 0,86 l.g [ Q.50 1.2
0,25 0,25 1 0,29 0.26 Q. 3 0.23 ©0.68

KOTE: I elther n, T,, or T is mpecified, the other two test parameters capn be datermined Crom
the ralnuomhfpn ) .

x'x-mai,_ . nt, . ™
? L)

For axpected total sooumulated test hours: Ebn('ﬂ) - o.Ee.{rla 531(7*) - e‘nel(r)

Por expected walting time for n items on teat; EB.(HT) - rlrte'('r*); 39‘(“') - '1*!91('")
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FOREWORD

This report, in two volumes, presents the
final results of an ARINC Research Corporation
study on methods for allocating weapon-system
reliability redquirements. The study was con-
ducted under Air Force Contract AF 33(616)T7468
for the Englneering Services Division, Direc-
torate of Operational Support Englneering, Aero-
nautical Systems Division, Alr Force Systems
Command, U, S. Air Force, Wright-Patfterson Air
Force Base, Ohilo., Mr. A, L. Cleveland, Procure-
ment Data Branch, Englneering Services Divilsion,
was Project Engineer. Research started on
July 1, 1960 and was completed November 30, 1961

The development of the allocatlion model,
procedural methods, and data inputs required for
implementatlon of the methods are descrlbed in
detall in Veolume XI. One sectlon is devoted to
various rellability-festing techniques for de-
termining compliance to allocated requirements,
and also presents guidelines for the selectlon
of appropriate test plans.

Volume II outlines the step-by-step proce-
dure for implementing the allocatlon models. Two
of the more compllcated steps are detailed in
appendices of Volume II, The baslc data inputls
arid the procedure for using them are described in
Appendix A. Methods for determining the feasibil-
ity of the system requirements are described 1n
Appendlix B, Detalled examples of the complete
allocatlon procedure for serial, modified serilal,
redundant and bimodal systems are presented in
Appendix C. Several sectlons of Volume I are
duplicated or condensed 1n Volume II so that the
latfer may be self-contalned and used independ-
ently of Volume I.

Princlpal contributors to the research and
report were Mr, H.S. Balaban, Mr. H.R. Jeffers,
Mr. D.O. Baechler, and Mr. R.T. Wllllams, Program
Leader, all of ARINC Research Corporation,
Washlngton, D.C.

This is the final report under contract AF 33(616)-
7468. Contractor’s report number is 152-2-274,

ASD-TDR 62-20
Vol., I



ABSTRACT

Volume 1

Methods for allocating a system reliability
requlrement to subsystem and lower levels were in-
vestlgated for four basic system types; serial,
modified-serial, redundant and bimodal. An alloca-
tion model 1s presented for determining unit (com-
ponent, equipment or subsystem) reliabllity require-
ments based on such factors as feasibllity of the
overall system requirement, unit/system faillure
relationships, unit or functional capabllity, rela-
tive unit state-of -the-art, duty cycles, and gross
unit environment. The input data requlired by the
model together with means for determining compli-
ance to the allocated requirements through relia-
bility or 1life festse are also discussed in detail.

PUBLICATION REVLIEW

The publication of thils report does not con-
stitute approval by the Alr Force of the findings
or conclusiong contalned herein. It 1s published
only for the exchange and stimulation of ideas,

FOR THE COMMANDER:

Wm’
HARVEY R. SHUTE
Chief, Engineering Services Division

Directorate of Operatlonal Support Englneering
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1. INTRODUCTION

Military agencles responslble for providlng weapon
systems for operatlonal use must translate the overall
system requirement into quantltative relliability require-
ments at many system sublevels, Reallstlc and conslstent
rellability regulrements for units, equlpments, or sub-
systems must be asslgned In order to achleve and demon-
satrate speclifled operational weapon-system reliability.
This assignment 1s commonly called "rellability allocation.™

The purpose cof this study was to develop practical
and rigorous methods for rellablility allocatlon. Full con-
slderation was glven to essentlality, state-of-the-art,
mlission operating time and other factors which have a
direct bearing. A secondary cobjective was to lnvestlgate
means for ascertalning the extent of a contractor's com-
pliance with the allocated requlrements, and to develop
guldelines for choosing appropriate reliabllity-testing
procedures,

This volume presents the development of the alloca-
tion model, the requlred data inputs, and the procedures
and guldelines for rellabllity testing. Volume II pre-
sents the step-by-step procedure for lmplementing the
allocation model and the baslc data inputs.

Manuscript released by authors 30 November 1961, for
publication as an ASD Technical Documentary Report,

ASD TDR 62-20
Vol, I
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2. GENERAL DISCUSSION OF THE ALLOCATION PROBLEM

System deslgn englneers must franslate overall weapon
system characterlstics, includlng reliability character-
latics Into many detailed deslgn and development specifi-
catlons. Reliability allccation is the process by which
rellabillty requirements are assigned to indilvidual unitst?
to achleve a required weapon system reliability. The prime
requisite of the assignment of 1ndlividual reliability re-
guirements 1s that, when recombined, the total system re-
gqulrement is met. The allocaticn process, however, is more
than a mathematical equality. The rellability of individ-
ual unlts variles because of the type of functlon to be per-
formed, the complexity of the unit, and the method of ac-
complishing the function, to name a few of the more import-
ant factors. The role that a unit plays 1in a particular
system 1s another factor which enters into conslderatilon
in allocating reliability.

The wvarious factors influencing unit rellabllities
must be consldered if the moat economic and realistic re-
quirements are to be specified, Today, the designer and
his reliabllity speciallsta recognize these influences
but, generally, they have no dquantitative method of re-
lating the various factors. The problem of reallstlc al-
location is further complicated by the fact that detailed
information on many of these factors, such as detailed
designs and part distributions, 1s not avallable early in
the system deslign and analysis phases. Consequently, re-
liability requirements on units, equipments, and subsys-
tems are often assigned on the basls of past performance
data, whlch have been arbitrarily adjusted to make system
rellability equal to the combined rellabilities of these
system sub-levels,

Indivlduals charged wlth preparing specified require-
ments have had little guldance in establishing realistilc
rellablllty requirements by a practical, nonsubjective
method that relates the important factors affecting the
system life-characteristic, Development of a practical
allocation model lncluding these basic reliability

+ The term "unlts" as used herein represents that level
of the system at which the system requirement is to
be allocated.



relationships, which can be applled with the limited 1n-
formation availlable at the early stages of the system
life~cycle, was the primary objective of this study. A
secondary objective was the development of guldelines for
specifylng reliability tests for determining contractor
compliance with the allocated requirements.

The problem of allocating system reliability involves
solving the baslc 1lnequallty

£(R,, R,,...R))> R¥ (2-1)
where

Ry is the allocated relilabillity parameter
for the 1%h unit,

R*¥ 1s the system reliability requirement
parameter,

f is the functional relationship between
unit and system reliabllity.

For a simple series system, in which the R'!'s represent
probability of survival for a time periocd of t hours,
equation (2-1) becomes

R (t) - ﬁa(t)...ﬁn(t)z R*(t) (2-2)

Theoretically, an infinlite number of solutlons exist to
equation (2-25 assuming no restrictions on the alloca-
tion. The problem 18 to establish a procedure capable
of yielding a unique or a limifed number of solutions by
which consistent and reasonable reliabllities may be al-
located. (For example, the allocated reliability for a
simple unit of demonstrated high relliability should be
greater than for a complex unit whose observed rell-
ability has always been low.)

2.1 The Value of an Allocation Program

Although several methods for attacking the problem
have appeared in the literature (some are briefly re-
viewed in Section 3), the need still exists for a



standardized program for reliability allocation. Some of
the beneflts to be derived from establishing such a pro-
gram follow:

{(a) The well-meaning but ineffectual philosophy on
reliability -- "we will do the best we can' --
would be replaced by a contractual obligation
in the form of quantitative rellability require-
ments that force contractors to conslder reli-
abillity equally with other system parameters
such as performance, weight, and cost.

(b) Since an allocatlon forces contractors to plan
on meetlng specified reliablility goals, i1im-
proved design, procurement, manufacturing, and
testing procedures would result., Thils would
not only ensure a reilable system but, In the
long run, should improve the state-of-the-art.

(c) Reliabillty allocatlon focuses attention on
the relationships between component, equipment,
subsystem, and system reliability, leading to a
better and more complete understanding of the
baslc reliability problems inherent in the de-
sign.

{d) Requirements determined through an allccation
procedure would be more realistlc, consistent,
and economical than those cobtained through sub-
Jective or haphazard methods, or those result-
ing from crash programs Initiated after bitter
fleld experiences.

(e) A rellability allocatlon program can be used to
achieve an optimum reliable system because it
can provide for handlling such factors as essen-
tlality, cost, malntenance, welight, and space.

(f) The overall cost of such a program 1s negliglble
when compared to the savings of time and money
expended in meeting specifiled reliability goals
in addition to the substantial reductlons of
operatlional, malntenance and management costs
that would be realized.

Implementation of an allocatlion program requires a
quantitative contractual rellability requlrement at the
system level. The method by which the overall system



requirement 1s determined was not considered in thils study,
but 1ts meaning and feasibllity were examlred. Mutual
acceptance by the Alr Force and its contractors 1s also
required of success and fallure definltlons, criticalilty
of varlous failure modes, along with procedures and cri-
teria for establishing methods for demonstrating conform-
ance to the allocated unit requirements.

Moreover, the program and methods developed from this
study can and should apply for suballocating reliability
to lower levels withiln the primary allocatlon units. The
allocation program 1s necessarily one of continual refilne-
ment. Original requlrements determined at the design
stage should be critically examined and revisged as more
experience, knowledge, and test data become available
during the advance of the system life-cycle through the
design, development and production phases.



3. SUMMARY OF PRESENT METHODS

The range of methods presently in use or those avall-
able for allocatlng reliabllity extends from the extremely
simple to the extremely complex., Some of the more commonly
uzed methods are described in this section, but no attempt
hag been made to evaluate any of them in detail. However,
Section 4, which presents the approach developed in this
study, also contains a discusslion of the advantages and
disadvantages of the methods collectively.

3.1 Air Force Specifications on
Reliability Eequirements

A review of Air Force specifications was made to de-
termine present meansg for the quantitative assignment of
unit, subsysftem, and system reliabllity requirements. The
following specificatiocons, exhliblts and standards were
examined:

MIL-STD-441 - Reliabllity of Military Electronic
Equipment, June 20, 1958,

MIL-R-25717C - Reliability Assurance Program for
Electronic Equipment, March 9, 1959,

USAF Spec, Bulletin 506 ~ Reliabillity Monitoring
Program for Use in the Design, Devel-
opment and Production of Air Weapon
Systems and Support Systems,

May 11, 1959.

AFBM Exhibit 58-10 - Reliability Program for Bal-
ligtic Missiles and Space Systems,
June 1, 1953.

MIL-R-26667A - Reliability and Longevity Require-
ments for Electronic Equipments,
General Specification For,
June 2, 1959,

MIL-R-26674 - Reliability Requirements for Weapons
System, General Specification,
June 1o, 1959.



Reliabilily Requirements for Produc-
tion Ground Electronic Equipment,
June 10, 1950,

MIL-R-26474

MIL-R-27173 Reliabllity Requirements for Elecc-
tronic Ground Checkout Egquipment,

July 6, 1959.

MIT-R-26484A - Reliability Requlrements for Develop-
ment of Electronic Subsystems or

Equipments, April 18, 1960,

H

MIL-R-27542 Reliablllty Program Reguire-
mentes for Aerospace Systems, Subsys-

tems and Equipment, June 28, 1961.

A significant result of the review was that only one
specification, MIL-R-26474, provided Cor reliability re-
quirements at system sub-levels, setting forth a firm pro-
cedure for determining equipment mean time between fail-
ures (MTBF) requirements. The method is based on a part
class count (tubes, motors and relays, semi-conductors,
and other electrical and mechanical parts are the four
classes considered). A simple formula using average fail-
ure rates of these part classes is given for determining
the minimum MTBF,., Thils approach, of course, 1s not truly
an allocation procedure gince no consideration is given to
the requirement of the system which contalns the equipments.

MII-STD-L41 gives an allocation equation, which, in
very general terms of fallure rates, is eduivalent to
equation (2-2). The standard, however, does not specify
how the allocation is to be performed. MIL-R-27073 gilves
one minimum MTBF for all systems and another for all major
subsystems if MTBF!'s are not otherwise specified, USAF
Spec. Bulletin 506, MIL-R-26674 and MIL-R-27542
specifically state that reliability allocations be per-
formed with consideration given to importance (effect of
failure), complexities, functions, time of operatiocn, and
environmental conditions.

Several of the general specifications elther state or
imply that reliabllity requilrements shall be established
in the detailed equipment or system specification. When
contractors are specifically directed to establish require-
ments, thils is accompanied by the mandate that due regard
be given to the reliability of government furnished equip-
ments destined for integration in a complele operational
system.



From the ahove cilted documents a lack of detailed
and rigorous methods for allocating reliability is evi-
dent. These are general specifications, however; 1lndi-
vlidual subsystem and equipment detailled speciflcations
may have numerical reliability redulrements based on
some type of allocation procedure. Several of these
are discussed 1In the following sectlions.

3.2 Basic Allocation

Methodst

The methods described
basic bhecause llttle or no
factors such as functional
feasibility of the overall
multimodal operation. The

in this gection are consldered
conslderatlion is given to
differences, unit essentiality,
requirement and redundancy, or
procedures are based on part

failure (hazard) rates which are assumed to be constant.
Two other necessary assumptlons are that

(a) Unit failures are independent; and

(b) Failure of any unit will result in system

failure, i.e., a

serial systemn,

These assumptions lead to the following edquations:

Let

R, (t)

R(t)

reliability of the B wnit over t
operating hours,

relliabllity of the system over t

operating hours.

Then
R(t) = Rl(t)

R_(t) -+ R (£) (3-1)

+ More detalled descriptions of the methods reviewed in
this section can be found In the following two refer-~

ences s

Electronlc Industries Assoclation (formerly
RETMA), "Determination of Permlssible Component Part

Failure Rates," Electronilc Applications Revilew,
Volume 4, No, 1, September 1956, pp. 10-12,

Frederick, H.E., "A Reliabilility Allocatilon Tech-
nilque, " Proceedings of the Fourth National Symposium

on Reliability and Quality Control, January 1958,

pp- 31)'4' -3170

3
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fl

Aj fallure rate of the jth unit
Ag

failure rate of the gystem

Equation (3-1) becomes

o = £ o sre O (3'2)

Reliabllity allocatlicng can be performed by essen-
tially identical approaches for overall requirements ex-
pressed in terms of R(t) or in terms of A, Allocations
based on a system fallure rate requirement 1is discussed
first. Since a series system with constant falillure rates
is assumed, the method is identical for requirements
stated in terms of mean 1ife or MTBF which 1is the reclpro-
cal of failure rate.

The method can be ocutlined by the following steps:

(1) Given a seriles system with n units, the system
failure rate 18 equal to the sum of the unit
failure rates. If A¥ is the system fallure

rate requirement, allocated unlt faillure rates
RJ must be chosen so that

Ayt Ag eee + R <%,
(i1) Obtain observed or estimated unit fallure rates,

Rl’ 7\2, oo-’ %.

(ii1) Compute relative unit welghts from the equation

10



(iv) Since Wy represents the relative fallure

n
vulnerabllity of the ;O unit andz Wi = 1.0,
J=1

the system fallure rate requirement A* can be
apportioned over the units by the formula

Ay LOWRY (3-3)

(If the equality sign holds, maxlimum allo-
cated fallure rates result which satisfy the

n
requirement ZJ ij = A¥),
J=1

For a system requirement expressed in terms of prob-
ability of survival over % hours, i.e., R*¥{(t), the same
formulas can be used since 1t 1s required that

o~
~A¥t At A

R*(t)—_—e g_e e R e
and by equation (3-3)

—Wlh*t —wah*t mwnh*t

R¥(t) ¢ € e vee €
leading to the baslc allocatlon formula

Ro(6) > [RX(5)] 9. (3-4)

11



3.3 The AGREE Allocation Method

The reliability allocation method described 1n the
AGREE Report? is somewhat more sophisticated than the
methods discussed in the previous gections. The principal
difference 1s that unit-complexlty rather than unit-
failure rates are used as the basis for the allocatlon.
Also, unit importance or essgentiallty 1ls consildered ex-
plicitly in the allocation formula, by considerlng the
relationship between unit and sysftem failure,

The allocation formula is used to determine a min-
imum acceptable mean life for each unit (AGREE uses the
term equipment) to satlsfy a minimum acceptable system
reliability. The assumptlion is made that units wlthin
the system operate independently and in series 1n thelr
effect on mission success,

Unit complexity is defined 1n terms of modules, where
a module is an electron tube, a transisfor, or a magnetic
ampllifier, and its associated clrcultry. Diodes represent
half a module. AGREE states that for digital computers,
where the module count is high, reductions should be made
to the module count to allew for the fact that failure
rates for digital parts are generally far lower than for
radlo-radar types,

The importance factor for the jth unit is defigﬁd in
terms of the probability of system faillure if the j
unit fails, If the 1lmportance factor of a unlt equals one,
the unit must operate satisfactorily for successful sys-
tem operation; if it equals zero, then fallure of the
unit has no affect on the system operation wlth respect
to the system-failure definition.

The speciflc basis of the allocation is to require
that each module make an equal contribution to system
success., An equivalent redquirement is that each module
have the same mean life or fallure rate. By using the

-
approximating formula € = 1 - x for small x, the allo-
cated fallure rate of the jUP uynit 1s shown in the AGREE

t Advisory Group on Rellability of Electronic Equipment,

Offlce of the Assistant Secretary of Defense, Reliability
of Military Electronic Equipment, June 4, 1957, pp. 52-57.

12



report to be

ny [-log R*(T)]
R, = — (3-5)

J
Byt N

where th
n. 1s the number of modules In the ] unit

E; is the importance factor of the jth unit

t, 1s the number of hours the jth unit will
J pe required to operate in T system hours

(0<t;<T)

N is total number of modules in the system.

The AGREE report cautlons against use of the allo-
catlon formula for units of very low importance which,
if included, will distort the allocation. The report
also briefly discusses allocation when redundancy ex-
igts, but the formulas given are very poor approxima-
tions, at bhest.

3.4 Allocation Models Based on Cost
Considerations

Papers have appeared in publications which present
models for allocatlion based primarily on cost consldera-
tions.f The basic problem in using this approach is
summarized below:

+ Breipohl, A.M., "A Unique Allocation of Regquired
Component Reliability," Proceedings of the Seventh
Natlonal Symposium on Rellabllity and Quality Control
January 1961, pp. 189-202.

Truelove, A.J., "Mathematical Models for Optimizing
Strategic Relilabllity and for Minimizing Cost,”
Proceedings of the Sixth Joint Military Industry
Guided Milsslle Rellability Symposium, February 1960,
Volume 2, pp. 87-103.

13



A system relilabllity requirement of R¥* exlsts.
Unit reliabilities R, are to be assigned so that
R* = R, ﬁg voo ﬁn' The cost of achleving a unit
reliability of Ry is C(Ry). The allocation method
must solve for an optimum set of R®. so that the
total cost J

C = C(R) + C(R,) + -+ + C(R,)  (3-6)

ig a minimum and the system reliability goal is met.

One of the basic problems of this approach 1s f{o derilve
cost functions which are realistic as well as mathemat-
ically tractable., The cost functions should satisfy the
logical requirements that

(a) c¢(Ry)> o0

(b) C(ﬁj) is monotonically increasing with %j'
(c) C(ﬁj) increases rapidly as %j approaches one
and, iIn fact, becomes Infinitely large

a)

as Rj approaches one,

Cost functlong proposed in the papers by Breipohl
and Truelove’ are, respectively:

A, -B.(1-R,
1 - R,
2 ) A,
c — ..._.._.....J_.-_..
) (1 - ﬁj)k

T Ibid,
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where A, B and k are sultable constants. Both of thesge
functions satisfy the loglcal requlrements. Lagrange
multipliers are necessary for minimizing equation

(3-6) subject to the constraint of R¥. Because of the
mathematical complexity involved in usling exact formulas,
approximations are employed. One common to both cogt
functions 1s the fermula

n
R*zl-z (l-RJ.J
J=1

which is valld only for R¥ close to ocne.
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b, BASIS OF THE ALLOCATICN MODEL

4.1 Criteria for Effective Allcocatlon

In order to realize the henefits that can be derived
from a rellablility allocation program, the followlng cri-
fteria were used as guidelines in developing the alloca-
tion model:

(a) The model must be generally applicable. It
should not be restrlicted to a limited number
of system conflgurations or classes of equlp-
ment. It should be capable of accommodating
the varlous levels of system complexity, il.e.,
agsemblles, equipments, and subsystems, and
1t should be appropriate for suballocations
within these levels. The model must also be
applicable at the various phases of the system
life~cycle starting from the early design
gtage.

(b) The model should be based on the ultimate use
of standard lnput data. This will provide a
common basls for comparisons and, to a great
extent, will eliminate varlance in allocated
requlrements due to subjective influences.

The standardilzed data should be amenable to
adjustment for stress or environmental factors
pertaining to the particular application.

{(c) The methods provided in the model must be
economically feasgsible. The implementation of
a reliabllity allecation program depends on
1te costs and time requirements in relation
to other design and development tasks, as well
as upon the increased degree of assurance that
system reliability goals will be achieved.
The methods, thereflore, should not requirs
highly speciallized personnel and should not
take an undue ancunt of time for applicatlon,

(d) The model must yield realistic and attainable
requlirementa., The model should, in the course
of application, provide for determining if the
overall system requirement is feasible in
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order to asgure attainable allccated unit re-
gulrements. Realistic requirements can only ke
agsured 1f the model provides meansg for includ-
ing the important factors influencing the unit/
system reliabllity relationships.

Examination of these criteria indicates fthat a bhal-
ance must be sought between model sophistication and fthe
degree of success in meeting each of the criteria. The
firgt three criteriz require that the allocatlion model
should be relatively simple and easy to apply: an overly
simplified model, however, may not satisfy the fourth
criterion.

L,2 Factors to Consider

In order to develop a suitable reliability allocation
model, all posgible factors and influences that may be
necessary for incluslon must be conzidered. The following
list contains many of the factors which, to varioug de-
grees, are Important in reliability and allocation:

Basic Objective

System reliabhility requirement
Feagibility of the requlrement

Unit Capability

State-of -the-art
Complexity

Failure Characteristics

Failure definitions

Failure relationships

Failure modes

Time=-to-fallure distributions
Environmental and stress relationships

System Design
Unilt or functicnal importance
Redundancy

Duty cycles
Maintenance factors
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Cost

Cost of achleving rellability gocals
Cost of non-conformance
Cost of proving conformance.

A mathematical allocation model that Includes all of
the above factors 1in a rigorous manner would be extremely
complex., Also, that each of the sbove elements can be
stated in numerical or mathematical terms is highly un-
likely. On the other hand, to allocate reliabllity on a
subjective, non-gclentific basis 1is obviocusly unwise.
Therefore this list must be pared down to those elements
absolutely essential; provision for adjustments based on
good engineering judgment for factors not explicitly in-
¢luded must be made in the allocation program.

4,3 PFactors Included in the Allocation Model

This section describes fThose lfactors and influences
which are congidered to be of sufficient importance for
inclusion, explicitly, in the mathematical allcoccation
model and which are belleved to satisfy the criteria
listed in Section 4,1. These factors, therefore, will
have to be translated into dquantitative terms or be capa-
ble of mathematical representatlion and analysis. The
methced for handling the described factors in the alloca-
tion is discussed in Sectlon 5, which derives the baslc
allocation model. Sectlon 6 contalns a detailled discus-
sion of the data inputs developed in this study that re-
late to these factors.

4.3.1 System and Failure Definitions

The system under consideraticn must be clearly de-
fined in terms of 1ts functions and boundaries, The con-
diticns that constitute {fallure or unsatisfactory perform-
ance can be determined from a study of fthe operational
demands and the functicnal requirements of the system.
These conditicns c¢an then be translated into measuratble
unit characteristics. The boundaries surrounding the
system and each unit must be clearly defined to insure
that important items are neither neglected nor ccnsidered
more than once.
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4.3.2 System Reliability Requirement

The primary element in a reliability allocation model
is the system reliability requirement, It 1is usually de-
termined on the basis of ultimate user requirements and
feasibility, but 1t may derive from an allocation per-
formed at a higher echelon. The requirement may be stated
in any appropriate measure such as mean life, system fail-
ure rate, or, preferably, a reliabllity over a fixed perilod
of time.

The success probabllity redquirement on a weapon system
may be based on the desgires of field personnel who, natur-
2lly, think in terms of the probability that the system
can successfully complefte some specific mission, probably
under wartime conditions. The supplier of the system can-
not, however, design or test the system under these same
condltions. The translation, therefore, must be made in
the writing or interpretation of a specification, which
requires certain measurable system and equipment param-
eters to be within specified 1limlts under specified envir-
onmental conditions, with the hope that hardware meeting
these requirements will also fulfill the military mission.
This leads to the concept of system effectiveness which is
a function of at least two factors -~ reliability and de-
3lgn adequacy.

As an example, a procurement specification may regquire
that a rifle eject a bullet of specified welght with a
specified muzzle veloclty within a specified dispersion
cone or C,E.P, The rifle's reliability is the probability
that 1t will accomplish this task under given environmental
conditions. The deslign adequacy of the same rifle, how-
ever, may vary from nearly unity if 1t is used as an anti-
personnel weapon at close range to practically zero if it
is belng used to fire at high-altitude Jet ailrcraft, even
though its reliability 1s constant under the two conditions.

If the possibllity exists that a system which is per-
forming 2ll its designed functions satisfactorily can still
fail to accomplish the mission, the system requirement may
be subject to misinterpretation. The following factors
must be consildered:

System Effectiveness S*{T) = probability that the
system can successfully meet a stated operational
demand for T hours of operation under stated con-
ditions.
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System Reliability R*¥(T) = probability that the
system will satisfactorily perform its designed
functions for T hours of cperation under stated
conditions.

System Design Adequacy Dy = probabllity that
satlsfactory performance of designed functions
will lead to accomplishment of the mission.

Probability-of-success requirements onh systems which
have deslgh adequacies less than one (l.O) ghall be con-
sidered to be system effectlveness requirements unless
otherwise stated. The system reliability requirement is
related to the system effectiveness requirement by the
formula T

RE(T) = S;éT) .

Design adequacy must be determined before allocation
in order to obtaln R*(T). Theoretical investigatlons,
Monte Carlo simulations, or experimentations may be neces-
sary to estimate Dg. Since design adequacy 1is usually a
function of many variables such as system accuracy, envir-
onmental condltions, and system inpufts, an average value
for Dg may be used by considering the relatlve frequency
distribution of these parameters. It is probable that, at
the design stage, system design adequacy will have to be
agsgigned on an intuitive basis after careful considera-
tion of the operational demands on the system and the
abilities of wvarious units to meet these demands.

+ For the general case, system effectliveness 1is related
to rellabllity by the formula, S*(T) = R¥(T) « Dy + Pyp,
where Pgyp 1s the operational readiness defined as the
probability that, at any polnt in time, a system 1s
elther operating satisfactorily or is ready to be
placed in operation, on demand, when used under stated
condltlions. For the purpose of allocation, Ppor is as-
sumed to be one. A thorough discussion of these con-
cepts will be found in the following report: ARINC
Regearch Monograph No. 9, "Concepts Associated With
System Effectiveness," E. L. Welker, R. C, Horne, Jr.,
ARINC Regearch Corporation, July 15, 1960, Publication
No, 123-4-163.
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4.3.2.1 Feagibility of the System
Beliability Redquirement

An inherent part of an allocation procedure is the
assessment of the feagibility of the overall reliabllity
requirement, The allccation model provides for such as-
sessment through comparison with past rellability exper-
ience on systems of similar complexlty and gross environ-
ment. A mathematical model for Incorporating the reli-
ability improvement to be expected from redundancy and
multimodal operation is also developed,

4,3,3 Unlt State-of -the-Art

State-~of -the-art measures are required In order to
determine the relative rellabilities of the allocation
units wlthln the system., These are the basic data 1nputs
in a typlcal rellabllity allocation procedure and are usu-
ally stated in terms relatable to the measure used for the
syatem reliabllity requlrement. Relatlve average faillure
rafeg are the state-of -the-art measures adopted in this
study and, as shown in the next section, they will give
exact answers for unlts with constant fallure rates; fur-
thermore, they represent a reasonable approach for most
other typilcal failure denslties. A detalled discussion
of the actual data inputs developed, in addition fto their
use in the allocation model, isg set forth in Section 6.

4.3.4 Relationships Between Unit
and System Faillure

The relatlonships between unit faillure and systen
failure must be determlned before the allocation is made.
Four types of basic relationships, for which allocation
methods are presented, are as follows:

(1) Serial system: no functional duplicates
exist and each unit must operate success-
fully for system success.

(2) Modified serial system: no functional

duplicates exist but units can fail without
necessarily causing system fallure.
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(3) Redundant system: components of the system
are duplicated for increased reliabllity
but each redundant path or mode of operation
i1s equally effective in performing its func-
tion.

(4) Multimodal system: redundant paths or modes
of operatlon are not equally effective in
performing their function.

These unit/system failure relaticnships redquire considera-

tion of the two assocliated factors, namely, unit essen-
tiality and modal design adeguacy.

4,3.,4.1 Unit Essentiality

The concept of essentlalify, used to describe the
effect of unit failure on mission success, is considered
only if a failed unit has no functional duplicate., I is
defined as follows:

The essentiallify of a unit is the proba-
bility that the system will fall to accom-
plish its mission if the unit fails while
all other units perform satisfactorily.

An example of a unit which might have an essentiality
less than one 1s a radar beacon transmitter on a satellite
used for tracking purposes. If the beacon fails affer the
orbit has been firmly established, the orbital position
may possibly be obtalined through mathematlcal analysils.

Unit esgentliality must be considered in the alloca-
tion of reliability of modified serial sysftems; 1t may
alsc be involved in redundant and multimodal systems. At
The design stage of system development, the likelihood is
that the esgentiality of various units within the system
will have to be assigned intultlvely on the basls of ex-
perience gained with similar systems. If appropriate
system fallure data 1s available, essentiallty can be es-
timated by the ratio,

B =:Number of Mission Faillures due only to jth Unit Fallure
J Number of jth Unit Failures
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4,3.4,2 Modal Degsign Adequacy

A mode of operatlon is defined as a unique combina-
tion of components which are requlred to perform the sys-
tem function. Modal design adequacy is defined as follows:

Modal design adequacy 1s the probability
that, given satisfactory operatlon in the
mode, the system willl accomplish 1ts
mission,

A redundant system 1s defined o be one having more
than one mode of operation (because of functional dqupli-
cates) but with equal design adequacies for each mode
(e.g., the components in each mode are identical). For
allocation purposes, the groups of components which have
functional duplicates are termed redundant units.

A multimodal system is defined as one incorporating
more than one mode of operation (because of functional
duplicates), each mode having a different design adequacy
(e.g., secondary modes result in some degradation in per-
formance). For allocatlon purposes, the groups of com-
ponents which have functional duplicates are fTermed modal
units. In determining values for modal design adequacy,
the discussion of system design adequacy 1n Section 4.3.2
is applicable.

4,3.5 Unit Duty Cycles

Duty cycles must be Iincluded in an allocation model
to reflect any variance in unit operatlonal time require-
ments with respect o systems operation-time. Units which
have a limited operational period because of a low duty
cycle (e.g., the hydraulic system of a airplane) should
have a relatively high allccation over the system oper-
ating period.

4,3.6 Other Factors

Section T presents a discussion of the analysis and
interpretation of the allocation., Factors such as cost,
state of design, and type of research and development ef-
fort, which are not explicitly included in the allocation
model, are consldered. These factors are the basis of
trade~offs among the mutual allocated unit reliabilities
to yleld an optimum set of requirements.
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5. MATHEMATICAL RELIABILITY ALLOCATION MODEL

5.1 Reguirements on the Model

The baslc allocation model developed in this study
is predicated on the factors discussed in Section 4.3, T

namely,

System and Failure Definitions
System Rellabillty Requirement
Unit State-of -the-Art
Unit/System Fallure Relationships
Unit Essentliality

Unit Duty Cycles

In general, the following requirements exist for any
reliability allocatlon model:

(2)
(b)
(c)

(a)

Allocated unit reliabllity increases as
unit state~of -the-art decreases,

Allocated unit reliability increases ag
essentiality increases.

Allocated unit reliability 1increases as
duty cycle or required time of operation
decreasges.

Units 1n a system with equal essentialilty,
duty cycle and state-of -the-art should

have the same allocated reliability whether
in series or in a redundant configuration
within the same system.

5.2 DBasic Assumptlons

The following two basic assumptions are made 1n de-
veloping the allocation model:

t The model for determining feasibllity of the system
requirement is discussed in Section 5.8
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(1) Allocation units can be so chosen that fail-
ure probabllifies are independent.

(2) Unit state can be descrilbed in discrete terms
of success and faillure,

These two assumptions greatly simplify the mathemat-
ics of allocation and are belleved to be reasonable for
the purposes of a design-stage relliability allocation
procedure. With regard to the first assumption, if com-
ponents within the system are known to be dependent, they
may possibly be grouped into one allocation unit, making
the faillure probability of this unit independent of the
state of other units. The state-of ~the-art of this unit
can then be adjJusted for the dependence that exists,
thereby minimizing error.

The second assumptlion ls reasonable in the sense
that reliability, by definition, requires that satisfact-
ory performance be unidquely defined. In practice, this
iz often a most difficult problem, and success/failure
definitiongs sometimes are necesgarily somewhat arbitrary.
If allocation is primarily regarded as a procedure for
definlng parameters of relilability acceptance tests, such
tegts usually redquire that this second assumptlion be
gatlsfied in order to determine if a unit has passed. In
this case, the same succesg/failure definitions for such
tests should hold for allocation. The allocation model
does not require expllcit success/fallure definitlons,
but since the Iinput data is based on success/failure ap -
praisals of fleld personnel, it is implicitly assumed
that similar appralsals can be made for the units under
consideration.

5.3 Derivation of the Model for
Serial or Modified Systems

The basgic allocation equations for serial and modi-
fled serial gystemg are developed in this section. The
model 1s a modification and extenslion of that presented
in the AGREE report which was described in Section 3.3.
Many of the AGREE recommendations for further study have
been followed and solutions obtained. The major modifi-
cation 18 that because of the provided input data, the
AGREE requirement that ",..each module make an equal con-~
tribution to mission success...." is unnecessary. Other
modifications include the distinction between functions,
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allowance for actlve element type and environment
differences, and the inclusion of deslgn adequacy. It
18 alsc belileved that the models developed for simple
redundant and bimodal systems represent a significant
Improvement over those presented in the AGREE report.

5.3.1 General Notation

S*¥(T) - the system effectiveness requirement for
T hours of operation

R¥(T)} - the system reliabllity requirement for T
hours of operation

D - the design adequacy of the system

t‘j - required operating time of the jth unit
over T system hours (J = 1,2,..., N).

B, -- esgentiallity of the Jth unlt
K, - failure index of the j°® unit (the measure
J of unit state-of-the-art derived from the
basic data inputs described in Section 6)
th
j) -~ reliabllity of the J  unit for t. hours of
operation. J

5.3.2 Serial Systems

In this sectlon the basilec allocation equation for
gerial systems i1s derived and shown to be equal to the
allocation equation given by Equation (3-4). A relia-
bllity block dlagram of a serlal system withtg units is
gshown bhelow. The symbol UJ represents the J unit.

U U LY U. ..I-—-——-—-U g c—

The asgssumption is that an overall requirement exlsts
on the system., If the system has a design adequacy(D)
legs than one and the requirement pertalns to mission or
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system effectiveness, the system reliabllity requirement
can be estimated by the equation

s*(T)

> (5-1)

R*(T) =

From the input data provided by this study, a measure
of unit state-of-the-art in terms of expected total rela-
tive faillure rate can be obtalned. This measure 1is
called the unit faillure index. It 1s obtained through con-
slderation of complexity, ty%e of functlion, part types,
environment, ete,T If the jU! unit has a failure index of
Kj, the total system fallure Index, K, is defined by

In
K = 2 X, (5-2)
J=1

and the failure Index ratic or relative weight of each
unit 1s

W = %— (;ZZ«J _ 1.0) (5-3)

The basls for the allocation is that each unit of
1/K has an equal effect on system reliability in the same
genge that each unit of fallure rate has an equal effect
on re%%ability. Since w4 is the number of (lZK) units for
the j equlpment, the cOntribution of the jt unit to
system unrellability is,Iin some way, proportliconal to the

failure index ratilc Wj. It will now be shown that the

t* See Sectlon 6 for explanation.
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use of w: ag exponent welghting factors 1s a reasonable
approach for determining allocated unit reliabilities,
given a serilal system reliability requlrement,

Under the assumption of unit independence, the sys-
fem reliabillity functlon can be expressed by

n

R(T) = SD: R(tj)

) 18 the reliability function of the j°P

J unlt which 18 required to coperate tj
hours during T system hours of operatilon,

where R(t

The denslty functlon of system failure-times 1is, by
definitlon of the rellabllity function,

£($) = :fé;ﬁf)J.

The hazard rate which 1s the instantaneous rate of
failure 18 generally defined by

11m  R(t) - R(t+h)
a8) = 2 h R(t)

£{t)
R(t

d [log R(t)]
- dt

n
Since log R(T)==§: log R(tj) for a serial system, the
j=2
system hazard rate 1s
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n
}Z log R(tj)

d
d [log R(T)] J=1
z(T) =- ==
aT at

or

2(1) = ) a(ty) (5-4)
J=1

where z(t,) is the hazard rate function of the
97 yBh ynit.

Equation (5-4) says that the system hazard rate 1s equal
to the sum of Tthe unit hazard rates under the assumptlon
of independence of unit failures.

Since

_d [log R(T)]
a(T)

= Z(T):

we have, by lntegrating both sldes,

or

R(T) = € (5-5)

Substituting for z(t) by equation (5-4), we have the basic
relationship,
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R(T) = £ (5-6)

For the exponential distribution, Z(Tj) is
constant over time and ls equal to what 1s“commonly
called the failure rate, say Aj. For other failure den-
sltlies, if the hazard rate function 1is approximately
constant over t‘j hours, e.g., the effects of wearout in
time periocd (0,Yt:) are negligible, the Z(73;) 1n equa-
tion {5-6) can be“replaced by average hazard rates esti-
mated from appropriate fallure data. A common formula
for obtalning such an estimate 1s

Number of failures in (O, tj)
A

j =

B Total accumulated operating time

The substitution for Z(Tj) by Ay in equation (5-6)
yields the relationship

R(T) =€ ° =¢ (5-7)
where A, 18 the single estlmate for z{r)
(0 ¢ ,<_T§
j is the single estimate for Z(TJ)
(o <_Tj§_tj)

If a system requirement of R*(T) exlsts, one can find an

n
equivalent A*y by Equation (5-7). Since ASH?==§; Ajtj
J=1

allocated average failure rates of %J must be determlned
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30 that

A reasonable approach 1ls to replace each hjt In Equation
(%—7) by w4Ag*T since the reliabllity contributlon of the
Jth unit i8 proportilonal to wy. Hence, allocated average
unit failure rates can bhe detgrmined from the edquation

. = * -
by = W WGT (5-8)
or
ST -w A% T o A¥T W A¥_T
R¥(T) = o ° = et PN

Thus the allocated reliability of the j""* unit for tj
operating hours 1s

R(t,) = g (5-9)

or

n
[Since z; Wy = 1.0,
J=1
9!

[ Ry = T trrn™ = v |
i

= =1
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Under the assumptlon of congtant fallure rates,
R(t) = © , and therefore allocated fallure rate or
mean life requlrements are cobtalned as follows:

R log R(%
}\J - - M (5_10)
T,
d
A tj
J log R(ty) (5-11)
By using the approximation R(tj) = @ ~ 1= W MR

which 1s quite good for R(tj)_2 0.9, we have

~ log [1 - WA*T ]
7\3 z tj

Upon applylng the edqulvalent approximation to the
numerator 1n the opposlte direction to partially cancel
errors,

Y
WJA T

J t

J
(5-12)
wy log R*(T)
= :

For units known to have a fallure rate which 1s not
constant over 1ts operating tlme, an average fallure can
be allocated by

Ay = BT (5-13)
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5.3.3 Modified Serial Systems

For modified serial systems, one or more units have
essentialities less than one and therefore these unlts
may fall without necessarily causing system failure. The
probabil%ty that the system wlll not faill due to fallure
of the j°P unit 1s

1 - Ey [1 - R(ty)] (5-14)

Under the assumption of independent unlt fallures and
serial operation, a good approximate formula for system
reliability is

R(r) = T {1 -E, [1-R(s,)] (5-15)
I A{-= 2l

This formula 18 approximate in the sense that it impliles
Independence of unlt essentialities, e.g., the probability
of system failure glven faillure of units A and B 1= E, Egy e
Since E willl most llkely be one for the majority of

units, the above equation 1s reascnable,

If R*(T) is the system rel%ﬁbility requlrement, the
allocated contributlon of the ] unit to gystem rella-
bility as given by Equation (5-9) is

W
[R*(T)] 9

Hence, by Equation {5-14}, ﬁ(tj) must be chosen so that

~ ; WJ
1 - EJ [1 - R(tj)] = [R*(T)]
or
1 R*(T)WJ
ﬁ(tj) =1 - p (5-16)
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This 1s the formula derived 1n the AGREE report, It 1is
importantwto note that EJ must be greater than

1 - R*(T)  in order to avold negative rellability allo-
catlons., In most practical situations, especially where
weilght and space 1s at a premlum, unlts wlth low essen-
tiality and high fallure Indlces are notwcommon. If a
unit does exist for which E, > 1 - R*¥(T)"J, 1t is recom-

mended that this unlt be ellminated from the alleccation

and the fallure index ratlics, w, of the remaining units
be recomputed.

Failure rate and mean life allocation equations can
be derived 1n the same manner as for serlal systems. By

computing ﬁ(tj) from Equation (5-16), equations (5-10),

(5-11), and (5-13) remain unchanged. The approximate
formulag for fallure rate and mean life allcocatlons
become

. Wy log R*(T)

3" 5%
E.t, (5-17)
i 3 d J
J - - wj log R*(T)

5.4 Redundant Systems

A redundant system is deflned In thls section to be
one where some (or possibly all) of the elements have
functlonal dupllcates for purposes of 1ncreasing system
rellabllity. Each redundant path or mode of operation
18 assumed to be equally effective 1n performing i1ts
function, l.e., the design adequacles of all modes of
operation are equal, Equation (5-1) applies for trans-
lating a system effectiveness requlrement to a system
reliablillity requirement.

Two specific redundancy types are consldered:
* {(a) Active-parallel or continuous redundancy

where all redundant unlts are continuously
energlized.
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(b} Standby or sequential redundancy where
only one of the redundant units 1ls ener-
gized at any one time.

If switching 1s involved (as 1t always 1s for stand-
by redundancy), the probabillity of premature switching
(switching when not required) shall be assumed to be rela-
tively small as compared to the probabllity of failure to
gawitch when required. The switching mechanism, 1f 1t is
subject to fallure, can therefore bhe considered as a
series unit.

The following model applies only to redundant sys-
tems whieh contain a single redundant configuration,
i.e.;, only one unit or one group of units is duplicated.
The degree of redundancy 18 fixed at two, 1l.e., there
are only two paths of operation for the particular func-
tion which 1s duplicated. The latter restrilctlon was
made primarily because of the belief that, at the design
stage, redundancy 1is not and should notl be used exten-
gively slince the technldque can be employed much more
effectively after allocatlons are made and predlctions
or laboratory tests performed to determine possible
trouble areas., The extenslion of the model to degrees
greater than two 18 easily made and briefly discussed In
Section 5.4.1.

The restriction on the number of redundant config-
uratlons 1s also Justifled by the above argument and, in
addition, the complexity of the allocatlon model 1s
greatly increased for more than one configuration. If the
system has two cr more redundant conflguratlons, an approx-
imatlion that will yield conservative allocations can be
made,

Agsume two units are duplicated in a redundant de-
glgn. The rellabllity block dlagram of the system will
therefore be as shown below,

36



"A" represents all serles units. By eliminating the
crosg-connects between the B and € configurations, the
block diagram reduces to the following:

B and C

B and C

This is a single redundant configuration for which the
model applies, The model also permits allocatlion to

the individual B and C unlts as well as to the redundant
configuratlion and to the redundant units composed of B
and C. Since the rellability of the second system is
generally lower than that of the flrst, the reliabll-
ities allcocated wlll be somewhat higher than actually
required,

5.4.,1 Identical Redundant Paths

The reliabillity block dlagram of a system with a
single redundant configuration consisting of ldentical
redundant paths 1s shown 1n the following filgure:

[ _l
| Redundant |
Unlt —Url |
Unit A | I
|
(all series
units) | l
Redundant l
| Unit - U
| T ’
- e ]

Redundant Configuration - Un
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Unit A represents the comblnation of all series units,
Unit Uy, 1s a redundant unit (possibly including more
than one allocation unit) which is duplicated to form the
redundant configuration. K; shall be used to deslgnate
the total failure index of the series units, and K, the
total fallure index of each redundant unit.

The approach used to allocate the system rellability
requirement to Unlt A, to the redundant conflguration,
and to each redundant unit 1s to determline an equivalent
complexity for the redundant conflguration K, which will
Justify use of the basic allocation formulas for serilal
or modified serial systems, The derivatlion for determln-
ing Ky 1s given below,

Equation (5-9) gives the basic allocation equation
for serial systems

a W log ﬁj
R =R*’jorwj.—=———.——-
J log R#*

(operating times can be neglected for the present.)

Since redundant configuration Up i8 In series with Unit A,
allocatlions based on Equation {5-9) can be performed if

valueg can be found for wy, the fallure index ratlo of Ug,
and for w., the failure Index ratlo of U.. By definition,

We = a
0 =
Ka + Kr
(5-18)
KI‘
W.. =

¥ Ky + Kp

where K, 18 as yet undetermlned,

If some combinatcion of the units that make up Unit A
(the series unit) had a total failure index of Kp, (the
failure index of each redundant element), the fallure in-
dex ratlo of thilsg combination 1s
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K
e, =K + Ko (5-19)

Since units wlth the same failure index ratio are re-

quired to have the same allocated reliability (assuming

equal essentlality and duty cycle) whether in series,

parallel, or both, wp, above 1s also the failure Index
?atio)of Up, and Upn,., By equations (5-9), (5-18), and
5-19

EE : log Rr _ Kr
Wha log er Krl
Hence
. Krl log Rr
= ~
r log Ry,

K log R
r r
Wy = - P (5"20)
K_ log er 4 Krl log Rr
Since we also have
log ﬁ
W, = —_r
log R*

equation (5-20) can be rewritten and simplified to

K log R* - Ka log ﬁrl

i
r:
Krl

~
log R

39



or

log R, = log R* - a log ﬁrl ‘ (5-21)
where X
o = (5-22)
ri

In general, R 18 some function of Ry,, the allocated reli-
ability of th& redundant units, e.g., {or active-parallel
redundancy

Hence, by the 1nverse relationshilp,

/2

” ) 1
R, =1-(1-Ry,)

(Note: Since relationships of this type exist for any
number of redundant units, the model applies to all degrees
of redundancy.)

Writing Rp, as some functlon, Rp, = £(Rp), we have
from equation (5-21)

log ﬁr = log R* - a log [f(ﬁr)] (5-23)

For a giyen a and R¥*, equation (5-23) can be used to de-
termine for a specific type of redundancy. The re-
mainder of the system (Unit A) is then allocated a reli-
abllity of R*/R,.. It is possible, however, to use equa-
tion (5-23) to determine K, directly as shown below.

From equation (5-18)

K = s 4
r‘<‘l'"t“;;>Ka (5-24)
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By equation (5-9)

. log ﬁr
r log R¥*

Hence, for a given a and R¥, equation (5-23) can be
used to obtain wr(a, R*), This enables us to obtain the
ratio

Wr(a: R¥)

2la, B*) = T (5-25)

Then from equation (5-24)

K, = Z{a, R¥) K, (5-26)

Nomographs have been constructed giving values of

Z(a, R*) for wide ranges of o and R¥ for both active-
parallel and standby redundancy. (These nomographs are
presented 1n Volume II as Figures 9 to 12.) Once K, 1s
determined, the total fallure index of the system can be
found by

K = Kl + K2 + oo + K + K,

where K +to Km are the failure indices of the units
1 in serles (represented by K, in the
above derivation).

Failure Index ratiocs are then found by
= K,./K
vy =Kyl

for each series unit, the redundant configuratlon and
for each redundant unit as well. The allocatlon equa-
tions for serlal or modifled serial systems then apply.
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5,4,1,1 Dupllcate Systems

For designs where the complete system 1s duplicated,
allocation is relatively simple, For active-parallel
operation, the reliability requirement for each system 1s

o~

R, (1) =1 - [(1-RX(T)]*/?

Rp,(T) can then be consildered to define Rp,;*(T), the reli-
ability requlrement of each system, which then can be sub-
allocated among the units of the system by methods pre-

viously described. For standby redundancy (under the
assumptlon of constant fallure rates),

R*(T) = 'ﬁrl(T) [1 - log ﬁm(T)]

For a given R¥(T), R
and suballocatlions w
can be performed,

»1{T) can be graphlcally determined
ithin the system for er*(T) = er(T)

5.4.,2 Dissimilar Redundant Paths

Assume the block dlagram of the system is as shown
helow.

I

L

L

ra

_ - -

Redundant Configuration - Ur

Ua represents all unlts which are in series, The redun-

dant conflguration, Up, is composed of two disslmllar re-
dundant units, Un,, and U,, which are equally effective In

performing the required function. K, will be used to

Lip



deslgnate the fallure index of Uy, and K, and K, the
fallure indlces of U, 6 and Ura,respectively. The approach

used to alleocate rellabllity 1s to find a fallure index
for each redundant unit, K/, so that for a given time
period

RI‘ (KI’

)

g Kr) - Rr (Krl’ Kra

where Rp (X, Kj) represents system reliabllity for a

given time period, given redundant unit fallure Indices

Given an equlvalent fallure index of Ké, equation
(5-26) can be used to obtaln K., the fallure index of
the redundant conflguration, and the basic allocation
equatlons then obtaln. The followlng discussion ls
limited to redundant unlts which have approximately con-
stant fallure rates.

5.4,2.1 Active-Parallel Redundancy

Let i'represent the average fallure rate of the
normallzing function.thThe K:A represents the absolute
fallure rate of the jJ unit since K: is ohtalned as the
sum of component fallure rates in thée unit relative to
the normalizing functlon. The reliablllity function for
two units in an active-parallel redundant configuratilon
is

~AL.t -A. b . N 3
R(t) = € + e - e Pt

where Ap, and Ap, are the fallure rates of the redundant
unlts. The problem then 1s to find a value of K7 so that

e-Krlxt . e—Kraht i e-(Krl+Kr2)xt _ EE;K;At _ e—zK;At

If we use the approximation e—x =1 - X + xe/é, the above
equatlon reduces to
1/2

K’ = (K. «K_) (5-27)

hig "1 =
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This approximate formula for K/ is generally qulte
satisfactory. Equation (5-26) can then be used to obtain
K, and the allocatlona for the units in series, for the
redundant unlts, and for the redundant configurations are
obtained by the allocation equations glven for serlal or
modified serlal systems.

5.4.2.2 Standby Redundancy

From the general reliqbility functlon of a standby
redundant configuratlon, K, must be determined so that

__fﬁéw_ e-Krgkt____fgéﬁn e—Krth _ e—Kth

(1 + K2%)
K., -K r

ra

The same approximation for &~ as was used for
active-parallel redundancy can also be employed to obtain
an estimate for Ki. This expression, however, will yield,
for the right hand silde, a term that involves A3t3, Since
® will be qulte small (say on the order of 20 x 10™°),
%33 1s negligible for the range of ¢ usually involved. On
dropping the term involving 3 3, the approximate formula

for K/ is identical to equation (5-27). Tests of fifteen
palrs of Kn, and Kr, showed an average error of 2% for K.

The maximum error was about 10% which occurred for the
extremely unlikely ratio of Kp,/K,., = 100.

Equation (5-26) can be used to obtain K, and then
basic allocation equations obtain,

5.5 Multimodal Systems

A multimodal system is defined in this study to be a
gystem with redundant paths or modes of operation which
are not equally effective 1n performlng thelr function
Modal design adequacy, Dy, shall be used to represent the

probability that, given satisfactory operatlion in the gth
mode, the system wlll accompllsh i1ts misslon, Therefore,
a multimodal system 18 one with differing medal design
adequaciles. (Redundant systems have 1dentlcal modal
design adequacies.) For allocation purposes, the groups
of Enits whlch have functional duplicates are termed modal
units,
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The allocation model described applies specifically
to bimodal systems (two modes of operation); this limi-
tation was made for the same reasons gilven in Section 5.4
in the discusslon pertaining to the similar limitation
on the amount of redundancy.

Because different modal deslgn adequacles prohibit
an exact determlnation of the system rellabllity require-
ment, R*{T), from the system effectiveness requirement
an approximate method 1s presented for estimating R*(TS
by first estimating an average deslgn adequacy for the
system,

5.5.1 Types of Bilmodal Operatlon

To evaluate the relationships between system effec-
tiveness, modal design adequacy, and unit rellability
for all types of blmodal operatlion would be lmpossible,
This 18 apparent 1if one considers a complex weapons sys-
tem such as a fighter plane, which may have several mis-
gsilon objectives, since the type of bimodal operation is
dependent on the mission and modal functlon., Two types
of operatlon for which an allocation model 1s developed
are described below. These types are necessarily very
general; the bimodal operatlon of a speclfic system
wlll most likely deviate from the types discussed.
However, for allocatlon purposes, such deviations, un-
less very large, probably will not invalldate the results,

Type I - Uncommitted Case

In the uncommitted case, the operator or declsion
maker can determine if a rellable mode (all modal de-
slgn functions are satisfactory) will result in mission
success, Where an indicatlon of mission fallure In a
selected mode appears, sequentilal switching to alternate
modes 18 possible until the deslred objective 1s
attalned, Fallure occcurs only when the objective 1s not
attalned after all modes are exhausted, Note that this
case also includes the situation in which all modes are
used simultaneously to perform the function. An ex-
ample of a Type I case 1s a communilcation system In
whilch the amount of time permitfted to get a message
through 1is long enough to allow trial of all possible
transmitting modes,
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(The term "continuous operation' will be used to
denote the situation in which both modes are continuously
energized, If the secondary mode 1s not activated until
required, the term "sequentilal operation' will apply.)

Type II - Committed Casge

The committed case occurs (1) when the operator or
decision maker has no way of assesasing whether reliable
operation in a given mode wlll lead to mission success,
or {2) even if assessment ig possible, 1t 1s too late to
switch to an alternate mode. {Thils sltuation does not
preclude modal switching if a component in the modal
unlt falls to perform as specilfied.) An example would be
a reconnalissance satellite with a mission to obtaln iInfor-
mation over a particular area, If an optical mode 18
selected and cloud cover exists over the area, the misslon
might fail even though no modal failure was experienced.

NOTE: For both the uncommltted and commltfted
cases, modal deslgn adequacy may depend
on when a mode is initlally activated,
€.g., a dead-reckoning mode 1n an alr-
craft navigation system. These cagmes
are not congldered,

5.5.2 Assumptilons and Conditions

The assumptions and conditlons by whilch the effecw
tivenees equations for bimodal systems were derlved are
listed below, Most systems follow these restrictions to
a great extent and, for the purpose of deslign stage allo-
catlon, they are reasonable., In any case, the methodology
used in deriving formulas for bimodal systems 1s general
enough to serve as a framework for developing an alloca-
tion model that 1s applicable to a specific system,

(a) If the system has more than one posslble
misslon, a primary mission can be selected.

(b) A system effectiveness requirement exists
for the selected primary misslon.

(c) Average modal design adequacies can be
estimated for the primary mission.
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(d) The mode with the greater design adequacy
© 1s gelected initlally; the alternate mode
is not actlvated unless

(1) the primary mode fails, or

(2) 1t can be determined that the
primary mode will not yleld satls-
factory results (Type I case), or

(3) both modes operate continuously.

(e) Modal switching 1s in one direction only --
from the primary to the alternate mode.

(f) Modal switching i1s failure-free, or the
switchling mechanlism 18 consldered To be
another serles unit (see discussion of
swiltching failure in Section 5.4),

5.5.3 Derivation of Allcocatlon Formulas

This section derives the formulas for reliablility
allocation for the two types of bimodal systems dis-
cussed, The following relilabllity block diagram and
unlt identificatlion will be used throughout:

b1

Ub2

L
Bimodal Configuration - U

™ L
|
|
|
|

b

Ua represents all units 1n series

Ubl and Ub2 are the modal unlts
Ub is the blmodal conflguration

The design adequacy of the primary mode (Uy, Up,) shall
be designated by D the deslgn adequacy of the alter-
nate mode (Ug, Ubaﬁ shall be deslgnated by D,
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The approach used 1s essentlally the same as that
for redundancy. A fallure index K, 1s assigned to each
modal unit that ylelds the same contributlon to system
effectiveness as the true modal unlt failure indices of
Ky , and Kp,. Knowing Ky, the equivalent failure index of
the bimodaf conflguratlon Ky, can be obtained from equa-
tion (5-26). Total system complexity is then calculated
and basic allocation formulas can then be used to allo-
cate the reliability requlrement over the units.

5.5.3.1 Estimating the System
Rellabllity Requlirement

The first requisite of the model 1s to estimate the
system reliability requirement R*(T) glven the system
effectiveness requirement of S*(T}. Thils can be accom-
pllished by flrst obtalning a preliminary estimate of the
allocated reliability of the primary modal unit, Without
alternate mode capabilities, the system would be of the
serlal type and have a total fallure index of
Kg = K5 + Ky, The rellabllity requirement of this

equivalent seriles system is, by equation (5-1).
RG*(T) = 5%(1)/D, .

Hence, the prellminary estimate of the allocated rellabil-
ity of the primary modal unit Uy, is

- [0 -~

The average deslgn adequacy of the bimodal gystem is,
therefore,

D = }lel + (1 - ?bl) D, (5-29)

and the system reliabllity requirement of the bimodal sys-
tem can be estlimated by

Re (1) = SX(T) (5-30)

D
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5-5-3 2 EStimating Kb'

The procedure for estimating Ky 18 similar to that
described in Section 5.4.2, namely Eo find a Kj that
satisfles the equation

Sy, (K, X) =8y (K, %K)

where 8y, (Kj, K4) represents system effectiveness for a
glven time period, given modal unit fallure indices of
Ky and K Contlnuous operation of the two modes shall
be assumgd slnce, as in the redundancy case, the formula
for Ky assuming continuous operation will not usually be
signi?icantly different than that for sequential
operation,

In order to obtain the approximation formula, 1t 1is
desirable to express the modal design adequacles as an
exponentlal relationship, i.e., the value for Di can be
expressed as

D; = g (5-31)

where d;AT is a constant. A in thls case 1s the average
failure rate of the normalizing function required to
meet the system requirement and can be estimated by

-log R¥(T)
KST

(5-32)

Given D, and D_, the modal deslgn adequacles of the two
modes, we have

~log D, ~log D,

dl = —T—— 3 dE = —"'""'FE‘-_"‘ (5‘33)
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For the uncommitted case with continuous operation,
both modes are operating and the system effectlveness
formula ls given by

s(T) = D,R (T) + DR, (T) - D DR, (T) B}_)E(T)’r

By assumlng the exponentlial fallure law and replacing Di
by equivalent expressilon glven in equation (5-31), we
have

-(d, +Kp, ) AT ~(d_+Ky, ) AT -(d_+d_+4Ky,_ +Kp, )AT
S('I‘) -0 1 1 +0 2 2 -e 1 2 bl be

(5-34)

The system effectiveness,equation 1f both modal failure
indices were equal to Kb is

~-(d. +K AT -(d_4K, )T ~{d. +d +2K;2) AT
(5-35)

On equation the right hand sides of equations (5-34) and
(5-35) and solving for Ky by using the approximation
-X

€ =1-x+4x/2we find

.1
k) =2 [~(d1+d2) +-V/(dl+d2) + u(Kble2+dle2+daKhl}

(5-36)

t The right hand silde should actually be multiplied by
R,(T), the reliability of the series portion of the
system, For this discussion, however, R (T) can be
ignored.
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For the commltted case wlth contlnuocus operation,
the second mode does not perform the system function
unless the primary mode falls. Hence, assuming that
the desilgn adequacy concept applles only after a
particular mode is committed,

S(T) = Dlel(T) + [1 ~ Rbl(T)] RbE(T) D2

Using the same approach as fo; the uncommltted case,
the approximate formula for Kb 1s

K, = %‘ [(dl'da) + J/(dl"da)a - uKbl(dl'dg"Kbe)J (5-37)

Two points should be noted

(a) If Ky, and K, are nearly equal, Ky can be
approximated very satisfactorlly by

’ 1/2
Ko = (Kp, = Kp,)

{(p) If D, = 1.0, equations {5-36) and (5-37)
are identical since d, = 0; hence an un-
committed case can always be assumed if
the primary mode has a design adequacy
nearly 1.0, Thls is Intultlvely acceptable
slnce, for a committed case, the alternate
mode 18 activated only if the primary mode
fails. If D, = 1,0, the alternate mode in
an uncommitted case is also activated only
upon primary modal fallure since rellable
operation of the primary mode willl always
lead to mission success.
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Once Kg is determined, the procedure for determining
the allocated unit reliabilities 1s idgentical to that for
redundant systems, except for the bimodal configuration
allocation, Because of different modal design adequacles,
the reliabillity allocatlon for the bimodal configuratlon
(1f one is required) 1s best computed from the relia-
bilities allocated to the modal unlts. Therefore, for
continuous operation

Ro(t,) =R (s )+ R (6) -8 (£) R (t) (5-38)
and for sequential operation
~ L A~ L
2 -1 B -
Ry (ty) = LI, Ry, () I L, Ry (ty) (5-39)
Where

L, = log Ry (t,) and L_ = log Ry (t,)
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6. INPUT DATA

The methods of analysis uged in the preparation of
the data required for the allocation procedure are de-
scribed In this section. The data and the preliminary
steps for thelr use are presented in Appendix A, Volume II
of this report.

6.1 Unit State-of ~the-Art Measure

The unit failure indices (K;) are the basic fallure
measures required by the mathematical allocation model.
These indices are relative measures of the reliability
state~of -the-art of the Individual units to which reli-
ability requirements are being allocated. Although the
unilt failure indlces are not availlable directly, they can
be derived from relative functional faillure rates of in-~
dividual active element groups as part of the allocation
procedure,

An active element group (AEG) is defined as consist-
ing of an active element (a part capable of a single
valving or controlling action) and its associated group
of passive parts. Tubes, transistors, dlodes, and mag-
netlic cores are all examples of electronic active elements,
while regigtors, capacitors, and transformers are examples
of passlve parts. From the above definition, it may be
geen that dual stage tubes are considered as two active
elements each, which, with the associated group of passlve
parts, constitute two active element groups. In the pre-
paration of the data for allocation procedures, two excep-
tions were made to the above definition: (1) solid state
diodes of less than one watt dissipation were considered
ag active elements only 1n the special case of digital
computers; and (2) dual stage tubes were considered as one
active element if the two stages were conhected entirely
in parallel. The unique prcblems assoclated with the AEG
definitlon in non-electronlic areas will be dlscussed in
Section 6.3.1.

Congideration of the 1nformation available on the
system and 1fs unlts at the early design stage led to the
cholce of the AEG as the basis of analysis, Ordinarily,
this information is limited to functional descriptions of
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the system and its units. From the descripticn of the
functional requirements of a unit (each function corres-
ponding to one performed by an AEG), the numbers and
types of functions that will be required on the AEG level
can be estimated.

The data are presented as relative functicnal fail-
ure rates (relative to a standard function) for the vari-
ous types of functions performed by AEG's. Essentlally,
the unit failureindex used in the allocation procedure is
the sum of the relative failure rates of the indlvidual
AEG's of the unit. The data required to compute this sum
(Procedural Steps of Appendix A, Volume II) consists of
the baslc relative functlonal faillure rates;the adjust-
ments in the relative rates for the varlous types of
active elements or AEG's used to perform the function;
and the changes 1In the relative rates for various specilal
characteristics of the unit, such as gross environment.
Accordingly, these three types of data are presented and
discussed separately in the sections that follow.

6.2 Standard Electronic Functions

6.2.1 Identification of Functional Categories

A preliminary step in the analysls of electronic
fallure data was The establishment of functiocnal cate-
gories of AEG's. The categorles are presented in Table
6-1 and each includes varlous specific electronic func-
tions. The relative failure rate, assigned to each of
the nine categories, 1is expected to be characteristic of
any function or combinatlon of functlons within the cate-
gory.

Functions falling within any given category are ag-~
sumed to have a relatively common set of stress conditions
and a fairly uniform distribution of parts. On this prem-
ise, they also may be expected to have a fairly common
failure rate. The differences between the categories gen-
erally reflect variations in application stress, part dis-
tribution, or tolerance requirements. In all but one
case, the funcflional category is defined in terms of the
performance criteria rather than the part types employed
to accomplish the function. The special, or exotic, cate-
gory, however, is defined in terms of the type of active
element employed. (The identification of a special func-
tion 1s somewhat arbitrary, as the definition may overlap
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TABLE 6~1

DEFINITIONS OF FUNCTIONAL CATEGORIES OF STANDARD ELECTRCNIC FUNCTIONS

Functl 1
Catosorion ! Definition Exanples
Aucdlo Active element groups acting en or supplying Detectors

Primary Power

Pulze, High Power
(> 1 watt}

Pulse, Low Power2
(= 1 watt)

RF, High Power
{> 1 watt)

RF', Low Power
(< 1 watt)

Serve

Special'i

Viceo

slgnals of an aucdlo rangc used s audlio output
vwithout further detection

Actlve element groups scting to supply, modify,
orr control electrical power (as apposed o
signals) in a form sultable to act as a power
input for other active element groups

Active element groups acting on or developlng
signals of a pulse nature greater than one watt

Actlve element groaps actlng on or supplying
glgnals of a pulse nafture equal to or less than
one watt on the average

Actlve element groups acting on or supplying
high-frequency signals greater than one watt -=
1.e., those not presentable as audlo, servo, or
vlcdeo wilthout defectlon or an equivalent
cperatlon

Actlve element groups acting on or supplying
high-freguency signals equal to or lesg than
one watt -~ 1l.e., those not presentable as
gudio, servo, or videc wlthout detesctlon or an
equivalent operation

Actlve element groups acting con or supplylng
signals used to perform a servo (electromech-
anical) functlon, drive a serve element, or
transmit electromechanical informatiocn. (Low
frequency servo carrler AEG's are classsd as
Aervo.

Non-normal AEG types contalning klystrona,
magnetrons, or hydrogen thyratrons, etc. Some-
times classed as exotle tube types

Active element groups acting on or supplying
signals of a form Lo be presented as video out~
put without further detection or equivalent
operation, and actlive element groups which
serve to prescnt video Informatilon

Audlo amplifilers

Rectiflers
Rectifler nridges
Voltage regulator tukes

Trigger circults

Trigger circults
Blocklng oscllliators

RF output stages

IF zmplifiers
RF ampllliers
Local oselllateors

Servo amplifiers

Video amplifiers
Cathode ray bubes

No separation according to power has been made for categoriles other than RF and Pulse., In

any case, however, 1t is advisable fo asslgn 2 higher relatlve fallure rate to AEG's handling
extremely hlzh power.

The fPulse, Low Power' category 1s not conaldered to include computer digital applications. The

functional catezorles and relatlve rates of dlglital computers are digcussed ln Section 6.4.1

The 'Special!' category is gulte general with respect to the nature of the AEG's involved, and

greater varlation in relative fallure rates of ARG 's can be expected in this categery than in
any ¢f the other standard categorles. When pessible, the data for the 'SBpecial! category
should be supplemented by experimental observation of relative fallure rates for the aspecific
AEG type.
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other functional categories. In the data analysis, active
element groups containing magnetrons, klystrons, and hydro-
gen thyratrons were included 1in the exotic category.)

The justification for a separate category in this case
lies primarily in the extremely high failure rates that
have been observed for these devices in the past. The
various types in the exotle category do not, however, ap-
pear to have the same high degree of uniformity of influ-
encing factors found for the other categories {e.g., the
power levels, bandwldth requirements, and assoclated part
distributions for a magnetron are frequently dquite differ-
ent than for a hydrogen thyratron).

Separate categories have been established ref'lecting
differences in power dissipation in only two cases, RF and
pulse. While such a division 1s provably appropriate for
the cother categories as well, the incidence of extremely
high power appllications is qulte rare, and such cases are
to be treated as exceptions with hlgher relative fallure
rates, In only one such case was any data available -~ a
system contained two audlo AEG's each with approximately
100 watts power dissipation. The observed failure rates
were 27.5 times greater than the fallure rates of lower
power audlo AEG's in the same system.

The above functional categories will doubtless be
sufficlient for the great bulk of electronic applications.
Most of the functional groups found in digital computers,
however, are speciflcally excluded both from the above
groupings and wheneveX the expression "standard electronic
functions" appears in the text. This is primarily due to
the feeling that part population and stress levels in dig-
ital computers are not sufficiently similar to those found
in any of the above categories to allow common considera-
tion. A more thorough discussion of digital computers is
given in Section 6.4.1.

6.2.2 Source of Data

The relative fallure rates for standard electronic
functions {relative to the audio function) are derived
from the fallure data accumulated by ARINC Research Cor-
poration during the course of several mllitary contracts.
Table 6-2, which lists the types of electronic systems in-
volved, indicates that the coverage i= guite brcad -- it
involves seventeen systems which cover many areas of mili-
tary electronlcs applications. The electronic data repre-
sent approximately two million hours of equipment operation
and over 1.3 billlion AEG hours.
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TABLE 6-2
SYSTEMS FROM WHICH ELECTRONIC FAILURE DATA
WERE ACCUMULATED
Number of
Equipment Types Gross Reference
Type Studied Environment
Communication
Recelvers 6 Shipboard 1
Communication
Transmitters 4 Shipboard 1
Radar Repeaters 2 Shipboard 1
Flre Control Radar 1 Shipboard 1
Search Radar 1 Alrborme 2
Communicatlons
Transcelvers 2 Alrborne
Bomb/Nav System 1 Airborne A4
1 "Effects of Cycling on Rellability of Electronic

ca

2b

3a

3b

Tubes and Equipments,”" Volumes 1 and 2, ARINC
Research Corporation Publicatlon No, 101-26-160,
30 June 1960,

"Reliability of the AN/APS-20E Radar System,"
ARINC Research Corporation Publicatlon No.
101-11-139, 15 May 1959.

"Maintainability and Relilability of the AN/APS-20E
Radar System", ARINC Research Corporation Publi-
catlon No, 101-33-180, 1 September 1960,

"Effects of Maintenance Procedures on the Relia-
bllity and Malntainabillity of an Airborne Com-
munlcation Equipment,"™ ARINC Research Corporatilon
Publication No, 101-32-179, 1 September 1960.

"Reliability and Maintainability of the AN/ARC—34
UHF Communications Equipment,” ARINC Research
Corporation Publication No. 137-1-251, 31 July 1961,

Alr Force Rellability Assurance Program Progress

Report No. 1, ARINC Research Corporation Publi-
cation No. 81, 15 February 1956.
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65.2.3 Data Analysis Required for Compu-
tation of Relative Failure Rafes

The required analysis for computing relative failure
rates was performed in a series of steps set forth in the
following pages. The analysis assumes that the AEG's of
any one system have a common operating time. In cases
where duty cycles varied for different parts of the sys-
tem, a separate analysils was performed for each part.
Other than this, there 1s no requirement for a knowledge
of operating time,

(1)

(2)

The first step of the analysis for each equip-~
ment 1is the identification of each active ele-
ment group according to its functional category.
Only the active element involved rather than the
entire group needs to be defined for this step.
Congiderable care is required for the identifi-
cation in the case of dual section tubes; for
this analysis such a tube is counted as two
separate actlve elements except in those cases
where the corresponding elements of tThe sections
were connected in parallel for such reasons &as
greater power capacity, etc. Unused tube sec-
tions were not counted. The number of active
element groups of each category for each equip-
ment were then tabulated as in Table 6-3.

The second gstep of analysilis for the individual
equipment is to assign each part failure to its
proper functlonal category. Thus only the
failed parts have to be identified with their
corresponding AEG's. The data avallable provide
the exact lédentification of each failed part in
terms of its schematlc symbol, part aumker, ctc.,
and a study of the cilrcuit diagram allows the
failure to be associated with the proper active
element in order to asslgn the failure to the
appropriate functional category. 1In some cases
of dual section tubes where the two sections
were not of the same functional category, the
failures were divided evenly between the func-
tional categories of the two sections. Consid-
erable care was redquired in the case of cluster
removals to insure that any given AEG was never
recorded as having more than one fallure for any
one malntenance actlion. The results of this
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(3)

step are the number of failures observed for
each equipment for each functional category
which, together with the results of Step (13,
are the data presented in Table 6-3.

The data given 1n Table 6-3 form the basls for
estimating average functional fallure rates rela-
tive to a normalizing function. A meximum like-
lihood apprcach was used to obfain these estli-
mates, If we let A represent the normalizing
function and B some other function, the general
repregsentation of Table 6-3 would be as follows:

Equipment
Function
1 2 e s = n
A Tal Taa L Tan
Ta1 | Tas + «y Pan
Toy [ Yoo j* = | Ton

where Tgs and Tys represent the total AEG hours
for the A and B Punctions of the jth equipment
(T = number of AEG's times the number of equip-
ment hours) ; ryj and rpj represent the number

of failures for the A and B functlong in the jth
equipment.

The likelihood function (L) assuming a Poisson pro-
cess 1s

-A_,T r -A, LT r
bj"b b

3@1 (raj)z (ij)l

Taking the logarithm of L and dropplng all terms
not involving the parameters Ra and kb, we have
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n

Ieg L = ;; [raj log %aj + rbj log ij J
J=1

Il
- Z [“aj Tag * Moy To; }
J=1

Assuming that differences 1n the relative
failure rates Ap/Ay over the equlpments are
due only to sampling variation, we can let

ky = ij/%aj for all j. Then hbj = kphgy and

n

ILog L = Z [Pa,j log A,y + Ty log (kb kag)]
=1

n
"Z [ Mag Tag " Ko Pag Toj J
J=1

Using the stralghtforward maximum likellhood
method would lead to a complex set of equa-
tions for whilch solutlon would be most 4iffi-
cult. Instead, the maximym llkelihood egtl-
mate for Aaj (denoted by Aaj) can be substituted
In the equation

o[ Log L]_ 0
akb
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yieldlng the equation

I

T

). vy n

J=a N 2 _
- Ray Tpy = ©
b

LN
i
H

from whlch one obtalns the estimate

Replacing haj by raj/Taj’ we have

D
I
-
]
.

o (6-1)
), i p

J=1

where naj and nbj.are the number of AEG's of

type A and B in the jth equipment.
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The denominator of equation (6-1) is an adjust-
ment of the actual number of function A failures
to the number of A faillures that would have been
accumulated if Ty4y were equal to Tpy for

J =1, 2,...0.

Since there are many missing entries 1n Table
6-3, 1t was expedlent to use primary power as the
normallzing function and assume one AEG and zZero
fallureg for equipment B, This yielded a set of
functional failure rates relative to prime power
which were then converted to a set of falilure
rates relative to the audio function. The re-
sults of this analysis are presented in Table I1
of Volume II, Appendix A.

6.3 Relative Failure Rates of
Non-HElectronlc AEG's

6.3.1 Identificatlon of AEG Equivalents

The active element group concept has not as yet been
sufficiently developed for rigorous application to any
field other than electronics. The data available for anal-
ysls consilsts of fallure rate data for various parts of
mechanical, electromechanical, hydraulic, pneumatic, and
other non-electronic fields. Each of these parts has been
conslidered as representing an AEG equivalent in performing
the relative failure rate analysis. (For ease in presen-
tation, the term AEG 1s also used to represent non-
electronic functions which are utilized in the allocation.)

6.3.2 Description of Data

The analysls 1n the case of non-electronic AEG's 1s
somewhat similar to that for the electronic cases. How-
ever, data limitatlons and necessary approximations in
deriving the relative failure rates yield results that are
not as consistent or reliable as those for the standard
electronle functions.

The relative failure rates are derived from the fail-

ure data on seventy-two systems tabulated in the following
report.
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WADD Technical Report 60-330, " Compilation
of Component Field-Reliability Data Useful
in Systems Preliminary Design," SECRET,

D. E. Johnston, T. S. Durand, Aeronautical
Systems Division (formerly Wright Air
Development Division), Wright-Patterson
Adir Force Base, Ohlo,

In some cases, direct reference to this report for
approprlate data on specifilic AEG types may be desirable..
The 1list of parts for which relative failure rates are
available 1s, unfortunately, small, but it represents
thogse items for which sufficient information was avallable
at this writing.

The reference above provides failure Information by
part type on seventy-twoc systems. The data consists of
information on one or more of the following:

Part hours of operation,
Part failures, and
Part failure rate.

As the discussion below will demonstrate, only those
systems can be used for which sufficlent data is available
to determine both the number of failures and the total
operating time., As failure rates only are reported for a
number of the systems, these are elliminated from the
analysis.

Due to the lack of detalled information on the elec-
tronlc AEG's of the systems involved, 1€ wazs not possible
to derive relative failure rates with respect to any spe-
cified functional category as was done in the case of the
standard electronic functions. Instead, relative rates
were derived with respect to the average of the eleci{ronic
AEG's, and provisions are made (see Section 6.5) for con-
verting these to relative fallure rates with respect to
audic as part of each allocation.

6.3.3 Determination of Average Relative Fail-
ure Rates for Non-Electronlc Functlions

The method of computing the average relative failure
rate for each type of non-electronic function involves the
same maximum likelihood estimation used for the standard
electronic functions in Section 6.2.3. The formula as
applled to non-electronic functions is:
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k; = (6-2)
E: r . T
ej "ij
T
J eJ

where

Ii

ki = average relative fallure rate of the 1th
non-electronic type of AEG with respect to
the relative fallure rate of an average
electronic AEG.

Ty = number of failures of the ith AEG type 1n
the jth equipment.

Tij = total, accumulated hours of ith AEG type 1n
the jth eduipment,

Tej = total ac%Hmulated hours of electronic AEG!s
in the jJ equipment,

I

Tej number O% fallures of the electronlic portion
of the ] h equlpment.,
The values of ry5, Ty and Tyy are avallable directly
from the tables of t%g sou%ce docuent, The values of
Tejs however, were computed for each system as the sum of

The number of tube failures

The faillures reported for electronic parts
except batterles.

The fallures of variable capacltors, variable
reslstors, swiltches, connectors, and
potentlometers, which were included in the
lists of electromechanical parts 1n the
source document,

The above calculatlon necessarlly introduces sys-
tematlic errors Into the data system due to the approxi-
mations requlred. Three approximatlons, noted below,
each lead to blas In the same dilrection, namely, a tend-
ency toward higher apparent fallure rateg of average
electronic AEG's, wlth a corresponding reduction of the
apparent relative fallure rate of the non-electronilc
AEG's.
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(a) The number of actlve element groups in each
gystem was assumed to be equal to the number
of tubes. Neglectlng the exlstence of dual
section tubes reduces the number of AEG's counted,
raising the apparent relatlve fallure rate.

(b) Including all the part fallures listed above,
possibly covers many part fallures that were
actually associated wlth non-electronic AEG's
(e.g., motor capacitors, starting switches,
and electrical connectors) resulting in
a decrease of the apparent relative fallure
rate of the ron-dlectronic AEG's,

(c) The possibility of individual electronic part
failures being reported more than once leads to
a third reduction of the non-dectronic relative
fallure rates. Thils occurred for some parts
listed under a majJor part-type headlng and one
of the subdivisions (e.g., a particular fail-
ure may have been listed under resistors
(general) and under resistors, carbon
composition. )

Due to the limited Information avallable on each
system, the above approximatlons were redquired in order
to perform the necessary analysls. To account for the
bias introduced, a second calculation was performed on
three systems listed in the reference which were also
included in the ARINC Research Corporation in-house data
used to derive the relative fallure rates of the gtandard
electronic function. For each of the three systems, rela-
tive failure rates with respect to average electronic
AEG'y were derlved for nonelectronic AEG!s which were in
the gystems, and the results were compared with the rela-
Tlve fallure rates derlved from the reference source,

For each of these systems, proper accountling was possible
for the dual section tubes, and the part fallures associ-
ated withron-electronic AEG's; and, due to the nature of
the avallable In-house data, there was no concern with
multiple reporting of any one failure., The results of
thls analysils indicated that the apparent relative fall-
ure ratesg previously calculated were low by a factor of
one half which was used as a general correctlion factor.
The corrected relatlve fallure rates resultlng from this
analysls are presented in Tables III through V of Volume II,
Appendlx A.
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6.4 Relatlve Fallure Rates
for Unlisted Functions

In many cases, lmplementation of the allocation
procedure will require relative functional failure rates
not pregently avallable because of lack of sultable data,
To a reduced extent, thils deficlency may be expected to
continue indefinitely, due to the rapld expanslon of
technology and accompanyling ilncrease in the number of
types of systems, components and part categories. There-
fore, estimation procedures for filling exlsting data
gaps are required, and form part of the allocatlon pro-
cedure,

This section dlscusses two methodsg for estimating
relative functional fallure rates, Because digiltal com-
puters are becoming of Increasing importance in today's
weapon Systems, and represent a speclal class of elec-
tronilc functilons, they are discussed separately in
Section 6.4.1,

(1) Estimateg Based on Nearest Similar Function

The relatlve faillure rate can be estimated 1f the
comparable rate for a gimilar functlion 1s avallable,
For example, 1f a relative failure rate 18 requlred for
a cam, the listed relative rate for a gear drive mech-
anlsm may be appropriate, The judgment of similarity
should be verifled by analysis of availlable fallure data,
or, 1f poesible, by observation of actual failures,

(2) Estimates Based on AEG Fallure Rates

A relative fallure rate for non-electronic AEG's can
be deflned by

' PFaillure Rate of an 1P Type AEG or 1'% Function

1 T Fallure Rate of an Average Standard Electropic
Tubed AEG

The relative rate can be estimated by using part faillure
rate information to estimate the numerator and denomina-
tor of the above ratio, The average part class distribu-
tion of the AEG or functlon belng analyzed is estimated,
as well as the average part class distribution of the
average standard electronlc AEG. Using a standard set of
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part faillure yates, the following computatlions yield an
estimate of ki.
Let
nyy represent the agerage number of parts of
type x 1n the 1 h function being analyzed.

AX represent the failure rate of the part
class Xx.

X represent the total number of part classes
involved,

th

The fallure rate of the 1 function 18 therefore

X
Tym ) Ny Ay (6-3)

X=1

If a functlon has parts which do not have a constant
fallure rate, Ay can be estimated by

_1- R, (%)

Xi t

where

t 18 the average number of hours the functlon
wlll be required to operate over T system
hours,

R;(t) 1s the rellability estimate of the function,
based on an average part class distribution
obtained by a standard reliability prediction
method.

The average fallure rate of a standard electronic
AEG, assuming the active elements are primarily tubes and
translstors, 1is obtained in a manner simllar to that for
the non-electronlc AEG's,
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Let
n r%gresent the average number of parts of the

v'" part class in the standard electronlc AEG's,
excluding tubes and transistors.

hv represent the fallure rate of part class v,

V represent the total number of part classes
involved (passive parts)

W, represent the proportion of active elements
that are tubes {average tube fallure rate = th)'

w, represent the proportlon of actlve elements
that are transistors (average transistor failure
rate = Agz).

(w, and w, should be adjusted so that w, + w, = 1.0.)

The estimated average failure rate of a standard elec-
tronic AEG corrected to an all-tubed system 1s then

v
T\e = W [?\Wl + Z nv?‘v] + 3.3w2 [?\WE + Z nv}v} (6-4)
V=1 V=

(See Sectlon 6.6.2 for discussion of the correction factor,

1
5.3 = 3.3)

The relative fallure rate for the ith function can

then be estlimated by

Xi
ky = :_K'-; (6-5)

6.,4.1 Dilgital Computers

Digital computer AEG's represent a speclal class of
electronic functions not included 1n the categoriles
listed in Table 6-1, Since parts in digital applications
are usually subject to much lower electrical stresses and
less severe tolerance factors than similar parts in
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analog applications, one can expect much lower failure
rates for digital computer parts. The pulse~iow power
standard electronic category represents functlons of an
analog nature, including such functions as gating or
blanking of a vldeo amplifier for a specific length of
time, and are dependent on pulse shape and width. In
digital computers, however, there are many go-no go cir-
cults very tolerant of pulse width or amplltude variations.

The silgnificant digital functlons performed in a
computer are:

(1) Gating-logic.

(2) Pulse-shaping, inverting, restorlng.

(3) Registering, counting.

(4) Pulse storage, memory.

(5) Analog functions such as a basilc computer clock.

The analog functlons are conslstent with fThe pulge-low
power category and can be treated as such. For the
digital categories, relative fallure rates can be esti-
mated by the procedure described in the previous section,
except that the part clags distributlion used to derive

Ay will be composed primarily of electronic components.,
I% the data used to estimate indilvidual part failure rates
does not list fallure rates for digital transistors or
diodes, the followlng correction factors, cbtalned from
data presented 1n an ARINC Research Corporation reportt,
can bhe uged:

For dlgiltal translstors, multiply the glven
analog fallure rate by 0,06

For digital diodes, multiply the given analog
failure rate by 0,008,

t ARINC Research Corporation Fifth Quarterly Report,
"Reliabillity of Semiconductor Devices,"{Publication
No. 14h4-5-256, dated 31 August 1961).
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6.5 Converslon of Relative Rates
to Standard Form

The relatilve rates of non-dectronic AEG's computed
according to Section 6.3, and many of the relatlve rates
derived from the estimatlng procedures discussed in
Section 6.4, are not in the standard form required for
use wilth the allocation procedure; they muat be con-
verted prior to theilr use in the model, For simplicity
and clarity of discussion, the following notations and
definitions are adopted to distingulsh between the two
types of relative failure rates:

(k;) Relative failure-rate with respect to
average electronic AEG failure-rate,
usually shortened to "Relative Failure
Rate (to average AEG)".

(ki) Relative faillure rate with respect to
audlo AEG fallure rate, usually
shortened to "Relative Failure Rate
(to audio)".

Each of the relative functional fallure-rates used
in the allocation procedure must be related to the same
standard functlion. The audioc functional category has
been selected as the common functlon to whlch all others
are to be related. As part of the allocatlon procedure,
therefore, all the relative faillure rates (to average
AEG) must be adjusted to become relative fallure rates
(to audio). The adjustment is based on the system fail-
ure index of the allocation model, A system electronic
failure index (K,) is computed for only the standard
electronlic AEG's of the system based on the listed fail-~
ure rates. When divided by the number of electronic

K
AEG's in the system,the ratio( F.ff'l),r'epresenta the rela-
e

tive failure rate {to audio) of the average electronic

AEG of the system., If this ratlio is assumed to be numer-
ically equal to the value of the same ratio in the systems
used to compute the relative fallure rates (to average
AEG), the adjustment becomes

ey = == - ky (6-6)
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which is the equivalent to

K. = Average AEG Fallure Rate ith Functlonal Fallure Rate
i Audio AEG Fallure Rate Average ALEG Faillure Rate
th .
i Functional Fallure Rate

Audio AEG Failure Rate

Alternate possibllities for an adJustment of this
type would elther require data that 1ls not presently
avalilable or additlonal approxlmations and assumptions,
thereby Increaslng the possibilities of bias.

6.6 Part Population Factors

6.6.1 General Discussion

In general, the relative fallure rates are assumed to
be Independent of the characteristics of the parts used in
a system so long as the part cholce 18 uniform within a
system, The differences in passlve part dilstributions be-
tween AEG's of the dlfferent categories are sufficilently
reflected 1n the differences 1in the relatlve fallure rates.
However, differences 1n the types of active elements em-
ployed, and certain other part population characteristics,
are not reflected in these data and must be treated
separately,

The relative rates of the functlonal categories are
derived entirely from tubed systems, and that they would
be appropriate for entirely transistorized systems, 1s
assumed, However, complete conversion away from tubed
systems is not possible in many cases such as those re-
quirlng high powered stages, and the complexity of the
active element mix is likely to increase rapldly in the
future. Provisions are made, therefore, for accounting
for differences in part population that can be recognized
early in the design life of a system, specifically, dif-
ferences 1in the types of active elements employed,
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Adjustment factors have been derived for three
types of actlve elements (the factor for tube active
elements is equal to 1.0) and are discussed separately
in the following sections., These factors, which are
presented 1n Table 6-4 represent the ratilo:

Failure Rate of AEG, Non-tube Active Element
Failure Rate of AEG, Tube Active Element

and are used to multiply the llsted standard electronic
relatlve functional fallure rates, ki for non-tube elec-
tronic actlve elements 1n the system,

TABLE 6-4

ADJUSTMENT FACTORS FOR DIFFERENT TYPES
OF ACTIVE ELE.ENTS

Active Element Type Adjustment Factor
Tube 1.0
Transistor 0.3
Solld State Power Rectifier 0.4
Tubed Modular Assembly 0.6

6.6.2 Translstorized AEG's

The factor of 0.3 for analog transistorized AEG!s
represents an englneering Jjudgment based on data and 1n-
formatlon from several sourceg which are described below,

In the ARINC Research Corporation report '"Relatilon-
ship of Fleld Rellability fo AGREE Bench-Test Relia-
bility, " (Publication No. 162-1-220, dated 30 April 1961),
a comparlson was presented of tubed and transistorized
alrborne equipments, which yielded factors of .15 and
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.20 on an AE(} basis,., 8Since the equipments also contaln
nonelectronic AEG!s, these factors are somewhat low. 1In

a paper "On Rellability Predictilon in Satelllte Systems,"
ARTNC Research Corporation Publication No, 4226-1-201,
dated May 1960, failure data analysils from a number of
equipments indicated that the ratio of transistor to tube
analog AEG failure rates is approximately 0.5. In a paper
by J. Naresky and J., Klion, "What Price Reliability," IRE
National Convention Record, Part 6, March 1959, the ratilo
of the fallure rate of an average transistorized cilrcuit
to an average tubed cilrcuit, based on part fallure rates,
was computed to be equal to 0.33, From an exftensive set
of part fallure rates pregented in a report by

D.R., Earles, "Reliability Application and Analysis Guide,"
The Martin Company Report M1-60-54, dated July 1961, a
similar calculation yielded a ratio of 0.65.

No attempt ig made to evaluate each of these ratios
Individually. It is generally accepted that transgistorized
analog AEG's will, in most applicatlons, exhilbit lower
failure rates than edquilvalent tubed AEG's, with the factor
possibly ranging from 0.05 to less than one. The factor
of 0.3 which 1s adopted for this study 1s belleved to be
a reasgonable average based on the limited data avallable,

6.6.,3 Solid-State Power Rectifier

A previous study by ARINC Research Corporationt re-
ported on an experiment involving the substifution of
solid-state power rectifiers directly into tube diode
sockets without further modifications. The referenced re-
port indicates only the number of crystal failures versus
the number of tubed fallures, However, a comparlison was
possible of these results with the studiegs referenced in
Sectlon 6,2 for which all failures were reported. The
aspumption was that the result of replacing a rectifier
tube with a slllicon rectifier would be a change in the
failure rate of only the active element involved and no
change in the number of fallures of the assoclated parts

t "Evaluatilon of X-89 and TI-680 Silicon Rectifilers by
Comparison with 6X4W and 6X4WA Vacuum-Tube Rectifieps,”
ARINC Research Corporation Publicatlon No. 101-13-140,
May 8, 1959.
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of the AEG's. The reported faillure rate of the solid-
state dlodes was used to modlfy the observed fallures of
tubes. The estlmated failure rate of the AEG using
golld-state dlodes was computed on this basis and com-
pared with the fallure rates of the tubed AEG!’s. An
average fallure rate reduction to 0.4 of the tubed rate
was derlved as the adjustment factor.

6.6.4 Tubed Modular Assemblies

The information on relative rellabilitles of tubed
modular agsemblies and ordinary-tubed AEG's was derived
from the report, "Reliability of Modular Assemblies,"
WADD Technical Report No, 60-515, dated September 30,
1960, prepared by the Light Military Electronics Depart-
ment, Advanced Electronlcs Center, General Electric
Company.

The cited value of 0.6 1s the ratio of percentage
of failures of modular assemblles to percentage of fall-
ures of standard assemblies made by the same company.
The specific equlpment involved was the AN/SSQ—23
Sonobucy, evaluated under operating conditlons which
included a drop into water from an aircraft. (Shock
loadings of 100g's or greater were encountered in the
drop-test.) The value of 0.6 represents the best avail-
able estimate; however, the equipment was only partially
modularized, and the test conditfions were rather severe,
Simllar data for other applications would allow greater
confidence in the use of the adjustment factor in rella-
bllity allocation.

6.7 Speclal-Situation Data

6.7.1 Description and Use

The third type of data required as Input to the
allocatlion procedure congists of factors which account
for varlous 1dentifiable differences (particularly en-
vironmental) between unlts of a system. In the proce-
dure, the correction factor is applied as a nmultipller
at the unit level, although 1t would be edquivalent to
multiply the relative fallure rate of each AEG of the
unit by the same correction factor. If only a portion
of the AEG!'s require a modification factor (e.g., a
particular AEG type may have a very low duty cycle), the
adjustment would apply at the AEG level rather than at
the unit level,
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In addition to the environmental factors, specilal
unlt characteristics such as design maturity, exceptlonal
developmental effort, etc., may be accounted for In this
fashlon if an esfimate can be made of the influence of
these characteristics on unit rellabilitfy. The general
equation used in estimating a correction factor %ci) is:

Fallure rate of unit under speclal condition

€1 = Fallure rate of equlivalent unilt under conditions
typical of the system

It can be seen from the allocatlon model that to mul-
tiply the fallure index of each unit of a system by the
gsame constant factor has no Influence on the resulting
allocated unilt requirements., It 1s therefore not neces-
sary to account for any condition that applies uniformly
to each unit of the system,

6.7.2 Ratio of Alrborne to
Ground Fallure Rateg

The relatlonship between ground and airhorne failure
rates has been obtalned from information glven in the
ARINC Research Corporation paper; "Rellability Predictions
in Satellite Systems," by George T. Bird (Publication No.
4pp6-1-205), This paper presents the relationship between
electronic system mean life and complexity (measured
by an AEG count) for both ground and alrborne environ-
ments., The overall results are plotted on a log-log
scale, respulting in a linear relatlonship for each envl-
ronment, The plot is reproduced as Figure 6-1 in
Section 6.8.2 of this report.} Since the relationships
are approximately parallel, the airborne to ground fail-
ure rate can be estimated by the ratlo

A Alrborne 6 Ground

X Ground o Alrborne

where € 1g the intercept at unit complexity of the appro-
priate lines. From Flgure 6-1, this ratio is equal to

_ 187,000 _
C 21,700 8.6.
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6.7.3 Ratlo of Satellite to
Ground Fallure Rates

At present, little is known concerning the reliability
of electronic systems in satelllte environments. Limited
data on few systems indicate that the upper boundary of
the ground band of Figure 6-1 can be used as a tentative
midline for the satellite band.t This 1s equivalent to
an adJustment factor of approximately 0,5.

6.8 Feagibility Predlction

The feasibility of the system reliability require-
ment 1s determined as part of the allocation procedure.
Thils is accomplished through the following series of
gteps:

A, Predletlon of the feaslble mean 1life of the
electronic portion of the system, excluding
elements in redundant or alternate medes of
operation,

B, Predictlon of the feasible mean llfe of the
non-dlectronlc portion, excluding elements 1n
redundant or alternate modes of operation.

C. Combilnatlon of the two estimates of A and B
to account for redundancy or bimodal opera-
tion, to yleld an estimate of feasible sys-
tem rellability.

6.8.1 The Feaslbllity Prediction Model

Asgume that the system under consideration can be
represented by a block dlagram of the following form:

K]:‘I

Kre

t  See ARINC Research Corporatlion Interim Report,
"Satellite Reliabllity Spectrum", 27 July 1561
(Publication No., 173-3-255}. |
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where
K represents the total failure index of
all units 1n serles, and

Kr and Kr represent the failure Indices
1 2 of the two redundant (or blmodal)
units.

The basic series system is deflned as that design for
which no redundant or alternate modes of coperation exist
(e.g., X, and K, make up the series equivalent). The

feasible mean 1life of the electronic portion of this sys-
tem {0e) can be estimated through use of a reliability-
feasiblllty chart, as dlscussed 1n Section 6,8.2. The
feasible mean 1lfe of nonwelectronlc portion fpe can be
egtimated from experience with similiar nonelectronic
elements or with simllar systems. An alternative method
degscrlibed 1n Sectlon 6,8.3 1s to use the allocation in-
put data provided for non-€lectronic AEG's.

Given Be and Ope, the feasible mean 1ife of the
equlvalent series system, under the exponentlal assump-
tion, 1s

(6-7)

If the system were actually serles, @é would then
be compared wlth the requi;gd mean life 6%, or, in fterms
-T/8
of rellability, R(T) = @ S would be compared wlth
R*(T), to determine the feasibility of the system re-
quirement.

For redundant or bimecdal systems, the percent of the
system made redundant can be estimated from the equation

V= — (6-8)
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where
K

'

o 1s the equivaient fallure index of each

redundant or bimodal unit which actually
have failure indices of Krl and Kra'

If we let N be the feasible audio AEG rate, for active
parallel or continucus cperation, the feaglble system
rellablility for T hours is

K N KA -2K’NT
R(r)=¢ *# [@ ro-e T }

i e-(Ka+Kr) AT ) e-(Ka+2Kr) AT

Since (K5 + K;) represents the total fallure index of an
equlvalent serles system, the feaslble gystem fallure
rate 1s

8
Hence,
~T/5 -1/, -KIXT
R(T) =2¢ ~ % - " %¢g T
But,
Kl
r _ T ; Ll
KT = X+ K (Ka + Kr)w
=72@S
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Therefore,

Hr) - Be—T/5S ) e—[(l+v) /8] (6-9)

For standby or sequentlal operation,

K AT [ -K'AT

R(T) = € e T (1+ K;?\‘T)}

e_T/é‘S [1 + yT/éS] (6-10)

6.8.2 Electronic Portion - Estimate of 58

Figure 6-1, a log-log plot of system mean life
vergus nog-redundant system complexity, can be used to
estimate 8¢, Complexlty 1s measured ln terms of the num-
ber of active elements making up the system. The data
from which the flgure was derlved were accumulated by
varlous companles cver the past several years. The sys-
tems shown range 1n design age from two to ten years,
and in functional complexlity from ground-based communlca-
tion recelvers to airborne bombing/navigatlon systems.
Failure is deflined as a malfunction dvring the aystem
operating cycle, necessitating a malntenance action, part
replacement, or adjustment. Operator knob-adjustments or
"fine tuning" durlng the operating cycle were not classi-
fled as system failures.

Avallable data on alrborne and ground-based {or
shipborne) systems were sufficlent tc permit computatlion
of least-squares regresslon lines through the points,
The least-squares regresslon line for alrborne systems
was computed to be

N -1.33
g = 21,700 (N)
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(hours )

6

System Mean Life

e Alrborne Analog System

a4 Alrborne Diglital Computer

o Ground Based Or Shlpboard Analcog System

A Ground Based Diglital Computer
Note: Systems whose symbols are under-
lined are transistorized except for e
which 1s 65% transistorized.

10°

5 yras

10%
1 yr’
6 mo |

102

10°%

Airborne
Band

8=21,700

N
\\

Ground Based &
- Shipboard Band

A 8=187,000
) (Ne)_l-SQ

AN

10

Complexity = Number of AEG's = Ng

FIGURE 6-1

EFFECTS OF SYSTEM CCMPLEXITY ON RELIABILITY
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L d

where © represents the estimated mean time in hours between
system fallures for a system of Nynon-redundant electronic
AEG'ss the 21,700 value 1s the theoretical mean 1life 1n
hours of a system with one AEG, and the value -1,33 1s

the slope of the regression line,

Similarly, the least-squares fit through the ground/
shipboard scattergram can be expressed by the equation

~ -1.39
8 = 187,000 (Ng) .

The most signiflcant feature of the graph is that
system mean 1ife falls off more sharply as complexlty in-
creases than would be expected 1f exponentlality were
agsumed, Because mean life 1s not directly proportional
to complexity, 1t cannot be stated that System A, with 50
AEG's, has a mean 1life twlce that of System B, with 100
AEGts, If thils were true, then the slopes of the regres-
sion lines (the exponents in the regression equations)
would be equal to 1.0. The 45° lines show how mean life
and complexity would be related for various average AEG
fallure rates, if the hypothesis of direct proportionality
were true.

Various hypotheses can be formulated fo account for
the observed departure from the "norm”. Most of the
hypotheses could probably be classifled intc a general
category labelled "“interaction effects", For example, it
is reagonable to agssume that as system complexity in-
creases, so must the number of knobs by which the opera-
tor can compensate for degradation and instability within
Individual subsystems. Eventually, the level of complex-
ity and the corresponding number of required knob adjust-
ments would exceed human capacity for effective and timely
control during the operating cycle.

While this chart needs much refinement, it can be em-
ployed advantageously for determining design feasibility
and for making "ball park" predictions of electroniec sys-
tem reliabillfty. Several of the refinements developed as
a result of thilis study are discussed below,

82



Figure 6-1 18 based primarily on tubed systems. If
the system under consideratlon has active elements other
than tubes, the mean life gilven by the Flgure should be
adjusted, Adjustment 1s accomplished through use of
multiplicatlve correctlon factors By, llsted in the
table below, which wlll yleld a reduced electronic AEG
fallure rate for active elements other than tubes.

1 Type of Actlve Element By

1 Tranglstor, gnalog 0.3

2 Tranglstor, digital 0.02
3 Diode, digital (AEG) 0,067
L Tube 1.0

+ Based on ten digital diodes,

B, corresponds to the correction factor discussed
in Section 6.6.2., The digital transistor factor is de-
rived from data presented in the ARINC Research Corpora-
tion report, "Reliabllilty of Semilconductor Devices,"
(Publication No., 144-5-256, dated 31 August 1961), From
the data thereln, the ratio of digital transilstor fileld
failure rate to analog transistor fleld fallure rate 1is
estimated as approximately 0.06, Multiplylng this fac-
tor by the B; factor of 0.3 ylelds

A (Digital Transistor) L 2 (Analog Transistor AEG)
A (Analog Transistor) A (Tube AEG)

= (0.06) (0.3} = .02.
This factor 0,02 is assumed to represent

_ A (Digital Transistor AEG)
2 " A (Tube AEG)
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under the assumption that the passive parts of a digital
transistorlized AEG would have a fallure rate approxi-
mately 0.06 times the fallure rate of passive parts 1n
translstorized analog AEG's, The Justification for a
factor of this order of magnifude is the lower electrical
stresses and lower sensitivity to tolerances for the
passive elements in digltal appllcatilcns,

The factor B, = 0.06 for digital dicde AEG's is
based on two consaderations. Since many digital com-~
puters have extremely hlgh diode populatlons, ten digital
diodes are taken to represent cne complexity unit or one
digital diode AEG. The complexlty counts of the digital
computers shown 1n Figure 6-1 are based on thils ten-to-
one ratlo. From the data presented in the referenced re-
port, the digltal dlede failure rate to the digital tran-
sistor fallure rate is approximately 0,36: The product

M (Digital Diode) . A (Digital Transistor)
A (Digital Transistor) A (Analog Transistor) =

is equal te (0.36) (0,06) (0.03) ~ .006,

Thils factor of ,006 is taken to represent

A (Digital Diode)
A (Tube AEG)

Since ten digital diodes represent one camplexity unit or
one equivalent electronlc AEG,

A (Digital Diode, AEG) o A (Digital Dlode)
3 » (Tube AEG) = Y T Twpe AEQ)

10 X .006 = .060

1

Four of the systems in Flgure 6-1 can be uged to
check on this estimate, and glve close agreement: the
average equlvalent B ratio for the four systems 1s ,064,
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Although it 18 realized that the factors derlved
above are based on assumptlons not yet rigorously Justl-
fled, 1t is felt that for purposes of a gross feaslbil-
ity predlctlon the factors can he used wlth reasonable
confidence untll more appropriate data become available,

From a count of all electronlc active elements in
the baslc series system, Filgure 6-1 can be used to estl-
mate feaglible mean life for an assumed tubed system

(et} by the formula

., =K (Ng

-p
et )

where K and p are constants which depend on the environ-
ment, and Ng 18 the number of electronilc actlive elements
(ten digital diodes are assumed to represent one elec-
tronic active element).

To account for non-tube actlve elements, consider-
ation was given to adjusting N, by the By factors, but
this is valild only 1f p were equal to one. A more
accurate procedure 1s to adjust 6,¢, a8 dlscussed below.

The feaslble system fallure rate for a tubed sys-
fem with Ne tubed active elements 1is

N 1

Aet N
et

el

If N. denotes feasible tube fallure rate per active
element,
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To account for active element types other than tubes, one
can congslder the feasible fallure rate of a non-tubed
active element to be equal to Bihl; hence, total feaslble

gsystem fallure rate is

1=1

ll' ~
_ NiBiket
B N

1=32 ©

where N, 1s the number of actlve elements cof type 1
(N, 1is efual to f%-x number of digital diodes),

The feasible mean 1life of the electronlc portion of
the system 1s, therefore

(6-11)

It 1s important to note that this model gives only a
gross Indication of feasliblllity, because 1t 1s based on
rough historical data and simplifying assumptions. Further
improvements in rellabillty can be anticipated, and this
should be taken into consideration in the appraisal of the
feasibllity of the system requirement.
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6.8.3 Non-electronic Portion - Estimate of @ne

Feasible mean-1ife estimates for nom<electronic
elements in the basic series system can he estimated
through experlence with similar non€lectronic parts or
equipments., An alternate method has been developed,
based on data inputs of this study. The method 18 de-
scribed 1n this section.

The total fallure index of all non€electronic AEG!s
in the basic series system (Kpne) can be obtained by sum-
ming the product of relative failure unadjusteghrates
(k{% and the number of existing AEG's of the 1" type.
Hence,

K ==}z £ ki (6-12)
1

where ki is the relatlve unadjusted fallure rate
of nonelectronic active element type 1, and

£{ 1s the total number of AEG's of the 1!
type for nonelectronic elements In the basic
series system

Since ki 18 equlvalent to the ratio of the failure rate
of a type 1 AEG to the average electronic failure rate
in the system.

where Kne 13 the total nonelectronic faillure rate, and

X. 1s the average electronlc fallure rate of
one AEG.

From Flgure 6-1, the feasible electronic system mean

1life based on Ng tubed active elements can be obtailned
and, 1n the notation of Section 6.8.2, is equal to get‘
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Therefore, one can obtailn

: 1
Xét = o~
fet

where Két is the feagible fallure rate of a system with
Ne tubed electronic elements.

Hence the average feaslble fallure rate of one electronic

active element 1is

Replacing ié by ié, and A, by iﬁe in the equation for

Kne’ yields

or

Me  ne

But x;—-is egual to fthe feasible mean life of the non-

Ane

glectronic portion of the basic serles system or

. Ne 6et ( )
One = T 6-13
Ke
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T ANALYSIS AND INTERPRETATICON OF THE ALLOCATION

7.1 Introduction

To establlsh rellability as a design parameter,
rellability requirements and methods of demonstrating com-
pliance with them must be specified in each contract, The
allocation of reliability during the inltial stages of sys-
tem evaluation permits rellability to be specified and
provides a basls upon which demonstration and acceptance
fests can be prepared and costed.

The methods described in Sections & and 6 of thils
document permit a numerical allocation of the over-all
reliability requirement. Withln the restrictlons of time
and funding, the numbers so¢ derlved can be used 1n solving
management problems assoclated with development of an
effective system for the ultimate user. The extent to
which they wlll serve thisg purpose depends upon the man-
ner in which they are interpreted and appliled.

An allocation obtained by the above-descrlbed proce-
‘dures 1s based on the following fundamental assumptlons:

(1) The allocatlon process by itself gives no
agsurance or guarantee that the relilability
go asslgned wlll materlalize 1n service oper-
atlon of the units or system. The alloca-
tlon procedure takes an assigned over-all
reliability and apportions the allowable
unrelliabllity to the varlous unlts of the
system, If the system reliabllity require-
ment exceeds the state-of -the-art (see Sec-
tion 6.8), each unit's allocation will re-
flect 1ts appropriate share of the regulred
increase In the state-of-the-art.

(2) The allocation process assumes that the sys-
tem development program 1s a uniform effort,
l1.e., that each unit will receive its
equivalent share of the development funds and
calendar time. The relatilve weighting of
functional units is based on past experience
in a wlde variety of development and produc-
tion programs; thus, the relative welghting
18 based on an "average' development and
production background.
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(3) The allocatlons arrived at by the above
procedure can be further modified through
study of trade-offs between rellabllity,
other performance requlrements, welght and
space, calendar tlme, and monetary limita-
tions. The 1nitlal allocatlon 1s made on
the basls of factors which can be gquantified
at this time. Interpretation and use of the
allocated numbers can be effectlve only 1If
they are related to the more subtle factors
in R&D progranms,

T.2 Development Program Factors
Affecting Allocations

The procedures described 1In this document have been
concerned only with those allocatlons based upon previous
experience with system components and thelir anticlpated
use In future applications (essentlality). Ideally, these
should be the only factors influencing reliabllity allo-~
cations. Practically, however, development program
managers are faced wlth a continual serles of compromlses,
Brief discussions of some types of compromises or trade-
offs which frequently occur are glven below. Since no
two situations are identical, these trade-offs cannot
practlicably be reduced to numerical quantities In the
allocation equations, To the extent that indlvidual unit
reliabllities are compromlsed by such trade-offs, 1t 1is
essentlal that, when recombined, these rellabilities
equal the system requirement.

7T.2.,1 System Requilrements Vergus
State-of -the-Art

Perhaps the most common problem encountered by the
program manager 1s that in which system requlirements --
and, thus, unit requlrements -- are too high relative to
the current state-of-the-art and the calendar time and
funding permitted for the R&D program. Several posslble
gsolutions must be investigated, One solution is to lower
the system requirement; another is to extend the R&D
schedule; a third is to slimpllify the operaticnal require-
ments; and a fourth 1s to reallocate rellability, weight,
space, time, and funds. These alternatives are dis-
cussed below.
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(1) Lower the System Regulrement. Operational
commands tend to demand much higher reliabil-
1ties than are 1n reality required. Thus, 1t i1s appro-
priate to determine whether it is more vital to provide
the operational command with a system having a lower
rellabllity by a specifled calendar time or to delay
delivery until equlpment with the requilred reliability
1s avallable. (National defense needs are often most
dependent upon the time elements.)

(2) Extend the R&D Schedule. This solution 1is
the complement of (1), above. In effect, it

requires a decislon that the system concept 1s not
sufficlently advanced for fruitful developmental effort
until preceded by considerable research which will 1n-
crease the time and funding required. Although addi-
tional research before development may appear to cost
more initially, the price of fallure, rework, '"late-in-
the program" research, and unusual use problems may very
well overcome the inltial cost differential.

(3) Simplify the Operational Requirements. It is
common practice to attempt over-sophistication

In present-day systems. Requirements for auxlliary func-
tions, for accuracy, and for versatlllity are often more
rigorous than 1s actually reguired. It thus becomes
necessary to revliew original operational needs in relia-
tion to planned system performance., If the system can be
gimplified, 1ts reliabllify will show a deflinlte increase --
agssuming other factors remain constant. Figure 6-1 in
Section 6.8 c¢learly shows the effects of complexity.

(4) Reallocate Reliabllity, Weight, Space, Time,
and Funds. Thils solutlon bulldzs Imbalance
Into the program in the interest of concentrating improve-
ments 1n selected units. Specific methods employed are:

(a) Use of redundancy, which will require
reconslderation of welght allowances,
volume limits, and available power
sources, Redundancy entails consider-
ation of swiltching devices, types of
malntenance, and interactlion effects
that must be carefully treated if re-
dundancy 1s 1lndeed to effect an apparent
Increase In system reliiabillty.

(p) Extensive R&D efforts on selected units,

with an attendant reduction in effort
on other unilts,
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The risks assoclated wlith a concentration of effort are
great. It 1s possible to concentrate on units providing
no apparent gain and possibly suffer loss through reduc-
tion of effort on others. Conversely, 1f the right units
are selected, the galn coulé be great,.

7.2.2 Unit-Allocated Rellability Trade-
Off's Versus Time and Funds

Section T.2.1 (4), above, established the point that
1t is not usually desirable to concentrate effort on only
a few areas in the interest of overcoming system deficlien-
cles, Within any program, however, development time and
monetary allocations often become out of balance relative
to the initial reliabillty allocation. Circumstances
which can contribute to such 1lmbalance include the follow-
ing:

(1) Unique or radically new approaches to
functional deslgn may dictate additional
funding 1n a particular area.

(2) If procurement of relatlvely standard units
from other programs 1s intended, these pro-
grams must be conglidered 1n conjunction
wlth the initial allocatlon. Increased
rellability allocations could perhaps be
gilven to unlts produced under the more in-
tensifiled reliabllity efforts.

(3) Development time has a marked effect upon
rellabllity. The more design and test time
provided, the more mature -- and thus reli-
able -- the deslgn 1s likely to become,
Here, too, an increase in the reliability
apportlionment may be permisgsible, A
unlt produced under conditions which provilde
relatively 1little time for testing and, con-
sequently, for correctlon or lmprovement of
deflclencles, should not receive the same
rellabllity allocatlon as a unit whilch re-
gquires little design time and thus permits
more than adequate time for testing and
improvement.
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7.2.3 Unit-Allocated Reliabllity Trade-
Offs Versus State of Design

The state of the design of a particular unit
relatlve to other units affects the allocation. A unit
which requires only modification and restudy from the
vlewpoint of reliability can generally be expected to
achleve a greater rellabllity lmprovement than a unlt
which must be newly designed, if the same amount of
effort is applied to each. When accurate reliabllity
data 1s avallable on a standard unit, it should, of
course, be utilized in lleu of the initial reliabllity
allocation.

7.2.4 Unit-Allocated Reliability Trade-
Offs Versus Type of R&D Effort

Within a system program it 1s not unusual to find
development efforts on different units varylng in scope
from straight fabrication to research on individual parts.
A review of the R&D efforts wlll result in a redistribu-
tion of the allocatlon based on (1) part selection
criteria, (2) the type of engineering effort (tolerance
studies, stablllty studies, derating policles, packagilng,
ete.), (3) the quantity and type of development and reli-
ability testling planned, and (4) the provislions made for
correction of deficilencies. Units developed under pro-
grams specifically oriented toward reliabillity and em-
ploylng good deslgn practice should be assigned a higher
rellability than the 1initial allocation would normally
provide. Materlals handling techniques, process con-
trols, assembly techniques, and inspection methods all
influence the quality of the deliverable product. Thus,
the R&D effort and the fabrication process can be con-
gildered in the reallocation of unit reliabilliy,

7.3 Updating the Allocatlon

Reliability as a deslgned performance parameter does
not remain static throughout a development program.
Therefore, the allocated requirements must be periledically
reviewed for thelr current appllcabllity. The review
should take account of circumstances such as those de-
serived below,

(1) Changes in design philosophy may affect the

initial allocation determined pursuant to this
document,
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Changes in program plans -- e.g., In fundlng,

in scheduling, or 1ln design and test emphasis -~--
will necessitate a restudy of the trade-offs
made in the establishment of unilt requirements,

Acqulsition of applicable use data on units may
permit substiltution of more specific, current
gexperience for estimates incorporated in the
allocatilon.

Rellabllity prediction and analysis studiles may
indicate that individual unlts can achieve more
or less reliability than allocated. (A note of
caution: Present-day predictlions often show
reliability potentlial rather than a realistic
state of the design.)

Availabllity of fest data from the program will
give early i1ndications of how well units are
complylng with requlrements. Valld test data
can provide a current base for reallocation of
reliability.
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8. RELIABILITY TESTING

8.1 Introduction

A reliabllity allocation performed to establish
contractual reliabllity requirements is of limlited value
if methods for demonstrating compliance with the require-
mentaare not also specified. In fact, it can be argued
that the primary purpose of a reliabillity allocation 1s
to determine the parameters of reliablllty tests.

This section is limited to rellability tests per-
formed for the purpose of determining whether a sub-
mitted product should be accepted or rejected depending
upon 1ts conformance to specified relliabillty goals.

The tests involved, therefore, are acceptance rather than
evaluation tests, The latter are essentially a process
for estimating the level of achieved reliability.

Rellability acceptance tests are usually quite ex-
pensive and time consuming. ©On the other hand, rella-
billity test effort on a level that yields 1lmprecilse or
inaccurate results wlll eventually lead to adverse con-
sequences such as accepting an unreliable product or re-
jecting a satlisfactory one. Therefore, an attempt to
balance these factors to achleve an optimum level of test
effort is natural. 1In doing so, one must consider that:

(a) only a few ltems may be avallable for test-
ing ~-- especlally in the research and devel-
opment phasgses of the system-1ife cycle;

(b) 1life testing 18 deleterious and often de-
structlive and therefore can be very expen-
sive for all but the simplest of l1tems;

(¢) items with high reliability requirements re-
qulre long testilng periods; since the number
of faillures, rather than the number of ltems
on test, determines the tesat '"sample size,"
the walting time involved in obtaining the
requlred number of failures may be a limit-
ing factor;
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(d) complex items may require expensive test
equipment, especlally if simulation of en-
vironmental conditions 18 a requisite;

(e) a philosophy too frequently exists holding
that reliabillity testlng 1s of secondary
importance; consequently budgets often
faill to provlde sufficient money and time
for adequate levels of test effort,

It is not withlin the scope of this contract to de-
velop optimlzation methods which are of immedlate appli-
cabllity to all types of reliability test siltuations.
Rather than l1imit the dilscussion to a few speclial cases,
a detalled discussion of the concepts of reliabllity
testing 18 presented. Guldelines are given for choosing
between such alternatives as varlables and atfributes
tests, slngle, multiple or sequential sampling plans,
non-truncated or truncated life tests, parametric or
nonparametric assumptlons, etc. Useful tables showing
the effect of varylng the test parameters on the amount
of testing are presented for the more common types of
rellabllity acceptance tests. The lasgt section on test-
ing describes the general decislon theory approach for
test effort optimlzatlion, where costs of testing and
costs of wrong decision are congidered explicitly.

8.2 Baslec Concepts of Reliability
Acceptance Testing

An acceptance test 1s a procedure for testing or
inspecting samples of some product from a submitted lot
and, on the basls of the results, deciding whether or
not the whole lot may be accepted as belng satisfactory.
Before such a test can be performed, the following fac-
tors must be consldered:

(a) The definition of a lot.

(b) Methods for selecting samples from thils lot.

(c) The environmental test conditions.

(d) The definition of a satisfactory lot.

(e) The number of sample 1tems to be selected.

(f) The limitations on expenditures of money, time,
manpower and equlpment.
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Consideratlion of the foregoing matters usually ylelds
enough Informatlion to confine the number of appropriate
acceptance tests to a very few. The dlscussion which
follows encompasses only such tests as are needed to
support a determlnation that specified rellabllity re-
qulrements have been satisfled., Wrong declsion cost
conslderations are deferred until Sectlon 8.6 in order
to develop the concepts of rellabillty acceptance test-
ting without having to introduce the relatively new,
but closely related, fleld of decislon theory.

8.2.1 Lot Definition and Sample Selection

The definitlon of a lot 1la important In acceptance
gpampling since declsions based on a relatlively small
number of sample 1ltems apply to the whole lot. Lots
should be formed 1n such a manner that homogenelty of
ltems within it is achleved. This is best accompllshed
by forming "rational lots", or lots which contaln units
of sufficiently identical origin to minimize the like~
lihood of sharp variations in quality. This can be ’
accomplished by including:

(a) products produced from the same batches
of raw material, components, or sub-
assemblles.

(b) products manufactured by the same
production or assembly llne,

(c) products manufactured within a specified
unlt of time such as a day or a week.

It is generally true that the larger the lot, the more
economical 1s the sampling plan., Lots that are too
large, however, willl not likely be rational lots.

Rarely can all of the foregolng conditions be
satlsfled even for slimple parts such as resistors.
For equilpments or subsystems, the level at which
allocated reliabllity requirements usually apply,
the formation of rational lots may become a most dif-
ficult problem because of the very limited productlon
aspect, Moreover, in the early developmental stages,
design, manufacturlng, and procurement changes are
frequently made,
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For reliabllity acceptance tests In such cases, the
items on test are generally regarded to represent not a
speciflc lot but the producerts capabllity to meet the
requirement, the "lot" then being his future production.
Any major changes in future production must, of course,
lead to a re-evaluation of earlier test declsions,

The selectlon of sample items whilech can be formed in-
to rational lots should be made in such a manner as to en-
sure representativeness, This 1is accomplished by select-
ing items randomly, glving each 1lftem in the lot an equal
chance of being included 1n the sample. In reliablllty
testing at the developmental stages, sample selectlion I1n
this manner 1s virtually imposslible., For complex items
of limited production -- only five or six -- a sample of
perhaps not more than two may be drawn. Fortunately in
many types of life tests the "sample size" is not the num-
ber of items tested but the number of failures observed or
the number of fegt hours accumulated, Since complex l1tems
generally exhlblt a constant fallure rate (an assumptlon
which should be verifled), a few test items can generate
the requilred sample size Af fallures are restored to new
condition by repalr. It 1s, therefore, even more important
for this case that the 1tems selected (at least two is the
AGREET requlrement for the development stage) be repre-
sentative of the current output.

8.2.,2 Environmental Test Conditions

Although testing may be performed on iltems which are
in the development or prototype stage, the relilablllity re-
qulrement is usually one which eventually applles to fleld
operation. It i1s necessary that the envlironmental test
conditions imposed are appropriate for the partilcular
stage of development. For the early stages of the system
1ife cycle, 1t 1s usually desirable to minimize the variety
of imposed envlironments in deference to test economy and
to expedite acceptance (if justifled) of the relilabllity
program, Environmental condlitions usually considered are
temperature, vibration, off-on cycling, and input voltage.
As the system l1life cycle apprecaches the operatlonal stage,
the severity and scope of the test environment should be
adjusted accordingly. The particular envircnmental test
conditlons employed must be considered in defining the
rellabillity test specification,.

t Advisory Group on Reliability of Electronic Equipment,
Rellability of Military Electronic Equipment, Task
Group No, 2, 4 June 1957,
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8.2.3 Statistical Concepts

The statistical basis of a reliability acceptance
test 1s obtained from the theory of testing hypotheses.
In relliability testing, the hypothesis under test --
called the null hypothesis -- 1is that the submitted lot
conforms to the reliability requlrement. An alternative
hypothesis is also specified (or at least implied) that
the submitted lot does not conform to the relilability
requirement. Rejectlon of the null hypothesis 1s essen-
tially equivalent to acceptance of the alternatlve
hypothesis.

Slnce samples rather than whole lots are inspected,
the possibllity of incorrect inferences due to sampling
fluctuations has to be consldered, If H, represents the
null hypothesis that the product conforms to the relia-
bility requirement (e.g., the mean 1life is equal to a
specified value) and H; represents the alternatilve
hypothesis that the reliabillity of the lot 1ls at some
reliabllity level considered to be unacceptable, elther
of the following two incorrect inferences may be drawn,

(a) Type I Error: H, may be rejected when
it 1s true

(b) Type II Error: H, may be accepted when
H, is true,

The probabilities of makling These errors are dependent on
the sample size and decislon criterion. If the probabil-
1ty of a Type I error 1is denoted by @ and the probabllity
of a Type II error by B, the following table can be used
to summarize the relationships:

TABLE 8-1
RELATIONSHIPS BETWEEN TEST DECISION AND TRUE SITUATION

Test True Situation

Declsion H, True H, True

Accept Correct Decision Type II Error
H, Prob, =1 ~ « Prob. =B

Reject Type I Error Correct Decilslon
H, Prob, = a Prob, =1 - B
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In acceptance gampling, the probabllity of a Type I
error, a, 1s commonly called the producer's or Alpha risk
as 1t represents the risk that a product conforming to
the specification is rejected., The probabllity of a
Type II error, B, is called the consumert!s or Beta risk
as it represents the risk of accepting product which
shou%d be rejected (1 - B 1s known as the power of the
test).

The expression "confidence" or phrase "confidence
level is sometimes seen in rellability specificatilons
to indicate the degree of assurance required in the 1life
test results, In the strlct sense, confldence levels,
such as 95%, apply only to estimation problems where
one degires to construct from the sample data an inter-
val estimate of the parameter for which there is 95%
confidence that this interval contalns the true value
of the parameter. Such Intervals can be used to test
hypotheses by acceptling or rejecting the null hypothe-~
sis according to whether the parameter value such as
mean life assoclated with thls null hypothesls 1s or
is not contained in the computed interval. Although
thls approach has been generally rejected in favor of
hypothesls tests wlth specifled producer!s and con-
gsumer's risks, it has the advantage that the closeness
of the hypothetical or standard parameter value to the
accept-reject limit gives a good ldea of how flrm the
correspondling decision Is,

In many cases, tests based on confldence intervals
lead to exactly the same results as those based on the
theory of hypothesis tests. A test specifilcation in
terms of confldence levels, however, can be subJect to
gserlous misinterpretation as the following example will
illustrate, Assume the specification states: "...A
sample shall be 1life tested to determine with 90% con-
fldence that the submitted lot conforms to the requlre-
ment of a 100-hour mean life ...". Two reasonable test
criterla are:

(a) Compute the 90% lower confldence limit, ¢ .
Since one can be 90% confident that the true
mean life is greater than 6., if 6§ > 100,
accept the lot, otherwise reject 1t.”

or

(b) Compute the 90% upper confidence limit,
Since one can be 90% confildent that the
true mean life is less than QU, if
6 < 100, reject the lot, otherwlse accept

1%,
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Test (a) 1s equivalent to one where the consumer's risk
is 10% at a true mean 1ife of 100 hours. Test (b) is
equivalent to one where the producerts risk is 10% at a
true mean 1ife of 100 hours., The difference between
the two tests is apparent; the former requires that a
lot with a mean 1life of 100 hours be accepted only 10%
of the time; the latter requires 90% acceptance of a
lot with this same mean 1i1fe value. It 1s therefore
strongly recommended that test specifications written
in terms of confidence statementis not be used unless the
statement uniquely determines the test criterla.

For all usual types of tests, the magnitude of «
and B and the number of test observations n are inter-
related in such a manner that specifylng any two of the
quantities determines the third. In the past, for non-
sequentlial tests, o and n were usually specified and a
test was chosen to minimlze the B error. For acceptance
testing, the trend now appears to specify B lnstead of
a, If 1t 1s important that both a and B be specified,
the sample slze 1s no longer at the disposal of the
experimenter, In sequential sampling, o and p must be
speclifled In advance, and the sample slze 18 a random
variable since l1lts value 18 not predetermined but wlll
vary over successive testa. ‘

8.2.4 The Operating Characteristic
{0.C.) Curve

By specifying two of the three quantities, n, a,
and B, the accept-reject criferlon of the acceptance
test 1s uniquely determined for a given family of tests
(e.g., a life test under the exponentilal assumptilon
truncated after 15 fallures occur). It is then possible
to generate the 0.,C. curve of the test plan. This 1s a
curve which shows the probabllity of lot acceptance
over all posslble incomling reliabllity levels. Two
points on the 0,C. curve are already determined, namely
the @ and B polnts and thelr corresponding relliability
levels, which are given by H; and Hi, respectively.

As an 1llustration, 1f the specificatlion is in
terms of a survival probabllity or reliability for a
given pericd of time, the general shape of the 0.C.
curve would be as shown in Figure 8-1,
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The probabllities of acceptance are interpreted as
the long-run proportlon of lots that will be accepted,
If, for example, the 0.C, curve shows that a lot with a
rellability of .80 will be accepted with a probabllity
of .65, then the interpretation is that, in the long run,
655% of all lots which are submitted with 20% defective
ltems will be accepted.

It should be emphasized that the 0,C, curve gives
the probability of acceptance 1f a lot with a reliabllity
level of R 1s submlitted. It does not gilve the probabil-
ity or relative frequency distribufion of the reliability
level of accepted lots. To 1llustrate this important
concept, if every submitted lot had a reliabillity of .20,
and the probabillity of acceptance was ,05, then, on the
average, 5 out of every 100 lots would be accepted. But,
slnce all lots have a ,20 reliablility, every accepted lot
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would also have a rellability of .20 {ignoring the
minor point that fallures detected during inspectilon
are discarded). This 1s one justification for the
oft-made statement that "you cannot inspect reliabil-
ity or quality into a product,"

8.2.5 The Test Specification

Since reliabillity may be specified by various
parameters such as probability of survival, mean life,
fallure rate, etc., the Tollowing terminology will be
used in general discussilon:

(a) Acceptable Reliabillity Level (ARL) is the
level of reliablility, measured by an appro-
prlate parameter, considered to be accept-
able and whlch represents the null hypothe-
sis, i.e., Ho = ARL, (The Acceptable
Quality level, AQL, 1s the analogous term
for acceptance tegts based on percent
defective.)

(b) Unacceptable Rellabllity Level (URL) is the
level of reliability whlch ig conaidered to
be unacceptable and which represents the
alternate hypothesls, l.e., H, = URL,

(The Lot-Tolerance-Percent-Defective 1s the
analogous term for acceptance tests based
on percent defective,)

(¢c) Discrimlnation Ratio (k) is a ratio measurc
of the difference bhetween the ARL and URL,
For mean life requirements, k = 84/61, for
fallure rate requirements, k = A /A
for survival probabllity requlremen
X = (1 - R1)/{1 - R,) where the "o" subscript
refers to the ARL and the "1" subscript re-
fers to the URL,

and
£s,

An immediate qQuestion is where does the allocated
reliabillty requirement £it? For example, suppose the
allocatlion procedure determined that a particular
equipment should have a reliabillty of .96 for 10 hours
or R(10) = .96, The acceptance test 1s to have an a and
B both equal to ,10., Associlated with o 1s the ARL and
associated with B is the URL,
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If the ARL is selected to be .96, then values of
reliability somewhat less than .96 would be accepted
with a relatilvely high probability. If the URL was
gelected to be .96, the plan will give a hlgh assurance
of rejecting a product with R less than .96, but this
may be too severe on the producer, Also, as will be
shown later, the amount of testing required for a deci-
slon 1s proportional to elther the ARL or URL and the
discrimination ratlo. Assuming a k of 2, 1l.e.,
1-Ry

1R, = 2, the 0,C. curve for the two alternate plans

presented above willl be similar to those shown in
Figure 8-2, If, for the sake of argument, a true relila-
bility of .36 or more is totally acceptable and a true
rellability of less than .96 1s totally unacceptable,
Plan A which permits lots with a rellabllity of about
.94 to have a 50% chance of acceptance 18 not restric-
tive enough. On the other hand, if a true rellability
of .92 is totally acceptable and less than ,92 1s
totally unacceptable, Plan B 1s too restrictlve, since
lots with an average reliabllity of .94 would have very
sllight chance of passing the test.

It is therefore most important that the ARL and URL
be made as conslstent as posslble with operational re-
quirements within the limitatlions imposed by time and
monetary constraints. 8Since the allocated edqulpment
rellability requlrements are derived from the contract
specifled system requirement, they are, in effect, also
contract specifled. The usual Interpretation of the
contract specified requirement 1ls that it represents the
rellabllity level for whilch a high probabllity of accept-
ance 18 desired. This level is therefore, the ARL wlth
an agsoclated probabllity of acceptance of 1 - a. How-
ever, as polnted out In the AGREE report, Task Group
No. 3t, the contract specifiled reliability level should
actually be higher than the minlmum sufficient for
tactical requirements. This true minimum is the URL
whilch has an assocliated preobabllity of acceptance of B.
Since a lot with a reliabllity level lower than the URL
will not be sufficient for tactlcal requirements,

+ Advisory Group on Reliabllity of Electronic Equipment,
Reliabllity of Military Electronic Equipment,
L June 1957.
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acceptance of such a lot is a risk the consumer or user
attempts to minimlze by choosling a plan with a low B.
(Section 8.6 discusses the cholce of the @ and B rilsks
in terms of minimizing total cost.)

If the above iInterpretation is adopted, the equip-
ment requirements obtained from an allccatlcon proceudre
represent the ARL, provided the system contract rella-
bility speciflcation represents the ARL. Approprlate
changes must be made 1f the system reliability redquire-
ment 18 based on some other criterion such asg the min-
imum reliability sufficlent for tactical requirements.

8.3 Types of Rellabllity Acceptance Tests

Numerous ways exists for classifying the types of
reliability acceptance tests, The cholee of which type
of test to employ may be based on statistical consldera-
tions, physilcal aspects, economic factors, or combina-
tions of these as well as others. The following lists
of deflnitions wlll aid in describlng the various types
of acceptance tests, Note that the definitions with
the same numerical prefix represent possible different
alternatives for particular test characteristics.

1A Attributes Test - A test procedure where the ltems
under test are classified into
qualitative categories such as success or fallure.

1B Variableg Test - A test procedure where the items
under test are classifiled accord-
ing to quantitative characteristics such as power
output.

1C Life Tests - A test conducted over time in which
time to failure is measured.

24 Single Sampling Plan ~ An acceptance test where
one sample of known size
is faken to determine conformance to a specifilca-
tion,

2B Multiple Sampling Plan -~ An acceptance test in
which, after each sample,
a decislon 1s made to accept, reject or take another
sample, A maximum number of sampleg 1s sgpecified
which, I1f reached, must lead to an accept or reject
decilsion.
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eC

3A

3B

3C

4a

4B

HA

5B

6A

Sequentlal Sampling Plan - A test of hypothesis

oy acceptance test in
which the sample size 1s not deftermined 1n advance,
Observations are made sequentially or in stages and
the decision to terminate the test or obtain
another obgervatlon depends, at each stage, on the
results of observations previocusly made.

Lot-by-Lot Sampling - Acceptance tests which are

based on a sample from an
individual lot and for which the conclusions
apply only to that lot.

Continuous Sampling - Acceptance tegts for a con-

tinuous productlioh process
or items for which lot formation is highly arti-
ficial, Rejection involves 100% inspection of
output for a prescribed number of items,

Chain Sampling -~ Lot-by-lot sampling in which

regults of previous acceptance
tests on lots are included in the decision
ecrlterion.

Non-Truncated Life Tests - Tests in which all
sample items are

tested to failure,

Truncated Life Tests - Tests whlch are terminated
before all sample ltems

have falled,

Parametric Tests - Tests which assume an under-
lying probability distrlbution
for the varlable of interest.

Nonparametric Tests - Tests which requlre no
asgumpflon on the under-
lying probabllity distribution.

Replacement Life Tegt - Teste in which failed
items are replaced or
restored to new condition by repair.
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6B Non-Replacement Life Tests - Tests In which failled
items are not replaced

or repalred.

7A Standard Stress Life Tests - Tests 1n which the
test conditlons
gsimulate the existing use conditions.

7B Acoelerated Life Tests - Tests in which the
stress (external and
internal) 1s controlled to induce early failures
in order to reduce the amount of testlng time.

Except for a few gpeclal cases, a selectlon of one
characteristic from each of the seven groups represents
a type of acceptance test, For example, selecting 1B,
2A, 3A, 4B, B5A, 6A, and 7B represents a slngle sampling-
variables life test for a partilcular lot. The test is
terminated by a truncatlon rule based on an assumed
probability distributlion. Accelerated stress conditions
are to be applled., There are easlly over 100 feasible
types of acceptance tests which can be generated from
the above 1list. Guidelines for choosing the most appro-
priate comblnation are glven below.

8.3.1 Attributes, Varlables, and Life Tests

An attribute rellability test is one where each of
n items is tested and Judged to be a success or fallure,
An attrlbutes test usually applies to a one-shot item
in which time or cycles are not involved. It 1ls pos-
gible, however, to include tlme by testing each item for
a specifiled perlod and countlng the number of successes
and fallures. This type of test 1s not called a 1life
test because the time when the fallures occurred during
the testlng perlod is not conslidered and no underlying
time-to-fallure dlstribution has to he assumed,

A varlables rellabllity acceptance test 1s one 1n
which some characterlstic of the test ltems is measured
on a continuous scale such as amplitude or power output.
If the items are each tested for a speciflied time
period, the characterlistic 1s measured at the end of
this tlime period, Consideration is not gilven to the
distribution of the characteristic over time,
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A life test 18 one in which 1ltems are tested over
time and are classiflied Into success or failure cate-
gorles, Consideration 1s gilven to when the fallures
occur and the accept/reject decilsion 1s based on an
agssumed underlylng failure distribution or on a non-
parametric method 1f appropriate for the stated rella-
bility goal.

- Which of the three alternatives should be used can
often be logically decided by conslderating the appllca-
tion of the ltem and the type of reliabllity goal. Items
which are of the one-shot type such as an explosive
switch, or a proximity fuse cannot be 1llfe tested, For
-the explosive swltch the only characteristic 1s good or
bad (detonate or dud) which must be tested by an attri-
butes test, The proximlty fuse, on the other hand, can
be tested elther by attribules or by varliables, the
latter measurement perhaps being the distance from
target at detonatlon. A programmer 1s an example of an
1tem whose cperatlon 1s not independent of time but
whose output at the end of a specifled time perlod must
meet some speclfied criteria. In thils case, elther an
attributes or variables test at the end of the time
periocd can he used,

If the reliablllty goal ls stated In terms of prob-
ability of survival for a fixed time period, an attri-
butes test at the end of the time period may be used as
well as a life test. If the goal 1s in fterms of mean
time to fallure, a life test 1ls indlcated since mean
life 1s a functlon of failure times, An example would
be a component in a long-life satellite.

For cases where two or all three types of tests
could concelvably be employed, other factors guch as
type of informatlion provided, degree of protection
afforded, amount and cost of inspectlon and ease of
administratlion should be considered. The following
table summarizes the advantages and disadvantages of
each type of plan with respect to these considerations.
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TABLE §-2

COMPARISONS BETWEEN ATTRIBUTES, VARIABLES AND LYFE TESTING

Factor Attributen Varlables Life Teat
Tse of Item Single operation Single operation Repetitive or contlnuous
operation over time
Type of Number cor percent of Distribution of some Distribution of
Information sample that falled to quantitative output fallures over time.
Yielded meet specifled quality at a given point in time,
characteristlcs at a Provides most information
glven point in time, for gquallty improvement.
Reliability Percent of defective Output tolerance limits Mean life, failure rate
Goal or probabllity of pur- which define success or or probabllity of sur-

Sample Size
for Given
Protectlion

Ease of
Inspection

Simplicity
of

Application

3tatistical
Consldera-
tions

vival over a flxed
time period.

Hlghert

Requires relatively
simple test equipment
and less qualifiled
personnel,

Data recording and
analysais 1s falrly
simple. Single set of
attributes criferla
applies to all quality
characterlstilcs.

No assumptlong on
fallure distrlbution
requlred. Blnomlal
distribution spplies
for most cases. Ex-
tensive tables are
available.*

failure possibly apply-
ing after a flxed period
of operation.

Lower than attributesn
teat for corresponding
plan,

More complex teat equip-
ment and better tralned
people required than for
attributes tests,

Mcre clerical costs than
attribute plans. Varl-
ables criteria needed for
each qQuallty character-
Iatie,

Requirea a parametric
agsumptlion on the dlatri-
bution of the character-
istic consldered, Tables
for the normal dilstribu-
tion are available, %*

vival for a flxed time
perlod.

Lower than attrlbutes
test for corresponding
plan.

Continuous cobservation
necegaary for moat types
of tests. Highly trained
people required, DLffi-
cult to malntain con-
trolled test conditions,

More clerlcal costs than
attribute plana, Has one
set of ¢rilteria for all
quality characterlstics.

Requires an assumption of
a time-to-failure dilstri-
buticn., Tables avallzble
for expeonentlal and
Welbull distributions.’

*  MLL-STD-1058,

of Documenta, Governmen

Sampling Procedures and Tables for Ingpectlon by Attributes, Superintendent
T Printing Office, Wasnington, D.C., 1G58,

Dodge, H,T. and Romlg, H.G., Sampling Ingpectlon Tables, John Wiley & Sons, New York 1944,

Sobel, M, and Tlschendorf, J.A., "Acceptance Sampling wlth New Life Test Objectives",
Proceedings of the Fifth Natlonal Symposlum on Rellabllity and Quallty Control in

Electronics, 1959, pp. 106-118.

** MIL-STD-414, Sampling Procedures and Tables for Inspectlon by Variables for Percent
Def'ective, Superintendent of Documents, Government Printing Office, Washington, D.C., 1957.

+ Por exponentlal distributlon, Handbook H-108, Sampling Procedures and Tables for Rella-
bility and Life Testing, Office of the Assistant Secrefary of Defense (Bupply and Loglstica),

Washington, D.C., 1G&0C.

For Welpbull distribution, Goode, H.P,., and Kao, J.H.K.,
Distributicn, Tech Report No, 1, Department of the Navy,
] Astia No. AD 243881, 19560,

Nonr-EliED35

Sampling Plans Based on the Weibull

Office of Naval Research,
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8.3.2 Single, Multiple and Sequential Sampling

Single, multiple and sequential sampling plans can be
devised that have nearly identlecal 0,C. curves, It shall
therefore be assumed 1n the followling discussion that equal
protectlion is afforded by each of these types.

In single sampllng, one sample of n Iitems is tested.
Accepl or reject declslons are made on the basis of the
results by comparing the number of observed fallures or
defects to a predetermlned acceptance number, c. In
multiple sampling, more than one sample may be necegsary
before a decision 1s reached, but the maximum number of
samples and thus the maximum rnumber of items to be tested
is known. An example lg a double sample plan with the
following test criteria:

ny(lst sample size) = 100, cj(accept number for first
sample) = 3

200, cofaccept number for both
samples) = 7

no(2nd sample size)

A first sample of 100 1ltems 18 taken. If 3 or less de-
fectlives are found, the lot is accepted. If 8 or more
defectives are found, the lot is rejected. If & to 7
def'ectives are found ¢n the first =sample, a second sample
of 200 items 1s taken and the lot i1s accepted 1f the total
number of defectives 18 7 or less,.

Sequential sampling 1s an extension of multiple sam-
pling in that decisions to accept, reject, or sample fur-
ther can be made after each individual 1tem (or possibly
groups of iltems) i1s tested. No maximum number of sample
items 1s gpecified although the probability of very large
samples is usually quite small. The decision criteria of
a sequential sampling plan can be presented graphically.
Figure 8-3 1llustrates a test forreliability or percent
defective. Asmmpling progresses, the number of defectives
is plotted against the number of ltems tested, Testing
ig continued until the plotted atep functlon crosses one
of the tweo decision lines. Since the step functlon may
remain in the continuocus testing region for a long period,
especlally for borderline lots, truncation or stopping
rules can be gpeclifled so that the effect on the a and p
errors are negligible.

Generally, multiple sampling requires less testing
than single sampling, and sequential sampllng requires
less testing than multiple sampling. Thils 1s true be-
cauge lots with very good or very poor quality will

111



12 T T ! T T L

10 - Reject

Decision
Line

Centinue -
Testing
Region

Teat

Number of Defectives
o)

4 Results 2
\r—_-—
5 _ Accept
~ —- Decision 7
d Line

r
i ! 1 ! 1

0 10 20 30 4o =0 60

Number of Items Tested

FIGURE 8-3

GRAPHICAL REPRESENTATION OF SEQUENTIAL ACCEPTANCE
TEST FOR RELIABILITY OR PERCENT DEFECTIVE

exhibit such characterlstics early In the testing, and
decislons can be made before multiple samples or further
samples 1n a sequentlal test are requlred. Since the

first sample of a multiple sampling plan is always smaller
than a single sample s8ize and since declsions on sequential
tests can be made after the results of each test 1ltem, such
savings 1n sample size can be extensive. It should be
noted that the exact sample size of multiple or sequential
gsampling plans l1ls not predetermined but is a functlon of
the true quality of the submitted product. The average
sample for various levels of Incoming quality can be com-
puted, and the resultfs can be plotted to yileld an average
sample number (ASN) curve. An example of these curves is
shown 1n Figure 8-4 for plans approximately equivalent to
the single sampling plan of n = 75, ¢ = 1,

Table £-3 compares some characteristics of single,
miltiple and sequential sampllng plans.
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8.3.3 Lot-by-Lot, Continuous and Chain
Sampling Plans %

The cholice between lot-by-lot and continuous sampling
is usually dlctated by the type of productlon process. If
rational inspection lots can be formed, samples taken
from the lot can be tested to determlne lot conformance,
Continuoua sampling procedures apply when productlon is
continuous and the formation of inspection lots 1s artifi-
cial. ©Chain sampling has features of both lot-bhy-lot and
continuous sampling. It is used to make declslons on a
gubmltted lot but may require the use of results of pre-
vious lof samplings for determinlng conformance. There-
fore, the assumption of a continuous productlon of eqgual
gquality lots is necessary 1n order to use previous results.

Contlnuous samplling plans for reliability acceptance
tests are rarely used because: (1) 100% inspection 1s
required if a reject decision 1s made; and (2) the con-
tinuous production assumptilon 1s usually not reallstlc
for complex equipments. Chaln sampling, whlech is more
economlical than lot-by-lot samplilng, 1s appropriate when
performing costly and destructive testing but the reguired
assumptlon of a contlnuous productlon of equal quality
lots is agaln a serious limitatlon when complex equilpments
are 1lnvolved.

8.3.4 Non-Truncated and Truncated Life Tests

Non~truncated llfe tests are deflined as those in
whieh a decision 1s made only affer all items on test have
falled. A truncated life test is defined here to be one
in which testing is terminated after a preassigned number
of failures occur or after a preassigned number of test
hours have been accumulated. For practlcal reasons, most
life tests are of the truncated type 1in order to control

+ Information and procedures for continuous sampling plans
can be found in Handbook H106, Multi-Level Continuous
Samplling Procedures and Tables by Attributes, Office of
the Assistant Secretary of Derense (Supply and Loglstics),
Wash. D, C., 31 October 1958,

The basle chaln sampling approach ls desceribed 1in an
article by H.F. Dodge, "Chaln Sampling Inspection Plans',
Industrial Quality Control, Vol.XI, No.4, Jan. 1955,

oD. I0-13.
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economic and schedullng factors. Truncated 1life fests are
especlally sultable when the fallure time distribution is
exponential because of 1ts constant failure rate. If a
normal or log-normal fallure time distributlon exlsts,
however, the mathematical difficultlies of evaluating the
results of truncated tests are quite formidable., This 1s
also true for other fallure distributions with non-constant
failure rates which involve more than one parameter whose
values are unknown.

The word truncatlon also applles to sequential tests
in which a rule 1s specliflied for maklng a decislon 1f the
accept or rejJect line 1s not crossed before a predetermined
number of failures or accumulated number of test hours are
reached. The truncation can also take the form of con-
verglng reject and accept lines 1f truncation 1ls to be
based on both the number of fallures and the accumulated
test time., The rules for truncating the seguential plan
must be such that the effects ona and B of the ordinary
sequential plan are negligible.

8.3.5 Parametrlic and Nonparametric Tests

Parametric tests which lnvelve an assumptlion or knowl-
edge of an underlylng failure law are used almost exclu-
gively in 1life tests. For complex electronic items, the
exponential fallure law 1s usually assumed. Attributes
tests which are conducted after a perlod of test operation
are essentially nonparametric since no assumpiion of the
fallure digtribution over the testing perlod 1s regquired.
Generally, parametric tests are more efflclent than non-
parametric tests silnce, for a given amount of festing,
more preclise estimates or smaller probabilitles of in-
correct declsions will result than for nonparametric tests,
The limitations on the types of statlstlcs testable con-
stitute a disadvantage of nonparametric tests in relia-
bility conformance testlng. For example, nonparametric
tests of central tendency apply to medlan 1llfe, while the
gpecificatlion may be 1n termg of a mean llfe.

It should be noted that an Incorrect assumptilon of
the underlying fallure distributlion in a parametric test
can lead to an 0,C. curve which differs greatly from that
planned, especially for small sample sizes. Also, non-
parametric tests are generally easy to conduct and evalu-
ate, often requiring only counting, adding, subtracting
or ranklng. Because of these two polnts nonparametric
tests are now recelving much more consideration than in
the past.
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8.3.6 Replacement and Non-Replacement
Life Tests

Replacement tests are those in which fallures
occurring during the test are replaced by new 1tems. If
the ltems are complex, replacement may bve IntCerprefed to
mean restoratlon of the falled item to new conditilion by
repair or replacement of falled components wlthin the
unlt of product. In non-replacement tests, failed items
are not replaced or repaired; hence the number of test
items decreases ag life testing progresses.

Generally, the effect of using a replacement test
is to decrease the waiting time before a declsion can be
made over that of a non-replacement test with the same
number of items on test originally.T This savings in time
is at the cost of having to place more ltems on test., If
a sequential test 1s used, 1t 1s usually preferable to
plan for a replacement test since all 1tems may fail 1In
a non-replacement test before a decislon is made, and
more test items will have t£to be obtained.

8.3.7 Standard Stress and Accelerated
Life Tegsts

Standard stress tests are those In which the in-
ternal and external stress conditlions expected durlng
operational use of the item are simulated as much as
practlcal during the 1life test. An accelerated test 1s
one 1in which the test conditions are adjusted so as to
accelerate fallure, While accelerated tests can be used
to discover and evaluate critlcal weaknesses in the parts
or deslgn, their atfractlveness 1n acceptance tests 1s
that the amount of test time 1is reduced since the re-
qulred number of fallures for a decisilon wlll occur rela-
tively early. This reductlon in waiting time 1s most
important for ltems whilch have very high reliabillity goals
since the amount of regulred test timeto establish con-
formance can be prohibitlive.

4+ Table 8-6 1in Sectlon 8.4.3 presents some ratios of
expected waiting time for replacement to non-replacement
tests when the exponential dlstribution 1s assumed.
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If the stress condltions are accelerated, the
reliabllity goal under standard stress conditlons has to
be modifled accordingly. Therefore the relationship
(approximate at least) of rellabllity to the acceleration
factor must be known 1n order to set up appropriate test
crlteria, Most accelerated life tests now performed are
at the part level because of the high reliability requilre-
ments existlng at this level (fallure rates on the order
of one per milllon hours) and stress/fallure relation-
ships are relatively easy to determine through experimenta-
tion.

8.4 Amount of Testing for Common Rellability
Acceptance Tests

This sectlion presents tables and formulas for deter-
mining the amount of testing required for various commonly
used reliablillity acceptance tests., All tests are attri-
bute tegts in the sense that sampled items are determined
to be elther successes or fallures, Those tegts which in-
volve measurement of tlime to fallure are called 1life {ests
conslstent with prevlous usage. The followlng tests are
considered:

A. Attributes Tests - (For one-shot items or tests
conducted over a flxed time
period)

A.l Nonparametric (Bindminal)

A.1.1 Single Sampling
A.1.2 Sequentilal Sampling

A.2 Exponentlal Assumption
A.2.1 Single Sampling
B, ILife Tests - Exponential Assumption
B.1l Truncated Non-Sequentlal Tests
B.2 Sequentlal Tests

8.4.1 Attributes Tests - Nonparametric

For nonparametric attributes tests, the allocated
reliabllity must be expressed by a probablility of survival
for a fixed time period (e.g., the mission length) or
equivalently, the percent of ltems 1in the lot that are
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defectlve, 1.e., the percent that will falil during
ocperatlon over thils filxed time perlod. If R, represents
the A.R.L. and R, the U.R.L., the test specification would
be of the following form:

Hy: R(T) = Ry
Hy: R(T) = Ry

Test duratlon - T hours (ar cycles)
Producer's Risk - «
Consumer's Risk - B

For one-shot items where time 1s not involved, the test
duration is equilvalently O hours, l.e., the ltem is in-
spected for rellability conformance without any test time
accumulation.

8.4.1.1 Single Sampling

If the lot slze 1s assumed to be large relatlive to
sample gsize, the binomial distribution can be used to
generate the 0.C, curve of a single sampling plan. Ac-
cept or rejJect decisions are made by testing n items for
T hours. The lot 1s accepted if the number of faillures
is less than or equal to ¢, the acceptance number. The
probabillity of acceptance 1f R(T) is the true rellability
is

PalR(T)] = ) orBigr [L-R(TI* [R(T)]™F (8-1)

If R(T) is close to 1.0 and n is not too small, the
Polsson approximation can be used to obtaln Py from the
equation

P, [R(T)] =Z € u (8-2)

x!
X=0

where m = n[1-R(T)]

In order to meet the test requlrements, values of n
and ¢ must be chosen so that

Pa[Ro] =1-a¢ and Pa[Rl] =B
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Because ¢ can only take on inftegral values, 1t usually 1s
not posgible to find a single sampling plan that satisfies
the above requirements exactly. Since each of the Ry,
Ri,a and p values 1s in some sense arbitrary (a require-
ment of exactly .95 probablility of acceptance if R = Ry

is very rarely determlned on purely logistical, economic,
or other nonpersonal factors), a reasonable approach would
be to gelect a plan with a minimum sample size that comes
closest to meeting the requlrement.

P [Rn] > 1-a, Pa[Rl] < B.

Single sampling plan tables are presented in Section

8.4.1.3.

8.4.1.2 Sequential Sampling

For sequentlal sampllng, the number of ltems on test
18 not predetermined but 1s a random variable whose aver-
age is a function of the true reliablility. The expected
sample pize or number of observations before a declslon
is reached for incoming reliability levels of R = 1.0,
R =R, and R = R, 18 given by the formulas below.

E (n) = 82
R=1 b2
B (n) = (l-a)a, + aa, 5
=R, {I-Ro)b1 + Robz (8-3)
E (n) = B%& + (1-ﬂ)a2
R=R; (1-Ry )bx + Raibo
where a; = log f%; , 8p = log %?i
(natural logarithms)
1-R, Ry

b1=10gm,b2=log~ﬁ-—u—

These formulas are based on plans where one 1tem at a time

ls tested, For practical reasons it may be deslired to test
groups of items at one time; at worst, the a and B errors

will be less than specified but at the expense of increased
sample sizes.
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8.4,1.3 Tables of Attribute
Sampling Plans

Table 8-4 can be used to determine the single
sampling plan (n and c) for various values of
= {1-R,)/(1-Ry} and various sets of ¢ and p. This
table 1s an extenslon of Table 2C-5 in Quality Control
and Reéiability Handbook H-108 which is referenced in
Table ©-2.

Table 8-5 presents single sampling plans which approxil-
mate the 0.C, curve requirements for variocus common sets
of R ,a and p. The expected sample sizes for equiv-
alen% sequential plans is also shown.

Comparison of the two tables will reveal some dif-
ferences {(usually minor) in n and ¢ for an identical
single sample test specifilcation. Table 8-4 1s based on
the Poisson distribution and the plans are derived so
that @ is guaranteed and B 18 no more than specified.
Table 8-5 is based on the binomial distribution and the
criterion used wag to meet both the ¢ and B requirements
as nearly as posslble.

The tables illustrate the following polnts:

(1) Sample size varies inversely witha, B and k
(R, fixed)

(2) Sample slze varles directly with R, (k fixed).

(3) Sequential sampling generally wlll result in
lower sample sizes than single sampling.

Total accumulated test time (l1.e., the total number
of hours accumulated by all items on test) can also be
determined for single sampling plang by simply maltiply-
ing the sample slze by the test periliod, i.e.,

™% = nT

where T™* 1s total number of test hours accumulated. For
these plans, T™ ig actually the maximum number of hours,
which will occur only if the lot is accepted. If (c + 1)
fallures occur before nT hours are accumulated, the lot
1s rejected at that time. For sequential samplling the
expected maximum total test time glven R = Ry and the lot
is accepted is

Ep, (T%) = Epln)T ]
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TABLE 8-5

ATTRIBUTE SAMPLING PLANS FOR SOME COMMON TEST PARAMETERS

Samp?.ﬂglglana Exgzg‘ézgté:ripgzsgize Samp?igglle’lans Exgggzsgt§:$p$§sgize
R, R k n c B (n) | E Ro(n) qu(n) n ¢ E ., {n} E"n {n} E'l(n)
o .10, B = .10 a = .10, B = ;20
.99 | .98 2 950 13 159 437 582 650 9 136 285 451
97 3 320 5 104 175 1 180 3 71 114 110
.95 5 110 2 53 &9 43 60 1 36 L5 33
.90 | 10 37 1 23 25 12 30 1 16 16 9.4
.95 |} .90 2 190 13 40 103 87 113 8 28 67 67
.85 3 60 5 20 35 25 35 3 14 23 19
.75 5 20 2 9.3 12 7.8 11 1 6.4 7.9 6.1
.50 | 10 8 1 3.4 3.6 2,2 5 1 2.3 2.3 1.7
.go | .80 2 8o 11 19 48 g 56 8 13 31.3 30
.70 3 25 4 8.8 15 11 18 3 6.0 9.9 8.9
.50 5 9 3 3.7 4.8 3.4 5 1 2.6 3.1 2.7
.85 | .70 2 4y 10 11 2g a5 33 7 7.7 18.6 19
.55 3 16 4 5.1 8.6 6.8 11 3 3.5 5.6 5.4
B0 | .60 2 33 9 7.6 19 17 2h T 5.2 12 13
e 3 9 3 3.2 5.3 4.6 6 2 2.2 3.4 3.6
= .20, B = .10 a = ,20, B =.20
.99 | .98 2 650 9 188 339 379 400 3 125 206.9 275
97 3 220 i 58 136 a3 140 3 &5 a3 67
.95 5 78 2 50 o4 28 60 2 33 33 20
.90 | 1o 22 1 22 19 7.9 16 1 15 12 5.8
.95 | .sC 2 129 9 38 80 56 78 6 25 ko 41
.85 3 s 4 19 o7 16 31 3 12 15 12
.75 5 16 2 8.8 9.4 5.1 11 2 5.9 5.8 3.7
.50 | 10 4 1 3.2 2.8 1.4 4 1 2.2 1.7 1.0
.50 | .80 2 59 3] 18 37 26 39 6 12 23 19
70 3 23 4 8.3 11 7.5 9 2 5.5 7.2 5.4
.50 5 8 2 3.5 3.7 2.2 5 2 a.l 2.3 1.6
.85 | 7o 2 35 7 11 22,1 16 21 5 7.1 b1} 11
.55 | 3 10 3 4.8 6.6 4.5 & 2 3.2 4,1 3.3
.80 | .60 2 24 7 T.2 15 11 16 5 4.8 9.1 8.0
Lo 3 7 3 3.0 4.1 3.0 i 2 2.0 2.5 2.2
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Epq(T*) will be smaller than this value 1f lots are
rejected since individual failures wlll occur before they
accumulate T hours of test time. Table 8-5 can be used
to determine Eny (T*) for Ri = 1.0, Ry, Rj.

8.4.2 Attributes Tests - Exponential
Assumption

This type of test 1s similar to the nonparametric
case 1n terms of test operation and criteria. The major
difference. is that R(t) 1s replaced by the exponential
formuia € M where £ 18 time and A, the failure rate, is
equal to the reciprocal of the mean 1lif'e. Also, the
"amount of testing" can be measured in various ways as
listed below:

n - the number of ltems on test

r - the number of fallures

WT - the waiting time before a decision (time
elapsed from start of test o the time a
declsion is reached)

T™* -~ the total number of accumulated test hours
before a decision 1s reached.

If the ARL and URL are specifled in terms of mean
life or failure rate, this {ype of tesi is appropriate
if a mission length or significant time perlod T can be
determined for the i1tem. Thils, in turn, will yield

AT -1/6 -, =16,
RH(T) =€ =@ ° and R,(T) =¢€ = @ , the
ARL and URL, respectlvely for a retlability specifica-
tlon for T hours corresponding to the specifled values
No =1/8, and Ay =1/8,,

The converslion of sgpecified fallure rates or mean
lives to probabllility of survival specifications will lead
to exactly the same types of tests discussed 1n the pre-
vlious sectlon, that 1s, n items are put on test each for
T hours. If ¢ or less fallures cccur, conformance to the
reliability requilrement 1ls accepted. However, because
of the exponential assumptlon, the expected waiting time
before a decision is made can be calculated.
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Table 8-U4 can be used to determine n and c¢. Epsteint
has shoewn that the expected walting time before a decl-
sion is reached (as a functlon of true reliability R) is
equal fo

c-1
tan : iy
B, (WD) = ) mrihimr B (RIS ERIX T (8-4)
k=1
where
k
T !
ER[Xk,n] ~ log R 2; n-Jj+a
J=1

k

Pl

The term zzl n—§+1 1s extensively tabulated 1n the

J=1
above clted reference for many sets of k and n.

8.4,3 Life Tests - Exponentlal Assumptlon

The tests discussed in this section are based on the
assumption that the underlying distributlon of fallures
with time follows the exponential law,

()

I

-t/B
Fe/

8-5
A ph (8-5)

I¥

where t = fallure time

£{(t) is the fallure time probability density
function

8 is the mean fallure time or mean time
between failures (MTEF)

A is the constant fallure rate.

+ Epstein, B. 3tatistical Techniques 1in Life Testlng,
Chapt.III, Testing of Hypotheses, Wayhe Biats Uni-
versity Tedhnical Report . No. 3, ASTIA No.AD 21145,
October, 1958.
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For convenlence, the followlng discusslons are for tests
on 8., The translation to fallure rate N 18 easlly made
from Egquation 8-5, Approprlate test speclflications are
those for which the ARL and URL are or can be converted
to exponentlal mean life or constant fallure rate values.
Two general types of tests are considered: truncated and
sequential 1life tests.

8.4,3.1 Truncated Tests

Truncated tests as used here are those tests which
are terminated bvefore all {eat items fall, The trunca-
tion rule can be based on a preasslgned number of fall-
ures or preassligned number of test hours. Truncated tests
are usually more economical than non-truncated in the
sense that the maximum amount of testing 1s known before-
hand and the expected wailting time 1s lower. Table 8-6%
i1llustrates thls second polnt for a non-replacement test
where r fallures are requlred before a decision can be
made, If only r ltems are put on test, one has a non-
truncated test since all items must fall before a decision
1s made. If n>r items are on test, a declslon can be
made before all fest items fall. The values In the table
are the expected relatlive savings in time when using a
truncated test with n > r 1items versus a non-truncated
tegst with r items.

TABLE 8-6

EXPECTED REIATIVE SAVING IN TIME
BY USING A TRUNCATED TEST

N1 3 10 20
1 1 | .33 [ .10 | :050
3 1 .18 | .087

10 1 | .230

Example: If 3 fallures are required, by
placing 10 items on test (non-replacement),
the walting time before a decislon 1s, on
the average, reduced to .18 of the wailting
time of a non-truncated test.

t Condensed from Handbook H-108 (See Reference in Table 8-2.)
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Only replacement tests whlch are terminated after a
gpecified number of test hours will now be considered,
For a given test specifilcation (ARL, URL,a ,B ), a sample
glze of n and a critical number of failures can be com-
puted. If T, 1s the test termination time ( the maximum
number of fest hours each item will accumulate) and ry
is the critical number of faillures, the declsion rule is
as follows:

If r, fallures occur before 'I'0 test hours, reject
the lot.

If T, test hours are accumulated before r, failures
occur, accept the lot.

Replacement tests terminated by a preassigned number of
failures wlll lead to approximately the same amount of
testing for plans with ldentlcal OG.C. curves. Non-
replacement tests for elther {ype will, on the average,
requlre more test hours but fewer test items.

The 0.C, curve for the plan described above can be
obtalned from the Polsson formula

ro N nTO/Q(nT )

P, (8)= (8-6)

X"O

where Py(8) is the probability of accepting items
with a mean 1life of 6,

n 1s the number of items put on test,

ry 1s the critical (reject) number of
failures,

T, 1s the tesat termination time.
If the ARL 1s denoted by 8, and the URL by 6 , r, 18
determined so that

Pa(eo) 2. 1-(1, Pa(e] ) S 3

It should be noted that for a replacement test,T§ =nT,
represents the total amount of test hours and, there—
fore, can be uged 1n lleu of Ty to index a set of sam-.
pling plans.
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In order to compare the amcunti of testing for varlous
plans, the followlng statistics can be used:

Ee(r) = expected number of failures glven mean life §
Eg(T*) = expected tobtal test time given mean life 6
Eg(WT) = expected waiting time given mean life 9

For replacement tests wifth n items, the following Impor-
tant relatlionships hold:

Eg(T*) = ¢ Eg(r)
(&-7)

= Eg(r) =

Eg (ur) = &

Therefore, computing Eg{(r) enables one to determine the
other two statistice for a given plan. The formula for
the expected number of fallures 1f the mean l1life is b
has been shown by Epsteint to be

/ x! |

X=0
where m is the Polsson mean

r -2 [— e
O -m X b -m _X
EQ(I’) =m Y @___I.n_ + ro[l - Z‘ %I_n___] (8-8)
X=0

n T,
8
Values of Eg (r) and Eg (r) are given for various
0 1

commorn test plang in Table 8-7 of Seection 8.4,3.3,

8.4.3.2 Sequential Life Tests -
Testing with Replacement

Sequentilal life fests under the exponential distri-
butlon are commonly used for complex equipment in order
to minimize the amount of testing. For a giveng, 6., Q
and B, the following values are computed: ?

t Epstein, B. Statlgtical Techniques in Life Testing,
Chapt. III, Testlng of Hypotheslis, Wayne State Uni-
vergity, Technlical Report No. 3, ASTIA No. AD 21145,
October, 1958,
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~1log -E— log LB log (8 /6 )

n = —=2=2 'y & 5. __ 0o 31 (8-9)
o A _ 1 1 S I _ i
6, ~ 0 818, 61 6B

If n items are put on test, contlnuous declslons can be
made ag follows:

If after t test hours are accumulated with r ob-
served fallures
reject 1f: nt 2= -h; + rs
accept 1f: nt 2 h, + rs (8-10)
continue testing 1f: -h, + rs { nt { h, + rs

Thig declslon c¢riterion 1s shown graphically in-
Figure 8-5 for a speciflc test plan. The expected number
of fallures before a declsion 18 reached can be shown to
be as follows:

P 1P
(r) - (1-a) log—g + a log =g
8. 1og K - (K-1)
5 (8-11)
l-
5 (r)= B 1og s=r + (1-B) log 45—
l log k -_K-a
k

85
where k = =—-
93.

The relationships between Eg(r), Eg(T*) and Eg(WT) are the
same ag those for the ftruncated non-sequential replacement
test glven by equation (8-7).

If 6 1s between 6§ and & , the expected number of
failures is greater than both Eg (r) and Eg (r). In order

to avold having to test a substagtial number of items, a
truncation rule can be set on the number of fallures, the
total time accumulated, or a combinatlion of the two. This
leads to a pair of decision lines which at some point
begin to converge.
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Truncation Rile
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FIGURE 8-5

SEQUENTIAL REPLACEMENT LIFE TEST

6, =100, 6, =33, a =B = .10
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It has been determined that the following truncation
rule (based on the number of fallures) will have a negli-
gible effect on the ¢ and g errors.

(a) The maximum number of failures is set at three
times the number of failures regulred for an
equivalent non-sequentlal test. Hence r¥,
the truncated number, equals 3r,.

(b) The maximum total accumulated test-hours, nt*,
1s set at sr* where 8 1s the slope of the
decislon lines,

Figure 8-5 also lllustrates the declsion criterion based
on this truncation rule.

Although the truncation number of fallures may be
large, 1t does prevent the possibllity of a seemingly
never-ending test. Also, the probablility that r* failures
will occur is usually very small. As an example, 1if
a = ,05, p = .05 and k = 3, the rejectlion number for a
non-sequential test 13 10. The truncated sequentlal test
would therefore be terminated at a maximum of 3(10) =30
failures. It can be shown, however, that if 8 = §,, the
probability of requiring more than 7 fallures 1s approxil-
mately .10; if 6 = 81 only 10% of the time more than 12
failures wilill be required; and for the worst possible
cagse (a value of 8 between 8¢ and 9,) 26 fallures would
be exceeded with a probability of ,10.

Table 8-7 of the next section presents values of
Eeo(r) and Egl(r) for the same plans as the truncated

replacement tests. The truncation number for faillures
described above is also given,

8.4.3.3 Summary of Exponential Life
Test Plans

Table 8-7 summarizes the characteristics of the
truncated and seguentlal life test plans dlscussed in
the previous two sectlons. All combilnations of a = ,05,
.10, .25;p = .05, ,10, .25, and k= 1.5, 2, 3 and 5,
are 1ncluded.

For truncated replacement lif'e tests, one can usge
thlg table to completely describe all the tegt charac-
terlstics since the rejection number T; and Eeu(r) 1s

glven 1n the table; the sample size n, the test termina-

tion time Ty, and the termination on total test hours T*
are functionally related to each other by Eg (r),as follows:
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TABLE 8-7

TEST PARAMETERS AND EXPECTED NUMEER OF FAILURES FOR
VARIOUS TRUNCATED AND SEQUENTIAL REFLACEMENT LIFE TESTS

Truncated Tests-replacement Sequentlal Teats-replacement
k*;1 a B ReJectlon EX§F°§§§1§§2§ﬁ? Truncation Ex5§°§§?1§32§i?
1 Number, r, Number, r*
Een(r Eel(r) Eeo(r) Eel(r)
1,5 05 | .05 &1 54 67 201 28 37
.05 | .10 55 43 55 165 19.7 31
LG5 [ .25 35 26 34 105 12.0 2l
L1o | .05 52 i3 52 156 25 28
.10 | W10 41 a3 %] 123 18.5 2l
W10 | .25 25 8.8 2h 5 10.1 16.5
.25 | .05 32 o8 32 25 28,0 15.7
.25 | .10 23 19,6 23 59 14,0 4.5
.25 | .25 12 g.4 11.4 36 5.8 7.6
2 .05 .05 23 15.7 23 69 8.6 13.7
W05 1L 10 19 12,4 18.7 57 7.0 13.1
.05 .25 12 7.6 12.3 39 3.7 8.8
.10 | .05 18 12.8 12.0 36 7.7 10.3
.10 | .10 15 10.2 14.8 45 6.2 9.7
J10 | .25 9 5.4 8.4 27 3.1 6.2
.25 | .05 11 8.6 10.9 33 5.5 5.9
25 | .10 8 5.8 7.8 24 L) 5.1
.25 | .25 5 3.2 4.6 15 1.8 2.
3 .05 | .05 10 5.4 9.5 30 2.9 6.1
.05 | .10 8 3.8 7.8 2l 2.3 5.6
.05 | .25 6 2.6 5.6 18 1.3 3.9
W10 | .05 8 4.6 7.9 24 2.6 4.6
10 | .10 6 3.0 5.8 18 2.0 4.2
.10 | .25 4 1.6 3.5 12 1.1 2.8
25 | .05 5 3.2 5.0 15 1.9 2.6
.25 | .10 4 2.4 3.9 12 1.2 2.1
W25 | .25 2 0.8 1.6 & .61 1.3
5 .05 .05 5 2.0 5.0 15 0.78 3.3
R 4 1.4 3.9 12 0.59 2.9
.05 | .25 3 0.8 2.7 9 0.33 2.1
.10} L05 4 1.6 3.9 12 0.70 2.5
.10 | .10 3 1.2 2.3 9 .52 2.2
.10 25 3 1.0 2.8 9 G.28 1.5
.25 | .05 2 1.0 2.0 6 0.50 1.0
.25 | .10 2 0.8 1.9 6 0.35 1.2
25 | .25 1 0.4 0.86 3 0.16 0.68

t If either n, T,, or T* 1s specifled, the other two test parameters can be
determined from Eeu(r) by the relatlonshlps;:

nT T
SN rell I

For expected total accumulated test hours: an(T*):Enan(r); Eel('l")=leal(r)

For expected walting time for n items on tesat: Ega(WT)=%EGB(T*); Eal(WT)=§E91(T*)
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Hence 1f any one of n, T,, or T*% are specified (as well
as 6,), the other two can be debtermined. As an example,
agsume that a maximum of 75 hours of fest time 1s avail-
able for each 1tem on test. If &, = 200 and 6§, = 100,
what 1ls the appropriate plan if a = .10, g = ,057? From
the table, for k = 2, a = .10, g = ,05, we have

nT
By () = g;i = 12.8. Since Ty = 75 and 8, = 200,

n = (12.8) (200)/75 = 34, Hence, 34 items are put on test,
each for a maximum of 75 hours. Replacements or repalrs
are made upon failure. If less than 18 fallures occur
before (75).(34) = 2550total test hours are accumulated,
the lot is accepted. If 18 faillures occur before 2550
test hours are accumulated, the lot 18 rejected.

For sequential life test plans, the trunceatlion number
and the expected number of failures for & = 6y, and 8 = €,
are given in the table, The test criterlon can be defer-
mined from equations (8-9) and (8-10) given in the pre-
vious section.

Inspection of Table 8-7 reveals that for both trun-
cated and sequential tests, the amount of testing increases
as o and p decreages and the amount of testing decreases
as k (for fixed 6,) increases. Also, the table shows that
the amount of testlng on sequentlal tests will generally
be less than that of nonsequential tests.

The cholce of which life-test plan to use dependsa on
individual circumstances, and generallzation 1z difficult.
A thorough understanding of the ARL and URL concepts and
the associated ¢ and p risks willl often reduce the number
of satisfactory choices. Further reduction is usually
possible when cost of testing in terms of dollars, mate-
rials, and tfime is considered. The cost of tesgting can
be reduced by 1lncreasing thea and B risks as shown in
Table 8-7. Thisg, of course, must be balanced agalnst
wrong decislon costs. The next sectlion presents an ap-
proach for choosing B risks on unit, equipment, or sub-
gystem tests when a system URL and system B risk is specl-
fied. 1In Sectlon 8.6 the balancing problem -- test costs
versus test risks -- is treated from a declsion theory
polnt of view.
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8.5 An Approach For Choosing Sampling Risks
For Unit, Fquipment Or Subsystem Tests

The allocation procedure determlines unit, equlipment
or subsystem reliabllity requlrements from a specified
system reliabllity requlrement, For complex systems, there
are usually several subcontractors responslble for supply-
ing the unifts, equipments or subsystems. The prime con-
tractor or the military activity is charged with the task
of submitting to the operational user a system that meets
a stated reliabllity goal. With respect to system tests,
this goal 1s logically the URL (unacceptable reliablility
level) since 1t represents the minimum rellability level
sufficlent for tactlical or operatlonal purposes. The
consumer or Beta rilsk for the system represents the proba-
bility that 1f the integrated system is truly at the URL,
only g% of the time will such a system be accepted by the
test. The prime contractor has to translate this system
test requirement 1nto equlvalent regqulirements for unit,
equipment or subsystem tests. The system ARL (acceptable
rellabllity level) which is assoclated wilth the producer's
risk, has, 1In thls case, only a vague meaning since there
are several unit producers which define the "system pro-
ducer", Alpha risks assigned for unilt tests are usually
fixed by contract or negotiation and therefore are 1lnde-
pendent of a system Alpha risk assoclated wlth a system
ARL.

From the definltlion of the URL, if each unit 1n the
system had a rellabllity level equal to its URL, the sys-
tem would have a rellabllity level egqual to its URL. If
there exists a consumer's or Beta risk, Bg, associated
with the system URL, the problem then is to determlne the
Beta risks on the unit tests such that there 18 (1-Bg5)%
confidence that systems composed of units accepted by
these tests will have a rellability level better than the
URL. The producer or Alpha risks on these unit tests
shall be assumed to be flxed elther through contract or
negotlatlon. An alternative for the system consumer 1s
to allow each producer to set hls own Alpha risk as long
as a specifled unit Beta risk 1s maintained.

The method hereln described for determining the unit
Beta risks 1s limited to systems and unlts which have
exponential fallure densitles. For convenience, the relia-
billty requirements wlll be stated in terms of faillure
rates. The conversion of probablllty of survival or mean
life requirements to fallure rates 1s easlly made by uslng

the relationshilp
z = —logTR(Tg _ %
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The approach is based primarily on intuitive
reasoning, and no attempt 1s made to rigorously justify
the argument. It 1is important to note, however, that
conslderation was given to the fact that, in practice,
unlt quallty from a production line has a distribution,
i.e., the failure rate of the units wlll vary over a
range of values according to some frequency distribu-
tion. Of Importance is the outgoing distribution of
system fallure rate when acceptance tests are performed
on the unlts, the system belng generated by a random
mating of accepted units. It 1s conJectured that, for
the more common types of unit quality distributions, the
outgoing system quality distribution based con the unit
tesats described below will be at least as satisfactory
a8 the system quality-distribution based on system tests.
Further work must be done before this conjecture can be
rigorously supported, For several assumed unit fallure-
rate distributlons, the analysis of the system fallure-
rate distribution for the example given below, as well
as others, has shown the conjecture to be reasocnable.

Assume that the system is composed of two units
A and B. The specified system fallure rate is A ¥ = ,02.
Through the allocatlon procedure, fallure rategs of
%a = ,012 and X .008 have been allocated to units A
and B, respectively Also assume that A ¥ represents the
URL and that the ARL 1s equal to(L/E)h* or .01, If a
system test were to be performed, one would have as the
tegst hypothesis:

Hy: Aog = (1/2)2* = .01
H: Ayg= A¥ =.02

(k = 2)

I

with specifieda g and B g risks, both of which shall be
agssumed to be egual to 0.10. The unit tests are based
on the following hypotheses:

Unit A Unlt B
HO: }‘oa = ,006 }‘ob = ,004
H : 'Rla = ,012 %Ib = ,008

For a truncated replacement test, one can determine
an appropriate system test for a fixed n, T, or T*., From
Table 8-7, 'I‘*/Bos = T¥)gg = 10.2 fora = B= .10 and

k = 2. Therefore a total of é001 1000 system test
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hours 1s required. The rejection number given in the
table is rog = 15. Therefore, 1f a total of 1000 system
test-hours 1is accumulated and less than fifteen failures
cceur, the system 1s accepted.

Neglecting the interactions that may occcur when unlts
are integrated into a systemt, p risks on independent unit
tests of A and B must be determined to assure with 90% confi-
dence that systems composed of accepted units will have a
failure rate lower than .02. A loglcal approach appears
te be to test each unit for a total of 1000 hours and to
agsign unit rejJection numbers so that they sum to fifteen
or less. Lowering the reJectlon number for a fixed test
time will decrease the Beta risk, but since the unlt's
allocated failure rates (URL) are lower than the system
failure rate, the net effect 1s that unit Beta rlsks will
be greater than that of the system EBeta risk. The in-
creased unit Beta risks have the important consequence of
greatly reducing the overall amount of unit testing as
compared to tests in which unit Beta risks are equal to
the system Beta risk.

Unlt rejection rmuumbers can be asslgned 1in many ways.
Such factors as unit essentliality$, cost of festing, or
cost of wrong declsion, may be the overridling consldera-
tions. The gimplest approach is to assume that all such
factors are approximately equal and to assign unit re-
Jjection numbers based on relative unit contribution fo
the total system failure rate. If this is done, the re-
Jection numbers for A and B are

ALa 012
oa ~ x5 .020
_Aib . .008 _
Tob T X5 T T020 (15) = 6

The assignment of unlit reJection numbers 1n thils fashion
is a congervative approach asince the maximum acceptable
number of equivalent system failures is 8 + 5 = 13, or
one less than the maximum acceptable for a system test.
For n subsystems, thls assignment leads to a decrease of
n-1 allowable faillures from that of a system test. A
less conservatlve approach would be to asslgn unlt ac-
ceptance numbers based on the system acceptance number of
Tog =~ 1.

t+ See Section 8.5.2.
t See section 8.5.1
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The g values for the unit tests can be obtained as
follows:

For each unit, the following is known:
Nos Axs T¥, r,.

Since B 1s the probabllity of less than r, faillures
if A 18 equal to Ag,

u—l -A T X
zJe * RlT*)
Hence, uslng tables of the cumulative Poigson distri-
butiont,
—-l2 X
Unit A: Ze (12)
=0
= .155
§| -8 X
Unit B: E’b = L@—-—}(C%L
X=0 )
= ,191

Unit tests based on the above parameters may severely
penallze a satisfactory producer because of a high a
risk. Thls can be resolved by devising new unit tests
where the Bi's are found by performlng the above com-
putations, gut s 1s kept at a deslred level., It should
be noted that the above procedure id relatively insensl-
tive to values of ag and k. (Because rpg can only take

T Molina, E.C. Polssons Exponential Blnomial Limit,
D. Van Nostrand Co., Inc,, 1942

Ryswick,,R. and Welss, G., Tables of the Incomplete
(jamma Functlons of Integral Order, Navweps Report
7292, U.S. Naval Ordnance laboratory, White Oak,
Maryland, November 1960,
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on discrete values, plans glven in Table 8-~7 do not exactly
satisfy the ¢g and pgy requlrements and, therefore, pj com-

Puted for varlous @ag will differ by relatively small
amounts,.,) This enables one to use a general procedure for
finding g3 as outlined below:

1) Using the specified values of A;4 and Bg, find
an appropriate sampling plan in ferms of system
test hours and rejJection number of failures
(T*, roy). (Reasonable values of ag and k can
be assumed for determining T* and ros f'rom
Table 8-7 or from other sources.)

2) Unilt rejection numbers to be used for obtain-
ing p 3 only, are computed from the eguatlont

A
Tog = ng'(fos) (%klj = hls) (8-12)

where %13 is the (allocated) URL of the jth unilt

3) Using tables of the cumulatlve Poisson dlstribu-
tion, ﬁj can be obtalned from the equatlon;

gt (?x )

(8-13)

24 €

4) An appropriate unit test plan 1is then based on

the allocated parameters Aoj and hlj’ the fixed
aj and the computed ﬁj.

t+ A less conservatlve approach for obtalning unlt rejec-
tion numbers is to use the formula

_ Axj -
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Figure 8-6 presents the approxlmate § 4 values for
Ps = .05 and pg = .10 for ratlos of Zj = Klj/ils from 0,05

to 1.0. (For any system,.ZJZJ = 1,0) The example described

above can be used to illustrate the use of the chart.

.012 6

For unit A, 25 = 50 = - The By = 0.10 curve shows

that g, should be approximately equal to .15. For unit
.008
By Zp = 550 =
should be approximately equal to .185. Assuming that
the producers rlak on unit tests is fixed at .10 for an
ARL of 2A,, one has the followlng test parameters:

.4 and the pg = 0.10 curves shows that Bp

Unit A: Unit B:

ARL = A, = .006 ARL = A, = .00

URL = A, = .012 URL = Ay = .008
a = ,10 a = .10
B = .15 B = .185

8.5.1 Inclusion of Unlt Essentlallty

Unit essentiality can be 1lncorporated 1nto this
procedure by an appropriate adJustment of the unilt re-
Jectlon numbers. The above example shall be used to
1liustrate the approach by assuming that Unit A has an
essentiality of E; = 1.0 and Unlit B an essentlality of

Ey, = 0.5. From the system Beta risk requirement, rgg

was determined to be equal to 15, On an assumption of
essentiality of 1.0 for both units, roy = 9, roy = 6.

However, since Ep = 0.5, only 50% of Unlt B failures
would result in system fallures by the definition of
essentiality.t Therefore, the rejection number 6 for
Unit B can be increased by 150% to 12 slnce system trilals
where 9 Unit A fallures and 9 Unit B failures occurred,
would, on the average, lead to only 15 system failures,

t Essentlality of a unit is defined in Section 4 to be
the probabllity that the system fails 1f the unit
falls, See Section 5.3.3 for a discussion of the
gsituation where two or more units with essentialities
less than one fall 1n the system.
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The general method for incorporating unlt essentiality
is, therefore, almost identical to that where unit essen-
tialitles are equal to one, Step (1) on Page 138 is used
to determine the rejection number for system fallures,
rog. Unilt rejection numbers are then obtalned from the
equatilon

?\J'
SR N

oj = Ey Ayg 08

where h’lj = gquivalent allocated URL (minimum fallure
rate) of the jth unit if essentiality
were equal to one.

Since h'lj is approximately equal to (EJ)(AlJ), i.e., the

egsentlality of the unlit multiplied by 1ts allcecated URL,
the above equation reduces to

A
o3 ==ii;1 Tog» (8-14)

To illustrate the method, from the allocatlion proce-
dure where E; = 1.0, E, = 0.5, one would have fc&*kls = 020

hla = ,012

Ayp = .016
From Step (1), Tog = 15. Using equation (8-14) one ob-
talns

roa = ops (15) = 9

o, =<8 (15) = 12

These two rejJection numbers and the respective URL's of
.012 and .016 can be used to find the Beta risks on the
unit tests for fixed unit Alpha risks. PFigure 8-6 1g still
appropriate except thata Z may he greater than one; in
these cases equation (8-13) has to be used to compute the
BJ. The unit tests are then based on the parameters glven

in Step (4).
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It should be noted that since essentlality is already
incorporated into the allocatlon procedure to determine
allocated unit URL's, each allocated URL is "equally im-
portant" regardless of the essentlality. The above proce-
dure 1ncorporates the interpretation of an allocated faill-
ure rate based on an essentiality of less than one to de-
fine an appropriate test. For example, Unit B with an
essentiality of one should have a Beta rilsk of approxi-
mately 0.19 for a URL of .008 and a rejectlon number of
6. If the essentiallty of Unit B was 0.50, the allocated
URL i1s equal to approximately .016 and for a rejection
number of 12, the Beta risk for a URL of ,016 is approxl-
mately 0.13. For this same plan (r,, = 12) the acceptance
probability for a Unit B fallure raf® of .008, is, how-
ever, greatly increased from 0.19 to approximately .88.

To summarize, for a unit with an essentiallty of 1less
than one, the reJectlion number 1s Increased and, there-
fore, so is the Beta risk. The URL (in terms of fail-
ure rate) is alsc 1lncreased, however, for decreasing
essentiallity; this has the effect of lowering the Beta
risk. The net effect of incorporating essentiality will
generally be to reduce the amount of testing on the unit
but malntain a Beta risk that is approximately equivalent
to tests where unlt essentlalities are equal to one,.

8.5.2 Englneering Congiderations

The above approaches whlch lead to a decreased
amount of unift festing through increased unit Beta risks
are based solely on a statistical viewpoint. An impor-
tant engineering congideration 1s the interface that may
result when accepted units are integrated into a system.
For example, on independent tests, two units may satisfy
the failure rate c¢riteria imposed. When these two units
are Integrated into a system, the fallure rate of the
comblnatlon may be higher than the sum of the individual
fallure rates because each unlt may be at 1ts extreme
tolerance limit with respect t0o an engineering parameter
common to both.

An obvlious approach to thils problem is to determine
unlt tolerance lntervals, which, for all combinations,
will lead to a satisfactory system cutput. This is coften
impractlcal and, in many cases, the 1lnterface 1s not
solely a matter of tolerances, e.g., translients in a gen-
erator, undetected by test equlipment, may cause transients
or shorts in the primary equipment.

142



In defining the Beta risks on unlt tests, 1t is
therefore necessary that possible interface be considered.
The Beta risks determlined by the procedures presented in
thls section can be Interpreted to bte the maximum allow-
able, The amount of necessary decreases in these com-
puted risks wlll depend on the expected amount of inter-
face problems resulting from system Integration.

8.6 The Decision Theory Approach to Optimum
Teating

The declslon theory approach towards optimizing rella-
billity test effort lnvolves recognilition of the fact that
the purpose of such testing 1ls to provide a bhagis for
acceptance or rejectlon wlth respect to a specified relia-
bility requirement. In the usual case, two types of wrong
decilsgions may result: (a) the declsion to reject a prod-
uct that in reality has met 1ts requirement, and (b) the
decision to accept a product that in reality has falled to
meet its requirement. In conventlional gamplling, these
wrong decisions are represented by the ¢ and 8 risks,
regpectlvely. These two risks, however, are agsgociated
with only two gpecific levels of rellabllity, namely the
ARL and URL. The general declsion theory approach toward
optimum testing embraces the concept of the complete 0.C.
curve of a sampling plan and sgpecifically includes the
coats of the wrong declslons that can be made.

Figure 8-7 is a very simplified representationiof
the optimizatlon problem if testing 1s to be performed on
a product with a flxed but unknown reliability level. It
i1s seen that test costs have a dlrect relatlonship to the
amount of test effort, while wrong declsion costs have an
inverse relationship. At some value of test effort (meas-
ured on an approprlate scale), the teotal cost, which 1s the
gaum of test and wrong deeclslon céets, is a minimum, For
the reliability level to which the partlcular set of curves
apply, this value of test effort is optimal.

The test~cost and wrong-decislon-cost curves, how-
ever, are related to the true but unknown reliability
level of the submitted product. It 1s theorstically possi-
ble to have an infinite number of optimum levels of teat
effort corresponding to the 1lnfinite number of possible
reliabillty levels. Tt 13 therefore necessary to select
an appropriate method for obtalning a single optimum level
of test effort through some kind of "averaglng'" process.
In declsion theory, thls averaging process 1s performed
through use of the minimax expected loss criterion cor through
use of Bayes strategles. These concepts are discussed in
Sectlon 8.6.3
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Doliars

Total Costs
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Test Costs

Wrong
Decleion
Costs

Optimum

Reliability Test Effort
FIGURE 8-7

REPRESENTATION OF RELIABILITY TEST
EFFORT OPTIMIZATION FOR ONE
INCOMING RELIABILITY LEVEL
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8.6,1 Coat Pactors

Filgure 8-7 indicates that the basic problem of
optimlzing test effort 1s essentlally economic in nature.
It is therefore necessary to establish figures -of-merit
for the varlious economic faectors to be consldered, specifl-
lcally the cost relationships between rellabllity, testing,
and declsicons., Most of these factors, including time,
can be expressed in monetary fterms. However, intangibles
such as safety and tactical efficacy cannot be wholly dis-
regarded,

The cost factors Involved must be treated in a Jjudl-
clous manner in order to avoid complex relationships which
might nullify thelr usefulness., The construction of cost
models, Imperfect though they may be, has a great advan-
tage over intuiltilve approaches because model construction
compels examlnatilon of all the prospectlve differences
between alternative levels of reliability test effort.

Rellabllity ftest costs include the cost of items
destroyed by testing, the amortized cost of test equip-
ment and Ilnstrumentation, the cost of delays due to test-
ing, and all other costs involved in performing the
acceptance test. Wrong declsion costs are the costs of
rejJecting good products or accepting poor products. The
former includes unnecessary delay, rework, failure analysis,
and all such costs resulting from unnecessary further
development effort. The cost of accepting poor preoducts
may be expressed in ferms of mission fallure, logilstilcs,
maintenance, morale, etec., and it is deflinitely related
to unit essentiallty 1n terms of a specific system misslon.

8.6.2 The Loss or Risk Function

The following table shall be used to represent the
cost components assgociated with the accept/reject declsion.

Decision
True Reliabllity Accept | Reject
ICem Ttem
R < R* Cl(R) 0
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R* 1s the specified reliabllity level (probability of
survival, mean 1life, etc.)

C,(R) 1s the cost of accepting unsatisfactory product
wlth reliabildty R < R¥*,

Co{R) 18 the cost of rejecting satlsfactory product
with rellabllity R > R¥.

{(In terms of decision theory, C,(R) and Co(R) are called
risks, since the minimum (correct declsion) costs are sub-

tracted out from each row.)

The total loss or risk functlon for acceptance test 17 is de-
fined to be

L:(R) = (Probability of wrong decision given R) X (Losses
due to wrong decislon) + (Test coste given R)
or
¢, (R) €, (R) + Cq(R) if R < R*
L.(R) = (8-15)
0, (R) €,(R) + C,(R) if R > R¥

where €, (R} 1s the probability of accepting a lot with
test 7 1f the rellability is R

€ ,(R) 1s the probability of rejJecting the lot
with test 7 1f the rellabllity 1s R

CT(R) is the cost of test T if the reliability
1s R.
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A graph of this function for three possible tests 1 , T 5
and 75 might take the form shown below.

L_(R)

/]
R#*
True Rellability Level
FIGURE 8-8

HYPOTHETICAL LOSS FUNCTIONS

FOR THREE TESTS; T o Ty T

8.6.3 Criterion for Choosing an
Optimum Test

For a given acceptance testing problem, a famlly of
loss functlon curves can be constructed for different
tests (e.g., by varying the truncation on total accumu-
lated test hours). If the minimax eriterlon 1s used, the
appropriate test 1s one for whlch the largest total losass
is a minimum, 1.e., the maximum total loss 1s minimized.
(In Figure 8-8 this is seen to be test Ts)

Another decislon criterion 18 one based on expected
rather than maximum total losgss. Referring to Figure 8-8, 1if 1t
was known that the rellabllity level of a submilitted prod-
uct would most likely be greater than R¥, then T appears
to be the optimum fest. This crlterion can be expressed
ag follows:

Choogse that test which minimizes the weighted average
of the total loss function,

E [L(R)] =Jf(a) L. (R) d(R) (8-16)

147



E{[L(R}] 1s the welghted average of the loss function
for test 7 where f(R) 1s the a priori probablility
distribution of incoming rellabilily levels which
correspond to the welights.

In decigion theory, this c¢riterion is known as a Bayes

strategz.

The agsignment of a prlori probabilities to values of
R by the function f(R) Is equivalent to making an a priori
hypothesis on the distribution of incoming quallty. This
can bz done through analysis of test data on simllar ifems
or by analysls of previous developmental and reliability
test data on the product itselfl,

The minimax losscriterlon and the Bayes atrategy may
result in different optimum tests. The minlimax criterion
is generally quite pessimistic, while the Bayes strategles,
on the other hand, may not give sulficlent guarantee agalnst
avoliding extreme losses, Generally, Bayes strategles are
used when possible, i.e., when falirly accurate estimates
of incoming quality are available.

8.6,4 Acceptance Sampling Applications -
Determination of a and 5

The general decision theory approach described above
for chooging an optimum reliabllity test is, in practice,
quite difficult to implement. The need for cost models
and a priori distributiong often cannot be satisfled. The
fact that test costs are usually a functlon of the in-
coming reliabllity level (e.g., the expected walting time
to reach a decisilon in a life-test is a function of the
true mean-life) leads to difficulties in establishing
correct and workable mathemaftfical relationships.

A simplified approach is to use the concepts of de-
cislion theory to determine the appropriate @ and g errors
of the usual reliabllity acceptance teats for a fixed
amcunt cf available test effort. This, is equivalent to
agsigning an a priori probabllity of zero to all rella-
bility levels except those for the ARL and URL. Cost
functions apply only to these two levels, and the set
{w, p) is chosen elther by the minimax or Bayes strategy
criterion.The outline of the procedure follows.
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(1) Select a type of test (fixed, sequentilal, etc.)
and speclfy the appropriate amount-of-testing
parameters (e.g., maximum sample slze, trunca-
tlon on total accurmulated test hours, sequential
truncation rule, etc.)

(2) Select the ARL (say R, ) and the URL (say R, ).

(3) Determine the following wrong decislon costs:

R
cost of accepting if R = R,.

Cgy = cost of rejecting 1f R

Cy

(4} Determine the test costs as a function of the
degree of testing. In thils case, relatlive costs
of Cpy and Ci may be used.

For the minimax ¢riterion, compute for all combinations
of o and p, the loss function

Coas + C15(Ry ) if R
Gy + Ciy(R) if R

Ry
R

L; (R)

y (8-17)

where CiJ(R) is the expected test cost for wset (ai’BJ)

given R. Thils cost wilil depend on the expected
amount of testing for life or sequential tests.

The approprlate set of (ay, 53) 1s that which leads to
a minimum set of values for Lij(R)°

For the Bayes strategy criterion, use past data to
cbtailn estimates of the probability that R =R j ;and R = K;.
ILet these probabillitles be Py and P, = 1-Py, respectively.
The set &11, 53) to choose is one that minimizes the func-
tion

E15[L(R)] = Po[Coay + C13(R)] + P, [Cipy + Ciy(Ry)] (8-18)
I1lustrative Example:

Assume that optimum sampling risks are desired for a
unlt having a mean life reguirement of 300 hours whlch can
be translated Into the followlng hypothesis:
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Ho: 6 = 8, = 300 hours (ARL)
Hl: G=91

100 hours (URL)

A truncated replacement test is €0 be conducted and,
because of time and money factors, no more than 900 total
teat hours are to be accumulated, The following costs
have been determined through conslderation of the conse-
guences of wrong decisions and the costs of testing:

Co = cost of rejection i1f (& = 300) = $1000
C, = cost of acceptance 1f (§ = 100) = $2000

CiJ = expected cost of testing for plan (a = ay,p= 5j)
($.20) [T13*(R)]

where Tij*(R) = expected total test hours for error
combination (C!.i, ﬁj).

Inspection of Table 8-7 for k = 3 reveals that (@, p)
combinations (.05, .05), (.05, .10) (.10, .05) and
(.25, .05} have test truncation times T* = E,Eg(r) greater
than 900 hours and hence can be eliminated from considera-
tion. For the remaining five plans tabled, the loss func-
tions are as follows:

Co1 + C13(8,) if 9

C:I.B.j +Cij(el) if 8

it

eﬂ
Lij(e) =

]

8

1

The results of the computatlons are shown in the followlng
table:

150



TABLE 8-8

LOSS FUNCTION COMPUTATIONS FOR ILLUSTRATIVE EXAMPLE

Plan For 6 = @, For b = 8,

@y | By |Corq|Tyy*(8)]Cry(6,)|Le5(8,)|Cp g\ TLg*(6)|C1y(8, ) Lag(e,)
.05 1.25| 50 780 156 206 250 560 112 372
.10].10({100 900 180 280 200 580 116 316
.10(.251100 480 96 196 250 350 70 320
.251.10({250 | 720 14k 394 200 390 78 278
.25 [.25(250 240 48 298 250 160 32 282

The maximum values of each plan are underllned. It is

seen that, for this limited number of plans, the comblnation

( a= -253

f= .25) has the minimum of these maximum values

and, therefore, by the minimax c¢riterlon, would be selected
as the optimum plan.

To illustrate the Bayes strategy criterlon, assume that
past experlence with the producer of thls unilt indicates that
80% of the time, submiltted quality i1s such that 6 ~ 300 hours

while only 20% of the time 6§ ~ 100 hours,
losa for each of the

B =.2.
shown below.
E

(.05,

E
(.10,

E
(.10,

E
(.25,

E
(.25,

The expected

.25)
.10)
.25)
.10)

.25)

I
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8(206) + .2($372)
8(280) + .2($316)
.8(196) + .2($320)
B8(394) + .2($278)

.8(298) + .2($282)

Hence P
five plans 1s

1l

It

$239
$287

$221

$371

$295




Hence, by the minimum expected loga criterion the plan

a = .10, p = ,25 vould be selected. The reason for the
difference between the mlinimax and Bayes strategy criteria
is fairly obvious. Plan (a = .10,p = .25) has a loss of

$196 for 6 = g, which is a minimum for all plans. Since a
relatively high probablllity exists that 8 wlll actually
equal 8y, the high loss of $320 for this plan when 6 = 81,
1s a small contribution to the total expected loss.

With a priori informatlion on incoming quality, the
expected cost without testling can also be evaluated. If
no testing were performed and submltted lots were always
accepted, the loss would be equal to P;C; = (.20) (2000) =
$400. For products where testing is extremely costly, and
past hilstory Indicates a high probabllity of satisfactory
products, this type of evaluatlon might indicate that it
is economically wiser to eliminate tests or perhaps to per-
form them on only a limlted quantity of products to detect
a maverick lot.

Obviously, the approach described above is subject to
erltlcism since only two possible Ilncomlng quality levels
are considered. Conventlonal sampling plans, however, do
not usuwally 1lnvolve any more than these same two levels.
The 0.C. curve whlch describes the plan over all possible
levels 1s predetermined by these two levels and thelr
aggoclated risks. The inclusion of cost factors and a priori
Information will yield better tests from an overall economic
viewpolnt provided these inputs can be reasonably approxi-
mated.
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9. SUMMARY OF RESULTS AND RECOMMENDATIONS

As a result of the study, a general rellability-
allocation model has been developed, which 1ls applicable
to four basic types of gystem configurations: serial,
modified gerial, redundant and bimedal, The model incor-
porates those factors which have a direct and Important
bearing on achievable rellablility of units, equlipments
and subsystems. The factors Include:

System and failure definitions.
System rellabllify requlrements.
Unit state~of-the-art.

Unit/system fallure relationships.
Unit essentliality.

Unlt duty cycles.

Data 1nputs required for lmplementing the allocatiorn model
have been developed from avallable fallure data. As part
of the allocation model, a method has been established
for determining the feasiblllty of the overall system re-
liability requlrement to provide agsurance that the allo-
cated unit requirements are attainable.

The complete allocatlon model has been applied to
existing and hypothetical systems and found to be a prac-
tical and rlgorous approach for determining realistilc
and consistent reliability requirements for units, equip-
ments, and subsystems.

An investigatlon of existling rellability-testing
procedures has led to the development of guldelines for
choosing appropriate tests for demonstrating compliance
to the allocated requirements. An approach has been de-
veloped for choosing confildence levels (Beta risks) on
unit tests to assure, wlth prescribed confidence, that sys-
tems composed of units accepted by the tests will meet the
overall system-rellabllity requirement. The procedure also
allows for the 1lnecorporation of unit essentiality. The
declslon-theory approach to optimum rellabllity testing was
also investigated and a relatlvely simple approach 1is de-
scribed for chooslng producer and consumer risks on unit
tests, based on test costs and wrong-declslon costs.

With respect to the reliabllity allocation problem,
the followlng recommendations are offered:
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(1)

(2)

(4)

The allocation model and data inputs developed
in thls study provlide a reascnable approach

for allocating weapon system rellabllity. They
should he lncorporated into general Alr Force
reliabllity documents as a means for determinling
rellabllity requirements for unlts, egqulipments,
and subsystems, glven an overall weapon-system
requlrement.

The input data provided by this study should be
continually refined and revised, The "Active
Element Group" concept of functional grouping
requlires further development 1n ron-electronic
categorles 1n order that the level of analysils
for such portlons of the system mlght be better
established. Additional data analysis 1s also
required for reflnement and eXtenslon of the
coverage of sultable adjustment factors to the
baslc data inputs, and for determinatlion of
feasibllisy.

Procedures need to be developed for relating
system operational requirements -- presently
stated 1n a varlety of ways -- to reliabllity
goals stated in a manner suitable for reli-
abllity studles and consistent with desired
ojectives.

Mathematlcal models should be developed for
optimizing the asslignment of rellabllity-
improvement efforts, 1n conjunction with the
utillzatlon of Air Force reliabllity-allocation
procedures.

With respect to testing for rellablllity complliance,
the following recommendations are offered,

(1)

(2)

A detailed review and consollidation of existing
Alr Force directives for speclifyling rellabillty-
test parameters should be conducted, and recom-
mendatlons for improvement made. The recommen-
datlons would be based on known relationships
between types of tests, amount of testlng, cost
of testing, and cogt of wrong declsions.

The declision-theory approach should be inves-
tigated further with a vliew toward choosing
optimum tests, and models for obtalning the re-
qulired cost functions and a prlorl distribu-
tions should be developed.
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AN EXAMPLE OF RELIABILITY ALLOCATION

155



Couiradls

Approved for Public Release



APPENDIX A

AN EXAMPLE OF RELIABILITY ALLOCATION

This appendix presents an example of reliability
allocation methods based on the model and data i1lnputs de-
veloped in the precedlng pages. The data inputs and a sim-
plified step-by-step procedure for reliabllity allocation
are pregsented in Velume IT,

The system chosen for discusslon 1is an existing one,
glightly modified in thls example tTo protect its identity
and to betfer 1llustrate the allocation methods., It 1s a
satellite system conftalning ftelemetry and communications
equlpment. Temperature and attltude control are necessary
for succegsful completion of the mission, and gelf-
contained power generation 1s required. The overall sye-
tem effectiveness requirement is agsumed to be a 0.50 prob-
ability of survival for 72 hours. The system will be de-
geribed in more detaill as the analysis progresses,

The units to which system reliablility wlll be allo-
cated are chogen on the bagis of physical and functional
Independence. The deslgn information indicates that the
following division of the system would be logical, and
would provide units whose fallure probabilities can be
consldered independently of the other units:

Electrlic Power

Tracking, Telemetry and Command (TTC)
Structure and Temperature Control
Attitude Control

Useful Paylocad (UP)

I =l o

The system's useful paylocad has two 1ldentical active
parallel functions, elther of which must operate for 72
hours. Therefore the system is redundant, and its rell-
abllity blicock diagram is as shown 1n Figure A-1.

The numbers agssigned to the unlts are used to identlify
them throughout thils exampie. Each unilit 1s analyzed 1n de-
tall to determine its essentiallty, 1ts operating time, and
the number of AEG's it contains 1n each functional category.
The number of AEG's for each unlt is entered in the data
worksheet (see Table A-7).
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Electric Tracking, Strg;gure
Telemetry
Fower nd Command - Temperature
) 2 Control
(Unit 1)
(Unit 2) (Unit 3)
! Useful Payload
Unit HA
Attltude
Control .
(Unit 4)
Unilt BB
(Unit 5)

FIGURE A-1

RELIABITLITY BLOCK DIAGRAM OF ILLUSTRATIVE SYSTEM

1. Unit 1, Electrlc Power

Fallure of the power supply causes mission failure, so
the essentiality of this unit is equal to one., Unlt 1 must
operate for the required system 1life of 72 hours. Power 1s
generated by a solar array, which charges batferles feed-
ing a power control unit through a regulator. No design
informatlion is avallable on the solar array and batteries,
so they wlll not be Ilnciuded 1n thls analysils. The regu-
lator and power conftrol unit are completely transistorized,
and contain a total of 30 AEG's 1n the primary power
(transistor) category.

158



2. Unit 2, Tracking, Telemetry and Command

2.1 Description

The tracking, telemetry and command function is re-
gulred for mission success, so the essentlallity of this
unit is equal to one. TUnit 2 1s requlred to operate only
during the first 24 hours of orbit. The unit has internal
power regulation and control capabllities whlch contribute
105 AEG's in the primary power (transistor) category.

2.2 Relatlve Fallure Rates of Digltal Functions

The remainder of Unit 2 congists of diglital circultry
for whlch no relative fallure rates are avallable. These
relative fallure rates, ki, must therefore be determined
by the method described in Section 6.4.1. Briefly, a rela-
tive fallure rate, k5,for the digltal functions 1s deter-
mined by first obtalning an average fallure rate, % _ , for
a standard electronic AEG in the system, and then estimat-
ing an average fallure rate, kd, for the dlgital functions;

the relatlive failure rate 1s equal to the ratio J;/Aee,

2.2.1 Average Fallure Rate of a Standard AEG

An average part class distribution for a standard AEG
in the system can be obtalned from a part count for the
non-digital portion of the system. (The function for which
a relative rate ls belng determined is digital; therefore,
all digital AEG's are consldered non-standard for the
purpose of obtalning an average fallure rate of a standard
electronic AEG 1n the system. Care must be taken in
uslng part counts, because digital and analog parts may be
listed together. Use of Information containing counts in
which dlgital parts could be ldentlfied permlts calculation
of the part class distribution of the passlve parts as well
as the proportion of tubes and transistors. This data is
presented 1n Table A-1,

TABLE A-1
PART CLASS DISTRIBUTION FROM PART COUNT
Part Number per AEG Active Progg;tion
Resgistor 3.71 Element AEG
Capacltor 2.00 Tube 0.01
Transformer 0.21
Tran-

Diode 2.10 sistor 0.99
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Combining the part class distrlbution wlth avallable
part fallure rates,T the average failure rate of this stand-
ared ARG 1s determined as indicated in Table A-2,

TABLE A-2
AVERAGE FAILURE RATE OF STANDARD AEG
BASED ON SYSTEM PART COUNT
hv nv?‘v
v Part n, (Multipl (Multiply
by 10‘6§ by 10-°)
1 Resistor 3.71 0.18 0.668
2 Capacitor 2.00 0.10 0.200
3 Transformer 0.21 0.31 0.065
4 Diode 2,10 c.h5 0.945
vahv = 1.878
i Active Elements LA Awi
1 Tubes 0.01 20.7%
2 Translstors 0.99 0.61
Tél = 0.01(20.7 + 1.878)
+ (0.99)(3.3)(0.61 + 1.878)
Xel = 8.354 x 107° per hour
¥ Tubes are of recent deslgn. Fallure rate of
dual trlode 1z assumed.

T "Reliability Stress Analysls for Electronic Egquipment,”
Radio Corporation of America Publication TR 59-416-1,
dated January, 1959.
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As discussed in Section 6.4, the total failure rate of
the passive elements (Znyiy = 1.878) 1s first added to the
fallure rate of a tube and multiplled by the proportion of
tubes In the system; fthen added to the fallure rate of a
transistor and multlplled by 3.3 times the proportion of
transistors in the system. The sum of these two terms gives
the estimated average fallure rate of a standard AEG 1n the
syatem, corrected to a tube active element,

Another method of obtalnlng an average part class
distrlibution might be to consider a similar system. A
part class distribtlion for transistorlzed equipment is also
availablie.t This distribution 1s based on a transistor
active element, so that the proportion of tubes in the sys-
tem 18 zero. As Indicated in Table A-3, the average fallure
rate for thls standard AEG 1s determined by adding the total
fallure rate of the passive elements (Zln'v7\V = 1,972 x 107®

per hour) to the fallure rate of the transistor, and
multiplying the sum by 3.3 to adJust for non-tubed AEGTs,

TABLE A-3
AVERAGE FAILURE RATE OF STANDARD AEG
BASED ON A SIMILAR SYSTEM
Rv nV7\v
v Part n, (Multip%y (Multig%y
by 107°) by 10 )
1 Resistor 5.7 0.18 1.026
2 Capacitor 2.0 0.10 0.210
3 Transformer 0.3 0.31 0.093
I Diode 1.3 0.45 0.585
5 Switch 0.1 0.58 0.058
2nh, = 1.972 x 107°  per hour
1 Transistor, Aw = 0.61 x 10_6per hour
%, = 3.3(1.0)(0.61 + 1.972)10~° = 8.521 x 10™°
2 per hour

t WADD Technilcal Report 60-330, "Compilation of Component
Field Reliabllity Data Useful 1n Systems Preliminary
Design," Wright Air Development Center, Wright-
Patterson &Air Force Base, dated March 1961.
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The average fallure rate used for a standard AEG in
the system of this example 1ls the average of the two inde-
pendently determined rates } and A_ , yielding A = 8.44

-8 €1 2o e
X 10 per hour.

2.2.2 Average Fallure Rate for Digital Functlons

A parts dlstributlion for an average digltal AEG must
be determined 1n order to cbtaln an average fallure rate
for digital functions. Because of a lack of schematics for
the system belng analyzed here, a parts dilstributlon was
obtalned from four general sources: (1) design handbooks
for transistorized digital circultry, (2) textbooks on solid-
gtate digital circultry, (3& current literature in the fleld
of digital circultry, and (4) several design drawings for
proposed or exlstling systems other than the one being ana-
lyzed. ©For elghteen typlcal circuits found 1n these sources,
the parts distributlorn, as a function of the number of diode
inputs (x) assoclated with a transistor inverter, 1s shown
in Table A-4. These circults include several types of
diode-transistor gating and inversion, flip-flops (parts
distribution belng given on a per-transistor basis), level
shifters and resistor gating. These are consldered to be
typical circults slnce care was taken, especlally in the
textbock and current-literature sources, to exclude experi-
mental, theoretical, and developméntal circults,

Fleld tests have shown that for dligltal appllcations,
the fallure rate of transistors and diocdes l1s much less than
for analog applications.? The ratio of digital-transistor
fallure rates to analog-transistor fallure rates 1s 0.06,
and the ratlo of dlgltal-diode faillure rates to analog-diode
fallure rates 1s 0.008. The RCA rates used for this study tt
are therefore modlfied by these ratlos to obtain fallure
rates for digltal application. The fallure rate for transis-
tors in digital applications becomes 0.036 x 10~°8
per hour, and the fallure rate for dlodes in digital appli-
cations becomes 0.004 x 107® per hour. Using these rates,
the average fallure rate for a digital Ffunction s
determined as a function of the number of dlode igputs, x,
as shown 1n Table A-5H,

+ ARINC Research Corporation Publication No. 114-5-256,
"Reliabllity of Semiconductor Devices," dated

August 31, 1961,
++ See footnote, Page 4,
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TABLE A-4
PART CLASS DISTRIBUTION OF AVERAGE DIGITAL AEG
Circult Part Type
Type Reglistors Capacltors Dlcdes Colls
1 3 X
2 2 X + 1
3 5 2 1
4 X + 2 1
5 x + 3 1 1
3] 2 X+ 1
7 3 X+ 5
8 3 x + U
9 3 1 x + 2
10 4 1 x +1
11 5 1 X+ 5
12 4 1 X
13 5 X + 4
14 3 1 1
15 2 L
16 3 3
17 3 1
18 5 1 X+ 1
Total 2x + 60 9 11x + 34 2
Average | 0.11x + 3.3 0.50 0.61x + 1.89 0.11
TABLE A-5

AVERAGE FATLURE RATE OF AN AVERAGE DIGITAL AEG

AS A FUNCTION OF DIODE INPUTS

Ay niy, Average ANy

Part (ﬂ;lféEég Number per AEG (g;lgéggg
Transistor 0.036 1.00 0.036
Reslator 0.18 0.11x + 3,30 0.020x 4+ 0.594
Capacltor 0.10 G.50 0.050
Diode 0.004 0.61x + 1,89 0.002x + 0.008
Coll 0,08 0.11 0,009

S
rg(=) = ? A gy, = (0.022x + 0.697) 10™°per hour,
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2.2.3 Determining the Relatlive Rate

From the previous calculatlon, the average fallure
rate (Re) for an electronic AEG in the system is 8.44 x
10-¢ per hour. Using this and the values of Ag(x) for
values of x from 2 through 9, the relative fallure rate,
kg, can be(dﬁtermined as a function of x from the formula
Aq(x
d

k&(x) =

Table A-6 glves the values of ké for

Ae

values of x from 2 through 9.

TABLE A-6

RELATIVE FAILURE RATES FOR DIGITAL

AEG'S IN THE SYSTEM

Xd = SAyDiy ké(X) = 7\*@/-7-\"3

X (Multiply

by 10-°)
2 0.741 0.087
3 0.763 0.090
4 0.785 0.093
5 0.807 0.096
& 0.829 0.098
7 0.851 0.101
8 0.873 0.103
9 0.895 0.106

2.2.4 Using the New Relative Rate

The new functional category for which a relative
failure rate was estimated will be called "Digltal (x)"
where x can be an integer from 2 through 9. The method
of estimatling the number of AEG's ls asg follows:

(1) TFor any digital system wlth diode gating and
transistor Inversion, estimate the average
nunber (x) of dlode inputs assoclated wlth an
inverter. Conslder flip-flops as two inverters,
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each with one Input. In most cases there will
be sectlons of the computer containing only one
order of complexity of loglc; the x for this por-
tlon can be asslgned, and a dlfferent x can bhe
assigned to another portlion. The range of X per-
mits eight different functlonal categories, but
this method of estimating 1s belleved to glve
adequate results without the requirement for
counting the exact number of inputs assoclated
with each 1nverter.

(2) Count the total number of inverters in each of
the categories assigned in Step (1). This 1s the
number of AEG'!s in that category. (Remember to
count flip-flops as two 1lnverters, hence as two
AEG's.)

Using these categorles,the number of digital AEG's
are counted and entered in the worksheet of Table A-7. In
addition to the AEG's that are specifically digital, there
are TC magnetic core devices 1In this unit. Magnetlc core
devices are generally consldered more rellable than other
parts used in digital clrecuits. In this application,
however, it 1s necessary to have groups of matched cores.
Because of thls, and the effects of vibration and shock,
the magnetic core devices have been assigned to the "Digital
(2)" functional category and are included in the count
entered in the worksheet.

Parts leading up to the antenna (rigld coax and tuned

cavity) are consldered, but the antenna itself 1s stationary
and wlll be consgidered failure-free,

3. UNIT 3 - Structure and Temperature Control

The airframe itself ig consldered to have a reliablility
of unity and will not be consldered here.

Preliminary deslgn information indicates that the tem-
perature control unit has sensors that actuate bellows fto
control a rack and plnion, which moves hinged shutterS. The
preliminary design required fen such assemblies. These are
assigned to the functional category, "Pneumatic-Bellows with
Potentiometer Pick-off." This may at first seem to be a
gevere agslgnment. It should be noted, however, that the
failure rate for thils category (as for all categorles)} is
considered sensitive to environment if all units are not in
the same gross envircnment. Since all units of thls system
are in the same gross environment, adjustment of the relative
fallure rates 1s not necessary. This assumes that all
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faillure rates would recelve the same adjustment for satellite
environment. As described In Section 6.7.3,a factor of 0.5
is used to adjust for satelllte environment. Englneering
Judgment 1ndicates, however, that because of cold-vacuum
weldling, the rack and pinion may suffer a hlgher failure

rate in a satellite environment than in a ground environ-
ment. This asslgnment, then, does not seem so severe, and
may, indeed, be conservative.

4, UNIT 4 - Attitude Control

Always necessary for milssion success, Unit 4 has an
egsentlality egual to one., Its operating time 1s equal to
that of the system (72 hours).

" This unit has both mechanical and electronic AEG's.
The major parts of its mechanical portion are estimated to
be 15 valves, 6 motors, and 1 gyro. The valves are used
for 4 minutes during each 24-hour 1nterval.

The electronic portion consists of 6 sensors, 2 digltal
data processors, 5 amplifiers, and a power supply, and is
completely translstorized. The only Informatlon avallable
to help determine functiomnal categorles 1s a part count
from the contractor., Fortunately, the part cocunt is gilven
for each component of the system, so 1t is posslble to estil-
mate the number of AEG's and assign them to functional cat-
egories., The appropriate "Digiltal (x)" category was esti-
mated by considerlng the transistor-dlode ratio in the
digital processors, keeping in mind that "x" relates to the
average gate Inputs per transistor, arnd not simply to the
transistor-dlode ratlo,

5. UNIT 5 - Usgeful Payload

The useful payload consists of two identical units,
elither of which must operate properly for 72 hours. Each
unlt includes a power converter, translator, power ampil-
filer, receiver multliplexer, and a transmitter multiplexer.
The contractor's clrcult schematics were available, 80 an
accurate determination of the number of AEG's was possglble,
As 1Indicated on the worksheet, most of the unit 1s transis-
torized. The entry in the "speclal" category arlses from
the use of four tubes of fairly recent deslgn.
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6. Conversion of Relatlive Rates to Standard Form

Table A-7 now contains (1) the number, iJ’ of' AEG's

in the 1'" functional category within the j unit and
(2) eilther the relative failure rate, k,, for the elec-
tronlc AEG's, or the relative fallure r%te, ki, for the
non-electronle or non-standard categories. The ky are
relative fallure rates wlth respect to an agudilo G fail-
ure rate. The ki are relative fallure rates with respect
to an average electronic AEG, and must be converted to
rates relative to the audio AEG fallure rate as described
in Section 6.5.

The table provides a column to llat the total AEG's,
f1, 1n the 1th standard electronic functional category.
When multipllied by the relative failure rate for the ith
category, the system electronlc fallure 1ndex, Ke, results.
Summing the fi column glves the total number of electronic
AEG's, Fe, in the system. The ratlo Ke/Fe 18 assumed equal
to the ratio of the average AEG failure rate to the audlo
AEG fallure rate, denoted Ko 1n the worksheet. Since ki
is the rablo of the 1th funetional fallure rate to the
average AEG fallure rate, the product Kck{ glves the equiv-
alent ki, the ratio of the 1th functional fallure rate to
the audio AEG fallure rate. The ki listed 1In Table A-7 are
adJusted in the above manner to obtaln a ky; for functlons
5 through 13.

T. Modification of Relative Fallure Rates

For each f1j (number of AEGss in the 1% functional
category within the Jth unit) a relative failure rate ky 4
1s entered 1n the worksheet. The value of k1J is deter-
mined by modifying k, = 4.3 by the factor 0.3 (the ratio of
translstorized AEG fallure rate to tube AEG fallure rate as
discussed 1n Section 6.6.1). Thils same modifier lg applied
to kg and k4 to form k,, and kzs. Any factors affecting
failure rates are Introduced in thls manner, usually on a
unlt basis; e.g., a unlt may have a.dlfferent gross envir-
onment so that the kiJ for that unit would be modifiled by
the appropriate factor discussed in Section 6.6. For
gimplicity, these modificatioms should be made on the basls
of a total unit. This 1s not always posalble. In thils
example, there 1s one additional modification. The value
of k., 1s reduced to half 1ts value because of the extremely
low operating period of the values. In such cages, engl-
neering Jjudgment 1is required.
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8. Unit Failure Indices

A fallure index, Kj, used 1n the allocatlon medel can
be formed for the jth unit by summlng the product of the
number of AEG's and the corresponding fallure rate for each
category in the unlt. ' The results shown in Table A-7 are
repeated here for convenlence:

K, = 38.7

K_ = 293.7
Ka = 105}"'-7
K, = 41k4.2

4
K5A = KSB = 317'0

9. Peasglibllity of the System Reliabllity Requirement

The overall system effectiveness reqguirement 1s given
as a 0.50 probabllity of successful operation for 72 hours.
The system design adequacy 1ls estimated to be equal to one.
Therefore, the system reliabllity requirement 1ls equal to the
overall system effectiveness regqulrement, since

System Reliabllilty Requirement

_ System Effectlveness Requlrement
- System Deslgn Adequacy

The feaslbility of this rellabllity regqulrement,
R¥(72) = 0.50, can be estimated by determining a feasible
requlrement for an equlvalent series system, and adjusting
thls requirement fto account for redundancy.

The feaslble requirement for an equivalent serles system
1s determined by considering flrst the electronic and then
the non-electronlc portlions of the system, and comblning the
results.

9.1 Electronle Portion

The electronle portlon of the baslc series system contains
the followlng numbers of actlve element types:

413 Transistors, analog.

562 Transistors, digital.
4 Tubes,

186 Diodes, digital AEG.
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The 70 magnetlc core devices have been 1ncluded with
"Transistors, Digital" and ten digltal diodes are counted
as one Digital Diode AEG., The total number of actlve
elements is 1165.

Reference to Flgure 6-1 and use of the upper boundary
of the ground band for the satellite system glves an estil-
mation of the feaslible mean 11fe of the electronle portion
of a tubed system wilth 1165 actlive elements of approximately
32 hcurs. Applying the correctlon factors explalned in
Section 6.8.2, the system hag an equivalent number of active
elements, Z N By, as shown 1n Table A-8.

TABIE A-8
EQUIVALENT ACTIVE ELEMENTS
1 Type Ny By NiBy
1 Transistor, Analog 413 0.3 123.9
2 Transistor, Digital 562 0.02 11.2
3 Dicdes, Digltal AEG 186 0.06 11.2
Y Tubes i 1.0 4.0

% NiBi = 150.3

e

The estimated feasible mean life, o, of the electronic
portion of thls system 1s found by medlfying the estimated
feasible mean life of the electronic portion of an equiva-
lent tubed system 1in the following manner:

7 = 32 hours x 1165

o TB'@T? = 248 hours.

9.2 Non-Electroniec Portion

The feasible mean 1life, 9,,, of the non-electronic por-
tion of the baslc serles system can be determined as explained
in Section 6.8.3, The total fallure index, Kpe, of the non-
electronic portion of the system is, from Table A-T,
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K., = z fijk;_ = 1(0.30) + 1(0.25) + 15(1.80) + 6(1.50)
1,J + 1(12.10) + 10(23.50) = 283.6.

The feasible mean 1life of the non-electronic portion of
the system, then, 1s

~ 32 x 1169 _

& ne W = 132 hours.

9,3 Peasible Requirement for the Redundant System

Having determined the feaslble mean life of the elec-
tronic portion of an equivalent series system, 6_, and the
feasible mean life of the non-electronic portion of an
equivalent serles system, 6,., the total feaslble mean life
of an equlvalent serles sys%em, Bg, 18

~ land

~ 2 2,
68=;r£§—7%— = 86 hours.
e + Pp

The degree of redundancy, -y, 1ls estimated by computing
the fallure Index, K, for all serles unlts, and the equiv-

alent failure 1ndex, K;, for each redundant unlt to form the

ratio ¥ = —————— ., The fallure 1ndex for the series unlts

is, from Table A-7, K, = K; + Kp + Kg + K4 = 1801.3. Since

the redundant units are identlcal, K5 = KA = K B= 317.0.
17.0 >

Then the degree of redundancy is v o= §%T%L§ = 0.15.

The feasible system rellablllty requirement 1s, as
discussed in Section 6.8.1,

&(r) - 2 e-T/EJs i e'(1+T)T/ 68

72 hours and gs was determined to be

For this system, T
0.837 and

-

86 hours, so T/ 05

R(72) = 2o 0-837 _ g ~(1.15)(0.837)

R(72) = 0.48.
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The feaslible rellability requlirement compares favorably
with R*(72) = 0,50, the system reliability requlrement.

10. Allocatlion to the Urilts

Before the allocation to the units 1s made, an equiv-
alent gerles failure index Kg, of the redundant configura-
tion 1s determined, This 1s explained in detall in
Section 5.4, but for the purpose of this example, the
value of Z(a,R¥) will be determined from the graph of

K
Figure 9 of Volume II. The ratioc @ = —= = 5.68 and the

,

reliability requirement, R*¥(72) = 0,50 are used, and
Figure 9 of Volume II gives Z(5.68, 0.50) = 0.0185, The
equivalent series fallure index, Ky, of the redundant con-
figuration 1s

Ks = (0.0185) K, =33.3

and the total system fallure 1ndex, 1s

K=K +K; = 1834.6

The fallure index ratlic for each of the series units is

wi = K /K = 0.0211

Wz = Ke/K = 0,1601
ws = Ks/K = 0.,5749
w, = K, /K = 0,2258

For the redundant configuration, the failure 1index
ratlo 1s ws =Ks/K = 0,0181, and for the redundant units the
fallure index ratlos are

wsA = Ksp /K = 0.1728
wsg = Kp/K = 0.1728.
Since each series unit and the redundant configuratlon
has an essentialigg equal to 1, the allocated rellabllities

are R(ty) = R*¥(T)"YJ (J =1, 2, 3, 4 and 5). So for the
serlegs unlts the allocated rellabillties are
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0.0211

ﬁl(TE) = 0,50 = antilog (-0.0146) = 0.986
Ro(24) = 0.50°-101 _ antiiog (-0.1110) = 0.895
Ra(72) = 0.500-5T%9 _ antilog (-0.3985) = 0.671
Ra(72) = 0.500:2858 _ angiteg (-0.1865) = 0.855,
and for the redundant configuration,

Re(72) = 05099181 _ ant110g (-0.0125) = 0.988.

For the redundant units, the allocated reliabllitles
w
R*(T) - (1 = 5A and 5B). Therefore,

are ﬁ(ti)
. (72) = 0.500-1728

R_,(72) =

v I |

5 = antilog (-0.1198) = 0.887

The allocated mean 1life for each series unit and for
the redundant units 1s 8, = -t;/log R ($1)(1 = 1, 2, 3, &,
54 and 5B). Then,

~

___ 12 _
6, = 5 0ThE = 4932 hours
Gz = m = 216 hours

2 2
6y = 67%?83 = 181 hours

64 = 5TIE6E = 460 hours
~ A 72

The allocated mean 1life of the redundant configuration

is
P A o 65 658
_ 5 5
95 = QSA + SSB - = ~
sp + O5B
on since
) ~ ~ 3 ~
85A = SSB’ 85 = EQSA = 902 hours.
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Assuming constant fallure rates for the serles and
redundant unlts the allocated fallure rate for each unit
is

~ 10g ﬁ(t‘

)
_ J
Ay T

Then

203 x 107° per hour

>
l_l
i

Az = 4625 x 10" °%per hour
hg = 5535 x 10-6per hour
N, = 2174 x 10_6per hour

Agp = Agp= 1664 x 10™° per hour

The average fallure rate for the redundant configuratlion 1s

~ 1-Rg(T2)
A e -

If

It

167 x 1078 per hour
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