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FOREWORD

Various regulations, such as, AFR 80-5 and 69-29, and AFSCR
80-1 and 80-9 define AF policy matters in Reliability and Maintain-
ability {(R/M). Equipment and management specifications such as,
MIL-R-27542 and MIL-M-26512 establish program or equipment require-
ments, but the AF literature generally lacks guidance type documents
advising the SPO or procurement activities on how to establish or
manage an R/M Program.

Availability of specialized training in these fields is limited,
with only a few colleges offering courses. Manpower limitations
further complicate the training programs since personnel cannot
be spared for long periods of time to take those courses that are
available.

The purpose of this TBR is to provide ready reference in a single
volume, information, guidanee, and procedures on ESD R/M policy. This
volume 18 organized into sections. Each deals with a given facet of
R/M that the ESD R/M staff has noted 4s & problem area, potential or
actual.

This document is not a study in depth, nor is it to be considered
as a complete and final text. Rather it covers present ESD philosophy
and provides needed guidance. As additional work is done in the R/M
areas, this volume will be revised or additional sections will be added.
The sections contained herein were prepared during the 1963-1964 period
by ESTE staff members; G. H. Allen, Major J. R. Barton, R. M. DeMilia,
Capt G. Grippo, and J. E. Borowitz.
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ABSTRACT

The ESD Reliability and Meintainability (R/M) Staff originally
prepared a series of pamphlets dealing with R/M matters during 1963-6h.
These have now been combined into a single handbook for ready reference
and assimilation by ESD personnel associated with R/M programs. Each
section of this handbook deals with a particular problem area in R/M
matters and suggests methods of initiating and operating an R/M program.
The material covered ranges from the basic elements of establishing a
program thru the engineering requirements to be evaluated in design re-
views. The overall operations involved in monitoring of a contractors
program are defined. Several sections deal with the mathematical aspects
of Reliability decision making including construction of probability of
acceptance curves. Specific areas covered in this TDR are listed in the
Table of Contents.

REVIEW AND APFROVAL

This Technical Documentary Report has been reviewed and 1s approved.

/BﬁANDE { e
Colonel, USAF 7
Chief, Tech Rqmts & Stds Off
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Various regulations, such as, AFR 80-5 and 6$9-29, and AFSCR
80-1 and 80-9 define AF policy matters in Reliability and Maintain-
ability (R/M). Equipment and management specifications such as,
MIL-R-27542 and MIL-M-26512 establish program or equipment require-
ments, but the AF literature generally lacks guidance type documents
advising the SPO or procurement activities on how to establish or
manage an R/M Program.

Availability of specialized training in these fields is limited,
with only a few colleges offering courses. Manpower limitations
further complicate the training programs since personnel cannot
be spared for long periods of time to take those courses that are
available.

The purpose of this TDR is to provide ready reference in a single
volume, information, guidance, and procedures on ESD R/M policy. This
volume is organized into sections. Each deals with a given facet of
R/M that the ESD R/M staff has noted as a problem area, potential or
actual.

This document 1s not a study in depth, nor is it to be considered
as a complete and final text. Rather it covers present ESD philosophy
and provides needed guidance. As additional work 1s done in the R/M
areas, this volume will be revised or additional sections will be added.
The sections contained herein were prepared during the 1963-1964 period
by ESTE staff members; G. H. Allen, Major J. R. Barton, R. M. DeMilia,
Capt G. Grippo, and J. E. Horowitz.
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SECTION |

GUIDANCE ON PROPOSAL CONTENT FOR RELIABILITY AND MAINTAINABILITY
IN SYSTEM / EQUIPMENT PROCUREMENTS

FOREWORD

SECTION |

CONTENTS

Tre purpose of this section is to provide guidance to SPO Reliability and
Maintainability (R/M) Monitors in establishing requirements for tne R/M part of
a syster/equipment proposal.

Specific items which bidders must discuss in proposals are presented. A
briei discussion is presented on each item. This section amplifies those
instructions contained in PMI 1-9, Preparation of Requests for Proposals for
Systems, 25 January 1963.
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Summary ....
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GUIDANCE ON PROPOSAL CONTENT FOR
RELIABILITY AND MAINTAINABILITY IN
SYSTEM/EQUIPMENT PROCUREMENTS

1. Introduction:

Current approsches to the diaciplinea of Relisbility and Maintainability (R/M)
include the insertion of quantitative requirementa and R/M apecifications in
Request For Proposal (RFP) documents which deal with systenguipmnts.

Responses to theae items by potential contractora have been varied and, at
times, have laft important R/M considerstiona unanswered.

The purpose of this pemphlet is to set forth the R/M items which a potentisl
contrector is expected to cover in s technical proposal. In addition, significant
materiel to be presented undsr esch item is discusaed.

2. R/M Organizstion:

A bidder's propoasal should identify the poaition of his R/M Group or Section
within hie oversll organizational structure. Usually, the R/M Group either is
positioned as a line sctivity under engineering or combined with Quelity Control
(and perhaps other diaciplinea) to form & Product Assurence Department.

Most lerge companiea will have a R/M Staff Officer {perhape, Vice-President,
Reliability end Quality Control) who ia responaible for genersting overall R/M
policy and standard opersting procedurea.

The mein concern in studying e bidder's R/M organizetion ia to determina
whether or not the proposed orgenizetion will be responsive to the overall RM
Program requirementa, senaitive to problem areas, and sbla to contribute to
the formuletion of design criteria and the control of design for reliability
and maintainability. -

Ita ability to perform, in sccordence with the above paregraph, is also a
function of its personnel capability-mix. Since R/M encompasees a wide variety
of taska, ranging from complex modeling techniques to design criteria, s bidder
muet be in a position of stating the quality and quantity of people avejlable
to perform the proposed R/M program.

3. Prediction of R/M:

It is expected that a bidder will make & first determination or prediction
of the R/M capability of hia proposed system/equipment desipn and compare the
results with the quantitative R/ﬁoraquirementa. All equations employed in thae
computations and any mathematicsl sasumptions must be clearly stated. In sddition,
failure rate date sources and s discussion of their adequacy must be preesented.
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The prediction serves o identify possible R/M weaknesses in e proposed
syswm/equi;nent design. A bidder should be eble to indicete how these weaknesses
are to be overcome. For example, a magnetron, even when opereted conservetively,
has e high (es compered to & simple resistor, for example) inherent feilure
rete and in e simple reliebility series system/equipment influences considerebly
the resultant system/equipment failure rete A bidder shouid indicete whet
compensating features céuuch as, redundent replecement or malfunction rrotection)
he intends to introduce into his design to minimize the influence of this or
other high failure rate items.

Another important consideretion is the proposed preveniive meintenance cycle.
Missions can be interrupted by unscheduled (feilures) ss well es scheduled
maintenence. The problem is the uneveilebility &f system/equipment for mission
eccomplishment during either type of maintenance.

The manner in which support is programmed, efter system/equipment transitlonm,
18 influenced by required preventive maintenance. Bidders should be expected
to discuss the amount (frequency), type,and duretion of preventive maintenance
required for their proposed system/equipment designe. 2

4. Evidence of Past E[}_ll Accomplishments:

R/M quantitative requirements have been inserted into Government contrectis
since the early 1950's. It is to be expected thet bidders will be uble tn cite
performance on past contrects end stete how successful they were in mee- ing
and exceeding imposed quantitetive requirements. Since programs differ In
degree of sophistication, a brief description of overell program requirements
should be included with eech program cited.

5. R/M Des view S e:

Potentiel R/M problems must be detected end corrected in the early stages
of o syswm/equi;nent program. Conservative cost estimetes indicste thet
system/equipment problems which remain unresolved during design, ani finelly
are resolved during operetionel usege, will require an expenditure of ore
thousand times as many dollers es during design (to sey nothing of the
inconvenience of heving uysum/equipnenta in e down-stete while moaificstions
are performed).

The following types of design reviews are expected to be echeduled by e
potentiel contrector:

e. Concept, to investigete and decide on the design epproeches to be
taken to setisfy the quantitative R/M requirements.

b. Component Part Selection and Applicetion, to insure thet perts heving
histories of low failure retes are selected to be incorporated into system/equip-
ments and thet conservetive epplication of these parts takes plece.

o ¢. Electrical, to insure minimization of drift t
of design, and edequacy of failure detection devices. Lk s

d. Mechanical, to insure pro cka d
nnd overell physical layout for ease g;r-’:;nuﬁg. e b

e. Producibility, to alert manufecturing personnel to the possibilities

of unique or unusual manufacturing te
el s g techniques that may be required during the

The success of a design reviev is

partially dependent on th
Most companies will eseign design review rasponsibilities to n;iop:r::ctm?.
engineers. Usually, there will be a permanent design review chairman who will
drew on the technicel resources of a company es needed.

Minutees of meetings are expected to be mai
ntained and correcti
;:cz:::ﬁ;tig?: ::vetioped. Ho;mver ,» & decision es to nodificotion':f.zté::ign
e appropriate design engine.
is of such e neture es to warrant referf':I tg m:&:i:! Kt s

A porential contrector's proposal should be
carefully reviewed
the edequacy of his design review ectivity in terms of t:o l'ollo\d.n:o cg;m?e

a. Timeliness, reviews occur before drewing releese to production.

b. Frequency and variety of reviews.
c. Responsibility for corrective ection follow-up.

d. Method of organizing reviews with ette
t
personnel sssigned review responsibility. - et G

6. Description of Proposed 5@ Progrem:

A bidd
e er is expected to define his complete proposed R/M Program in terms

e. Tasks to be eccomplished.
b. Task descriptions.

c. Time-Phasing.

d. Significant milestones.

®. Responsibility for task eccomplisbments.
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Item d is important since it serves to establish program monitoring points
or times et which contrector progress can be assessed and any necessary redirec-
tion given by the procuring agency. Monitoring of contractor programes is e
definite procuring agency responsibility under current Air Force Reguletions
(AFRs).

RFPs usuelly contein those elements of an R/M Program which are compatible
with the overall system/equipment procurement. ESDP 80-2, General Requirements
for a Reliebility and Maintainability Program Plan for Elactronic Syatems,

15 August 1963, has set forth tha besic R/M elements which are epplicable to all
eystem/aquipment procurements.

Two elements or tasks of a proposed program must be defined in some depth,
namely, subcontrector manegement and corrective ection management.

Sarious aystam/aquipment R/M problems occur, if prima contrectors do not
provida e subcontractor management activity. This ectivity should ancompaas:

a. Incorporetion of quantitetive BRM requirements into all specifice-
tions for subcontrected equipmant.

b. Demonstretion requirements.

c. Provisions for a R/M Program which is competible with the Prime
Contractor's Program.

d. Scheduled monitoring.

It is obvious thet the collaction, procassing, and analyzing of R/M date and
the holding of design reviewa ae such cannoi improve tha R/M capability of
systeme/aquipments. It is necaasary to supplament thesa tasks with a correntive
action manegement task. A bidder should be praparad to outline his corractiva
action procedures. Thase procedures should include e discusaion of hie R/M
deta collaction feedbeck systam (sae, for example, ESDP 80-3, Genaral Raquira-
ments for a Dete Collection and Eveluation System for Elactronic Systems,

1 November 1963) and specifically should indicete the provisions by which his
R/M Group is essured the opportunity to reviaw and assess the effect of all
changes on system/equipment R/Y cepability.

Since deaign or inherant reliability must be protacted from unneceasary
degradetion during manufecturing, e bidder should discuss his fectory quality
control aystem with perticular attention to any unique techniques which are
to be employed to insure dalivery of reliebla aquipment.

These techniques could involve testing samplas of component parts to
Acceptable Reliebility Lavels (AR1s) during incoming inspection, additional
"burn-in" tests of major elaments of equivpment, specielized training courses to
increasa skill levela of personnel involved in manufacturing, etc.

e ot et

7. Discussion of E nt Demonstration Plans:

Tha spacification of guantitative R/M requirements for equipment involvea

consideration of stetisticel techni
e e e chniquas to illustrate that the requiraments in

ESDP 80-5, Varificetion of Quantitetive Rel
jebility Requirements (Decisi
i:iht;;ie), 15 November 1963, sets forth some approved religbility denéna:.r:tign
chniquas. An important coneideration etreased in ESDP 80-5 is tha quantifica-

tion of tha risk
bt e A 8 involved in making decisions ebout compliance to reliebility

An ecceptabla model for decision-making
purposes, undar cartain ci
is tha Cummulativa Poisson Distribution. This model’hu as besic in;u::‘:m“mc“’

a. A fixad value for test time (T).
b. A Yelue for maan-time-between-feilure (MTBF, ).
c. An ellowebla number of failures (C).
A choice of C should be made aftar a stud
y of operating charecterist
functions. S\;ch functions relate tha probability of eccep*g,ance to v:1:a:cof
the retio of "trua" MIBF (61) to contractual MTBF (0). For any C, es this

retio incraeses in valua, the prohability of ecceptance increeaes.

For axample, assume e test time aqual
q to e contrectual .
equal to zero, Tabla I indicates that an vl MIBE.I0C do pat

Tahle 1
C=0
01/0
Trnbability of Acceptence (Approx.)

1/4 2
1{2 14%
x 37%

61%
¢ ax
10 2.5

90%

equipment would have to be delivered for test with e "true" MT

BF t
value of the contrectuel MIBF in order to heve a 90% probehility o;‘ne:i‘:;:a;::
Such e situetion probebly would reeult in e bidder requesting thet C be raiaed'
to another velue. If C were set equal to one, for example, the probebility of
ecceptance values would be es indiceted in Teble 2. 7
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c=1
9/® Probabllity of Acceptance (Aoorox.)
Vil " 10%
1/2 71.7;

9%

Table 2 numbere indicete that an equipment would have to be delivered for test
with e "true" MIBF two times the value of the contrectual MIBF in order to heve
et leest e 90% probability of ecceptance.

The arithmetic elso determines the procuring ectivity risk or probability
of accepting an unsetisfactory equipment. For example, Teble 2 numbers indicste
thet there 1s e 10% probebility thet an equipment with e "true" MIBF of oniy
one-fourth the required will be accepted; i.e., experiences one or less failures
during the test. On the other hand, e bidder could have an equipment which had
e "true" MIBF twice the value of the contrectual MTBF and atill heve e 9%
probebility thet the equipment would be rejected; i.e., experience more than
one failure during the test.

Additional computations could be performed by setting test time equal to
multiples of contrectusl MIBF. The point of this discussion is to alert
proposal evaluetors to the problem of selecting e C value with due regard to
the risks involved.

Mainteinebility demonstretion involves simuleting equipment fellures to
develop e statisticelly significent repeir time sample size. While MIL-M-26512
outlines e method for mainteinebility demonstration, other methods proposed by
bidders should be examined for their ecceptebility. The important consideretion
is thast en approved quantitetive decision rule be developed prior to the
commencement of demonstretion.

8. Summery:
A bidder is expected to consider the following RM criterie in preparing
his system/equipment proposal:

e. Prediction of the R/M cepability of his proposed syatem/equipment
design with attention to potential R/M problem ereas and epproeches to problem
resolution.

b. 4n in-depth discussion of desipn review sctivities, corrective
ection marsrement plens, end R/M demonstrstion techniques.

¢. A task by isst descrintion of his proposed R/ Yrogram. 1nis
description should include a time-phssing of sppropriete milestone review
points.

RIS PUPRRSRs L

) d. An identification of his R/M Organi -mix
lines of communcietion and responaibilﬁios? W, SR bty ’

e. A description of eccomplishments on
past R/M Programs
:; t;qga:::.tatin R/M requirements, and an indicetion of the lfphia;.i::ﬁgimce
rell system/equipment procurements. el
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SECTION 1l

GENERAL REQUIREMENTS FOR A RELIABILITY AND MAINTAINABILITY
PROGRAM PLAN FOR ELECTRONIC SYSTEMS

FOREWORD

Tne purpose of this section is to provide guidance to SPO Reliability and
Maintainability (R/M) Moniters in establishing general requirements for a con-
tractor's "R/M Program Plan".

Underlying this section is a fundamental principle: ESD will not state
to a contractor that an R/M program is to be performed in accordance with
existing R/M specifications. Existing specifications are by necessity quite
general in nature. Their requirements must be selected and defined on the

rasis of individual system/equipment procurements.
fundamental R/M tasks that are considered

pment procurement. The exact depth of, and
be dependent on individual system/

However, there is a set of
mandatory for any system/equi
approach to, these tasks will of course,
equipment procurements.

It is recommended that the SPO provide the Using Command and the Logistics
and the opportunity to review and. concur on the approach and plans for the
This will aid in avoiding difficulties in the Using Command
due to unresolved definitiong of R/M acceptability.

Cormm:
R/M program.
accepting a system
ts is given to SPOs by the

Assistance in defining R/M program requiremen
ance with ESDR 80-2 and

Office of Primary Responsibility {OPR) in accord
ESDR 80~4.

CONTENTS
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1. Basis of Re
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GENERAL REQUIREMENTS FUR A RELIABILITY AND
MAINTAINABILITY PROGRAM PLAN FOR ELECTRONIC SYSTEMS

° MIL-R-27542, paragreph 3.3, and MIL-M-26512, paragraph 3.2, requires the
preparation by e contrector and sutmission to the procuring agency of a
reliability and e maintainability plan, respectively.

The Electronic Systems Division (ESD) discourages the sulmission of two
plans; one for maintainability and one for reliebility. This is the result of
the unique operational requirements of systems essigned to ESD. These requirs-
ments involve a numerical expressioa for operational availability. The latter
represents a simultaneocus treetment of maintainability, expressed as a mean-
down-time (MDT) statistio; and reliebility, expressed as a mean-time-between-
feilure (MIEF) statistic.

ESD procures one combined program plan which must describe the methods by
vhich e contractor controls both the MDT and MTEF charecteristics of slsctronic

systems beginning with the design phase of a system program. This plan can be
referred to as un "Availability Program Plan.®

2. Format of Progras Plans:
First, ESD expects a program plan to provids:
a. The tasks or work elemsnts to be eocomplished.

b. A description of the work to be accomplished under each task (task
description).

c. The time-pbasing of each task.
d. The manloading assigned for the accomplishment of sech task.
e. Appropriate progrem plan milsstone review points.

Second, as exhibits or attachments to a plan, ISD expects to have a
ocontractor dsscribe his:

a. Design reviev system, its method of operation, responsibilitiss,
and authority.



b. Corrective ection system, inciuding his data collection system, and
proposed computational ground rules.

¢. Change order control system, with perticular attention to the method
by vhich his R/M organization has the opportunity to review sll design changes
for quantitative effects.

Third, as exhibita or attachmenta to a plan, ESD expects to have a comn-
tractor indicate the position of his R/M operation within his managesent struc-
ture, describe the organisation of this operetion, and indicate tbe channels of
communication between this organization and dasign engineering, quality control,
test engineering, and componenta engineering.

Fourth, ESD discourages the preparation of program plan reports on offset
printing with elaborate covers. Hecto or engineering letter type reports are
preferred for purposes of cost reduction.

3. Nundapental Reljability end Maintairability Progras Elements or Tasks:

a. The family of reliabllity specifications (MIL-R-27542, MIL-R-27070,
MIL-RB-26474) and the maintainability specification, MIL-M-26512, actually
describe a series of relisbility and maintainability tasks or work elementa.
Depending on the type of procurement, the nature of the quantitative require-
menta, and the importance of the system/equipment mission, ESD will deoide on
the reliability and maintainability tasks to be accomplished by e contrector.
However, there are certain R/M tasks which ere considered fundamental to the
establishment of an acceptable R/M program. These tasks can be grouped for
convenience under the following general headingss

(1) Mathematical/Statistiocal Analysis.

(2) Design Assistance.

(3) Assessment and Verification.

(4) Test Planning Assistance. ‘

(5) BSubcontreotor Management (For Prime Contraotors).
(6) Failure Analysis.

(7) Correotive Action Managesent.

(8) Manufaoturing and Field Support.

(9) Reports.

b. Task Descriptions:

(1) Mathematical/Statistical Analysis. ESD requires the preperation
of e mathematical model which allows the computation of the eppropriate R/M
statistics descriting the system under development. 4 first step in the
construction of such e system model is the performance of an "equipment block
analysis.” This analysis will indicate the possible modes of operation or con-
figurations which allov mission eccomplishment. For equipment in reliability
series, the block analysis results are obvious. However, for the more complex
equipment configurations under development at ESD, the analysis is usually not
routine. Following the block analysis, appropriate mathematical expressions
vill be written.

It is expected thet the quantitative requirements will be-appor-
tioned over equipments, subassemblies, and critical or high failure rate
plece parts. This epportionment ectively serves as a design control. Design
engineers are enxious to know the burden placed on their particular design by
the overall quantitative requirements.

Several R/M predictions are expected to be produced during a pro-
gram. The exact time-phasing of these predictions is e function of the overall
program schedule. ESD vill not be setisfied by just the reporting of a result.
A11 computations will be supported by citing appropriate failure rete sources
(such es, MIL-HDBK-217, "Reliebility Stress and Failure Rste Data for Elec-
tronic Equipment®). If unique or contractor oriented failure rates are em;

ESD expects to have justification presented for their use. This justification
vill includa:

(a) Method of data collection and reduction.

(b) System/equipment and operations over which the data was
collected and analyzed.

(c) An edequate explanation of the use of any extrapolations
or adjustment factors.

Statistical analysis will be performed in support of all test
activities. This analysis serves to express quantitatively tha R/M charac-
teristics of system/equipment. In addition to such statistics as MTBF, MDT,
and Aveilability, ESD recognizes the usefulness of the development of ¢ relia-
bility function - the statistical probedbility of no failures es a function of
satisfectory opereting time, and the maintainability function - the statistical
probability that a system/equipment will be restored to a satisfaotory opera-
ting condition es e funotion of down time. Initially, such functions may be
constructed by application of non-perametric statistical techniques and
eventually fitted to underlying probebility density functions.



Before statistical computetions take place, it is nacessary thst
£SD and a contractor egree to computational "ground rulea." Quoting of numbers
without a thorourh understanding of the techniques employed in their develop-
ment is unscceptable to ESD. -

A further importent use of statistical anslysis is the identifica-
tion of "weak-links" in syaiem/equipmem and 2 support to the corrective action
Frocess.

(2) Desifn Assistence. A contractor's R/M orgenizstion 1is expected
+o supply design engineering with recommendstions and techniques for designing
reliability end maintsinebility into a system/equipment. As exsmples, techniques
for desipning relisbility into & eystem/equipmem ares

(2) Conservetive application of component parts (sppropriste
mergins of safety).

(b} Circuit sinplificetion.
(¢) Redundant repiacements and/or elternate modes.
(@) “inimization of environmental/operationel stress.

Formal enrireerins desigm reviews are required to be scheduled
et sipnificant points ir a program. These reviews will ranpe from parts list,
pert epplications, fail-safe circuil practices, simplificetion of eircuitry,
use of sterderd cireuits, mechanical and paetaring consideratiors, to
resolu®ior of in*erface R/M problems of equipments. ESD expeets to perticipete
ir celected reviews and a contractor must elert ESD ten days prior to conduct-
in~ eny review. Ir eddition, s contractor must naintain copplete records of
esch review end furnish them to ESD upon request. A summary of the results
0f esch review will be made es part of ronthly progress reporta.

211 non-iCFs end ECPs will be reviewed for guentitative effects
or relisbility and/or meirteinability.

Continuous lieison betweer a coutrsctor's R/ snd desipn
orranizetior will be mainteined to assure thet timely corrective action is
tever on R/ "wee)-links."

(2) Ascessment snd Verificetior. It is sbsolntely essential that o
con*rector's R/:{ Program provida for e demonsiretion thet the coniractusl
quentitative reliability end maintainebility requirements have been achieved
erd/or exceeded. The mesns by which this verificstion is to be accomplished
will oe se* forth by ESD. Usually, due to the complexity of electronie systems,
2 combirstion of enalytical and test methods is employed.

The contractor’'s R/M plan will provide for the colle
ction of
i:%}:: A tgowt::m, an:ll regegntim; deta. The data collaction format will be
epproval o . Statisticel reduction of
bean discuseed in paragraph 3b(1) ebove. B e T

(4) Tast Planning Assistence. A contr wvill
3 actor's R/M organizatio
participats in the development of 711 teet plans, especially gt.i'u‘ilao invglvod

vith cetegory testing, for te
kil e g systems/equipments. Particular emphasis is

(a) The statistical and engineering validi plan
ty of 8, ©.g8.
the properties of randomization and replication, are auet’nial to a’vnlgd'plan.

—— (b) Tha timelinase and accurecy of the failura deta collaction

(5) Subcontractor Mansgement. Prime contractors will be required tos

(a) Incorporete quantitative R,
| Bae oa b TR /M requiraments in subcontrected

(b) Assura that each subcontraotor has an RAM program which is

compatible with the ovarall R ) b
e ety /M program. Subcontractor progress will be

o (c) Attend and participate in subcontractor engineering dae!;m

(d) Raview subcontractor predict
accuracy and correctnase of approach. ESOS S St o

(e) Furnish
seliilng i e sh subcontreotors with failure end maintainability data

(f) Requira subcontractor progress raporta.

Pk ~ (g) Review subcontractor test plans for accuracy and correctness

(b) Aesure that subcontraotors bava, end are pureuing, a

vigorous corrective acti -
et on affort on ceuses of unmaintainability end/or

ESD is aware that ceusas of unmaintaina
i bility and/or
;o‘:: t;ﬂ;r from poor communicatione and monitoring oryluhcon/ um:ymwint’
e ectors, ESD will periodicelly visit subcontractors to datermine the
offectivenese of prime-subcontractor R/M progran.



(6) Iailure Analvsis. Maintenance of recoyds or statisticsl analysis

sten. Record enalysis sust be supplemsuted by enginesring laboratory analysis
:znloehd falled component perts, units, uer 1o sexve o

AL e -

\7) Corrective Action Managsment. Design rovio:; dn;:. w‘mmvu, and
anslysis are not otely adequate to improve e or
:ﬁ:.muntyotnmmmt. These actions must be supplemented by
& correctiva action system that:
(a) Assigns responsibilities for corrective action.
(b) Assigns suspsnse dates for completion of the required actiom.

(c) Providas follow-up to assure that actions are sctually
taken.

(d) Assenses the quantitative affect on reliability and for
maintainsbility by the actlonm.

(a) Assures that R/M design principles are followed in any
proposed modification.

(£) Detersines the effectivity of & "fix®.

{g) Maintains s problem or “weak-link® 1list by contrectors.
This 1list will ocontain:

1. Definition or statement of a probles.
2. Corrective action contesplated.
3. Action egency or responsidility for problea resolutiocs.
4 Effect of probles on relisbility and/or mainteinability.
5. Action cospletion date.
et LI S B L
mWw sotion, o.g., mmm. wu e

T T ase 15 Laing made to resolve *vesk-links® and to assign responsi-
tdlity cn ediitional problems.

ESD recognizes tha complaxity of R/M problems and the necessary inter-
actions between organizational groupe in order to obtein timely corrective
actions. Such a committee, therefore, is recognized as a useful alement of a
contractor's corrective action syetem.

(8) Manufacturing end Field Support. Tha R/M designed into equipments
zust not be allowed to be significantly degraded during the manufscturing and
eite installation phases of a syetem/equipment program by the introduction of
*Q.C. type of failures®. Furthermore, the downtime of a system/equipment must
not be allowed to increase becausa of improper provisions for repléicements
(epares) and/or the unreliability of AGE.

Tachnical manuals have also been a source of unreliability and/or

unmaintajnability. Shipping and etorage practices have produced additional
failuree into a systea/equipment.

Improper positioning of aquipment within a shelter has introduced
"mman-caused failures” and contributed to increased system/equipment
downtime. Therefore, during manufacturing and inetallation, ESD will require
a contractor to conduct an "R/M aseurance support effort®. )

In addition, to assure the timely and accurate transmission of failure
and maintainability data from tests on site, the contractor will assign R/
angineers to a eite who ara charged with tha responsibility of data collaction.
Thesa engineers will also make a preliminary classification of each failure as
to causa, a.g., deeign error, component pert, mishandling, operational error,
manufacturing or fabtrication, atc., and affect, a.g., lathal, major, ainor,
and no effact. Thie claesaification will be revieved by the main R/ﬁ organisa-
tion ae pert of the determination of ™wesk-links" and assignment of corrective
action responsibility.

The on-site R/ engineers will be kept informed of the progress mede
in teking correctiva actions.

(9) Raports:

(a) ESD expects a contractor to summarise monthly bis progress
on each RAM task.

{b) Special reports will be required cn mathematicel modal
davelopments, predictions, demonstration plans and rasults, and dasign reviev
results.

(c) ESD vill request minutes of design review meetings, relia- ~
bility indoctrination lactures, and faflure analysis summarias.



tain significant

(d) Whenever any of the abova con

ecientific or technical data the report will be prepared m‘]l:lguhlé;hod as an
£SD Tachnical Documentary Report in accordance with Volume A

Contractor Reports Exhibit 63-1.

ESD vill require a ocontractor to indicats, as part of his program plan,
sulmission dates for the above material.

4. Acxions Required by ESDs
cordanoce with
. General R/M statements as: ™Reliability will bde in ac
HIL-;-275A2" or so/}:o other reliabllity specification, or ™aintainability

will be in sccordsnos with MIL-M-26512,° prmnt 08!
tors. ry ths n R
potential contractor AL AL

needs of an ind
e general design of an R forth in ESDR 80-2 and ESDR 80-4.

A%
dual system/equip

progran are set
b. ESD will sat the date for sutmittal of a contractor's proposed R/M

program plan. A proposed plan vill be thoroughly reviewed for its acceptability
against the program design established by E3D.

. Comments will be presented on the proposed plsn either verbally,
d\zrifxg a contractor guidence meeting, or in writing (or both). A resulmittal
date for the plan will be established.

4. A contraotor will receive formal potification of scosptance of tbe plan.

a. ESD will not give approval of a primes oontractor's plan until each sub~
contractor's plan has been reviewed.

jows be
. ISD will require tbat a definite scheduls of program rev.
omg.u-bod. These revievs are in addition to attendance at contrastor

engineering design reviews. ,

AFPENDIX 1

Some R/M Frogram Interfaces

A contractor's R/M Program must be carefully integrated within
kis total effort, since the resulting relisbility and maintainability
characteristics of a system are influenced by system design, hardware
or equipment design, test equipment, mimber and skill level of per-
sonnel, training, technical manuals and physical or operational
environment. But, it is during tbe early system engineering phases

of a program that an R/M Organization can contribute significantly
to achievement of system requirements.

For example, ESD might state a system point availability require-
ment which 18 expressed as,

A MIBF
MIBF 4 MOIR

To establish specific subsystem and major equipment R/M require-
ments, the system point availability requirement must be analyzed
vithin a framework which includes:

a. Functional or performance requirements whicb dictate general
design features.

b. Cost constraints which can be allocated between initial’ costs °
(equipment research and development, production, installation, train-
ing, technical manuals, special equipment and tools), and support costs
which continue' throughout the 1life of the system.

c. Time constraints including design, production, installation and
training.

d. Personnel constraints which dictate the general skill level and

number of personnel available for operating, controlling and.mgintain-
ing the system.

e. Miscellaneous requirements and constraints, such as established
support and logistic policies, environmental conditions, etec.

Witb considerations such as expressed in (a - e), 1t 1s obvious that
allocation of a system point availability requirement to subsystems end
major equipments must be cooperatively performed. Figure I suggests a
simple flow by wbicb reliability and maintainability considerations are
included witbin the total system engineering decisions.

L AN TN

by
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Three major requirements must be considered

A number of hardware approaches have been derived as possible
alternative methods for restoring a system to operation subsequent to

a fallure of a subsystem.

wvithin each method

Detection time for the presence of a fallure
Localization time for a failure

a.
b.
c.

Restoration time for the system to achieve satisfactory

performance
These requirements interface with methods for designing for reli-

the need for coordination between reliability, maintain-

ability and system engineers.

Thus,

With overall system responsibility, ESD, by scheduled monitoring
visits and attendance at design reviews,can help in fostering communi-
cation between all organizations influencing system design and develop-

ability.
ment.

10
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SECTION Il

G UIDANCE FOR RELIABILITY AND MAINTAINABILITY ENGINEERS
PARTICIPATING IN CONTRACTOR DESIGN REVIEW PROCESS

FOREWORD

1. Purpose. The purposes of this section are to provide information

and guidance on reliability and maintainability engineering design reviews
required by MIL-R-27542 and MIL-M-26512, and to outline approaches usually
taken by contractors in accomplishing such reviews.

2. To Whom It Applies. The contents of this section apply to all programs
falling within the purview of ESD that will result in equipment ("hardware”
as distinguished from "software") entering the Air Force inventory and where
the engineering design review requirements of MIL-R-27542 and MIL-M-26512
are a specific contract requirement. ESD personnel will participate in these
reviews to assure proper design consideration of equipment reliability

and maintainability.

-
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A design reviev 1s defined as a plammed continuous monitoring of a
product design to assure that it meets the expressed and implied perform-
ance requirements of the equipment during operational use. Such a reviev
provides periodic appraisal of the design effort to determine the progress
being made in achieving the design objectives and systematically brings
t0 bear specialized talent on speszific problem areas. In this matter an
overall evaluation is made to take into consideration specific design and
interface problems that may be encountered later in the deveiopment and
production cycle.

Reliabllity, maintainability, and vaiue a3z well as other characteristics
are affected by every decision the design engineer makes. This includes
the choice and use of circuits and component parts, their arrangement, the
enviromment iz which the equipment will be used, to the capabilities and
problems of the man who ultimately mus! operate the equipment under field
conditions that csuld rnot have possibiy been foreseen during design.
Although the lesign englneer is not solely responsible for the cperational
reliability and mairntainability of equipment, it 18 very easy to blame him
when equipmert has a poor reliadility and maintainability field record.

It should be emphasized that rellability and maintainability are not the
sole responsitility of the desigrer, ncr i1s designing a responsibility of
the design reviev team and every effort should be expended to avoid such
tendencies. Because of increased camplexity cf the equipment being
designed, comcurrercy concepts, ard nev devices and techniques being
employed, it 1s impossible for a design engineer to maintein excellence

in every technical discipline affecting the design prccess. To obtain
maturity of design necessitates evaluation by technical specialists
selected for their special talents and knowledge who perform a technical
analysis of the system/equip-ent as it pertains to their speclalized fields.
The design review, if properly performed, provides one of the most powverful
and effective tocls available to assure that reliability, maintainability,
and value as vell as cther design characteristices have been 2onsidered
early in design or at the cptimum stage of development.

-~

A purpose of an ergineering design reviev is to analyze lystem/equip—
ment requirements, clectromechanical and elecztromic circuit design, component
part applications and mechanical features, to assure essential characteristice
such as relisbility and maintairability at the lowest overall coat.

To achieve these ends, eystem program personnel will enforce and actively
participate in a design review process on all programs that result in
equipment entering the Alr Force inventory.

Techniques for designing rellability into sylten/equipments usually
are classified into three categorles:



a. Conservative selection and application of piece parts. (see
RADC Reliability Notebook)

b. Incorporation of redundant replacements a.nd/orr alternate modes
of operation.

¢. Minimization of environmental stresses; for example, electronic
equipment must incorporate means for adequate heat rejection in order to
provide reliable performance at thermal € :ilibrium. It cannot be over-
emphasized that reliability can be obtained only if the electronic, thermal,
and mechanical designs are well executed. The thermal design is fully
as important as the circuit design. Ground-besed electronic equipment is
frequently installed in shelters having a ventilating or air conditioning
system intended for the comfort of operating personnel. The cooling system
for the electronic equipment must be made compatible with such a system.

A number of maintainability design techniques have been derived as
possible alternative methods for restoring a system/equipment to operation
subsequent to 8 failure. Three major requirements present in system/equip-
ments are:

a. Methods for detection of the presence of a failure.
b. Methods for localizing a faiiure to & replaceable unit or assembly.
c. Methods for restoring operation after localizing the failure.

Since the majority of system/equipments under development by ESD have
requirements defined in terms of statistical availability, it is necessary
that design concepts which yield significant improvements in maintainability,
for example, be considered for their interactions on reliability and cost.

A primary goal of ‘a designer is to obtain an output (performance) that
will satisfy a series of specific performance requirements. Additional
requirements, such a8 reliability and maintainability, usually appesr as
secondary to this goal. Moreover, because a designer usually has not been
sufficiently alerted to the need or logic of such requirements, he may
view them as burdensome, if not irksome. Under the stress of time pressures
and the complexity of the design process {tself, where no one man can digest
the amount of speclalized technical knowledge and implications of design
with the same degree of insight and understanding, reliability and maintain-
ability requirements are most 1ikely to be compromised.

Finally, the neglect of maintainability, serviceability, reliability,
and producibility frequently means that ultimate systan/equipnent schedules
cannot be met because of the confusion and waste caused by the multiplicity
of engineering changes which result from hasty design.

Chapter 2

BASIC DESIGN REVIEW PHILOSOPHY

Design reviews begin with the conceptual phase that considers the broad
general requirements and as the design approaches the hardware stage, narrows
down to detailed meetings of reduced scope vhere only circuits, equipments
or portions of equipments are considered, and then broadens ae:\in as the ’
various equipments are integrated into a system.

Design changes during the early-desi revievw es

very little engineering effort since it Su.&l.ly inel;;:es geommr;]t{;rr:bmgw:s
of a part, dimension, or value, although redesign of components might at
times be mandatory. Design changes occurring during subsequent design
reviews involving changes to drawings, modifications, or replacement of
existing hardware, replacement of field supplies, revision of field manuals
or retraining of factory and field personnel for example, will be consider-,
:Iily more costly (100-1000 times) although the probability of such changes

11 be less than during the first phase. As it pertains to reliability
maintainebility, value engineering, human engineering, etc., the period.ic,:
review of design at key points in the development program f;cilitates

detection and correction of actual or potential lems
de }
finalization of the design. Fe SRS prior to

The prime purpose of & formal design review meeting must be to insure

that adequate effort has been made by th
i gonkatol y the designer. The design review

a. A means of solving interface problems;

b. Confidence that experienced
Bt Akt personnel are involved in the

¢. A record of why decisions ware made; '
d. A lknowledge that systems will tie together and be compatible;

e. A total picture for the benefit and use of the final
maker in making trade-off decisions; and : e

f£. A greater probability of a fully mature design.
A design reviev plan would include the time-phased events representing

the appropriate milestones at which formal s
ystem/equipment revievs are
made at major decisions points. The mmmber of critical decision points



LEVEL OF REVIEW

will vary according to the type of development program underwsy. Tle broad
categories are sometimes listed ss:

s. Conceptual Design Review,
b. Preliminary Design Review.
c¢. Preproduction Design Review.
d. Production Design Review.
These review points are keyed to major events and consequently reflect the
name of that event., It Is well to bear in mind the obpjectives of these
reviews and schedule the event sccordingly. The main requirements that
czn be applied to eny program will be covered by three four msior review
, namely:
Conceptual Design Review.
b. Preliminary Design Review.
Detailed Design Review.

stem Design Review.

L review tiona could be likened to an hour glass fig het
1 ders ithe overall concepts that narrows down zejor decisions
der the ele rleal /functional desi; eviews, tetailed
reviews; then tegins te troeader combine st black
vel, and {inally, ern integrated =ysiem review (See
Figur B Hegardless of the nemes assigned the design reviaws,
apecific milestones or decision points must be identified where Io¢rmal
reviews will be conducted.
T S e A e PR e RS, Srr— A
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\ \ , parts application, | :\
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MIL-R-27542, paregraph 3.5.10, defines the requirement for contractor
engineering design reviews for reliability. A similar requirement for
maintainability is found in MIL-M-26512, paragraph 3.5.1.b. Both paragraphs
require the submission of a schedule of planned reviewa to a procuring
activity and permit the attendance of procuring activity personnel at
these reviews.

Since ESD policy requires the submisaion of a comoined plan for reli-
ability and maintainavility and since system/equipment requirements are
usually defined in terms of statistical availability, it is e 2ted that
separate scheduling of reliabilily and maintainability review 11 +

be required. T her, for guod systems engineering practices, syster
equipment reliabllity/mainteinability engineering reviews : integratad
vithin the general framework of the requirements of AFR A0-2f, Engineering
Inspectians However, there still remains the need for the h of
irguiry into relisbility and maintainability engineering design pr

aa 1llustrated by the Design Review Check List (see attachment 1).




Chapter 3
cmmmmwmcm

view and approval of proposed contractor Design Review Flans by
a8 pr'{:zrxj‘;g ::tivitym;hmld include the detailed examination of the general
management policy statement that officially delegates clear task ch&l‘telx;6
to organizational groups. It should be verified that necessary action
been taken to assure the design review functions are manned, formats and
instructions are developed and distributed, and training seminars completed
vhere required.

The orgenization to which the responsibility for design revievs is
assigned will vary according to the compeny involved. However, the
organizational assignment is not nearly so important as the authority .
delegated to this Board and the support given this important r\mctionthy
high level mansgement. In most companies, the function falls within biiit
Engineering Division, while in some the Board is Chaired by the Rellal Yy
Department. In any case, the ultimate responsibility for & design must
rest with a design engineer, but top management support 18 essential for
the program to gucceed. If sound recommendations for design improvement
are ignored, the program i1s doomed. Although it may geldom be nece:;a:y,
engineers assigned to design revievs should knov that they can appe ]
higher management.

Reviev Board performing design reviews may be composed of
pemg.uz:izmbers augmented by experienced talent in the various technical
areas. A Design Review Board should have one or more senior design
engineer(s) , project engineer, reliability englneer, mintaimbilig entgi-
neer, and value engineer that would form a permanent fremevork, with o cier
specialists being made available as the requi;emnt arises. Some companies
estimate that an effective Board should be limited to ten members. Thi:
will vary depending upon the type of review being performed and the equip-
ment involved. The disciplines requiring coverage during the reviews are
reliability, meintainability, human factors, value engineering, d.esi%n
engineering, menufacturing, logistics, etc. The technical ability o
personnel required to participate in these reviews will vary according
to the complexity of the system.

ver, conceptual and system design reviews should be performed by
expe}:':::ced: senizg engineers. Detailed equipment design reviews should
be performed by engineers more closely sssociated with circuit design,
parts application, ete. Again, the actual pumber of personnel participating
in formal design revievs should be kept to & minimum commensurate with the "
specialists required for the problems to be considered. When such speclalis ’;
as metalurgists or comparsble suthority are required, they should be schedul
to join the group at & specific time and then be dismissed as soon as possible.

6

ESD must be alert to contractor methods of budgeting for scheduled
design reviews to assure that costs are not compounded by each department
participating in reviews. Design review costs will normally be pro-
portional to the complexity of the equipment which dictates the number of
revievs required as well as the number of personnel attending. It is
important to stress that ESD considers design reviews, although they may
appear costly, 8s the most effective means of esssuring that the Air Force
gets a full measure of maturity in all aspects of design. A rule-of -thumb

figure scmetimes applied is that design reviews require 5$ of the overall
design-manhours.

Design reviev milestones should be identified early in the program
and will normally bte coincident with the main development phases such as
conceptual, breadboard stage, pre-prototype, prototype, preproduction,
etc. (see Chapter 2). The review points identified should be firmed up
approximately 30 days in advance of a formal design review and dats
packages should be distributed to all attendees along with formal notifi-
cation ten days prior to actual date a reviev is to be held. The MIL-R-
27542 requires the contractor to notify the AF procuring agency ten days
in advance of a meeting so they may participate if they so desire. In
any case, the minutes, agenda, actions, and documentation should be
available for review vhen requested by the procuring agency.

Specific information that must be reviewed and monitored by ESD during
a contractor design review program includes:

a. Personnel (their experience levels) assigned to the program.

b. Organizational assignments, modus operandi, authority delegated
to the Design Review Board.

¢. Design handbooks and check lists prepared for -design englneer-
ing use.

d. Design review plan--milestone identification, etc.

e. Data packages developed for design review use. These packages
should include, as required, worst case studies, circuit analysis, parts
application data, drawings, etc. The completeness of packages is very
important for individual use in preparation for design reviews.

f£. Recorded actions by a Board including rejected recommendations
with reasons for rejection.

g. Approved design changes and their documentation.

h. Records indicating problem areas not resolved at the meeting
vith action assignments for resolution, specific problems to be studied,

LR



target dates for completion, and methods of follov-up to assure completed

actions.

i, TFinal approval of design by respective specialists by affixing
signature on Board minutes.

Chapter 4

CONCEPTUAL DESIGN REVIEW

The conceptual design review 1s the most important design review to be
accomplished. Important decisions are made at this time that preclude or
freeze subsequent designs. It 1s therefore logical that this review should
be attended by the largest group of knowledgeable engineers. This Design
Review Board must consider the feasibility of design; the techniques to
be employed in achieving performeance requirements; the interface problems
which involve system, maintenance, and design concepts; and specific design
requirements that might conceivably push the state-of-the-art. Major
design cheracteristics such as performence, reliability, maintainability,
and velue must be carefully considered. A proposed configuration should
be reviewed fcr such considerations as the use of standard circults of
proven reliabilicy, comparison of one computer manufacturer with another,
evaluation of belt-drive versus direct-drive, the need for redundent
replacements, the hardware approach to be followed in the Ildertification
and localization of system failures, methods to minimize the influence of
linited or critical 1ife iltems on the operational capability of the system/
equipment, ete. With such ccnslderations a paper study may be accompllished
to cbtaln an estimate of the system's reliability, maintainability, or
other figuree of merit. This study is then available a5 a veluatle tool
te aessist the Board In selectlng tne ultimate system configuration.
Although early reviews cannot be rigorous in design detaill, the early design
decisicrns are extremely lmportant for these decisions commit the program
to a spciflc design approach or strategy. Improper loglc or design
approacih.#= shonld be ferreted out at this point while changes involve only
paper changes and before actual equipments begin to take shape. As the
design rrogresses, subsequent changes become much more expensive and tedicus
to accomplish (see Chapter 2).

The paterial or data that should be available for use by the Board in
ts preparation and deliberation includes:

a. The proposal; )

b. The Specific Operational Requirement (SOR);

c. The Statement of Work and associated specifications;
d. The analysis of system requirements;

e. Basic design criteria (block or logic diagrams and flow
charts);

f. Reliability and maintainability requirements;
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g. Possible trade-off documentation; and
b. System/equipment schedules with milestones.

An importent outcome of conceptual or system design reviews is the
ability of the systems comtractor to quantify reliability and maintainability
requirements at the subsystem level for the guidance of design engineering
personnel and for insertion into subcontracted equipment specifications.

Subsystems and component detall design reviews are concerned vith
determining the maintainability and reliability characteristics of subsystems
during the detall design phase of program development. The purposes of
this effort, described in Chapter 5, are to determine the extent to which
the various designs in process vill achieve the requirements set forth as
the result of the conceptual or system design review and to indicate the
need for redistribution of system requirements.

Chapter 5
DETAILED SUBSYSTEM DESIGR REVIEWS

The number of formal, detailed subsystem design reviews scheduled and
the optimum time for reviews will vary as a function of the system complex-
ity, the type of equipment being utilized, the caliber of cognizant design
engineers, etc. Eowever, formal design reviews should be conducted prior
to release of ary design to productior. A%: major review points every
facet of the design considerations should be cdrefully gore over. A
design review check 1ist should be utilized tc assure corsideration of all
important criteria (see attachment 1). A cbeck 1ist may by necessity be
tailored to fit the specific requirements of a system, but in any case it
should not be a different set of criteria from the ones used by designers.
It would be unreasonable to confront the designer with a new set of rules
at the time of review.

A design handbook sbould be prepared to reflect the specific require-
ments of the project and made available to design engireers. These design
handbooks should be reviewed for adequacy of content ard acceptability to
ESD programs prior to commencing the design effort. ESD does not presume
to dictate the manner in which a design review will be conducted, but
aims to evaluate that effort and to take appropriate action when review
actions fail to satisfy the design review purpose as related to scope,
depth of analysis, corrective actions taken, or experience of participating
members . '

Development Engineering persomnel of the Contract Mansgement Regions
should be fully utflized to provide continuous surveillance of the design
review effort. Trie source of engineering talent is Importamt to the SPO
effort and should not be overlooked--their cortribution will be of great
value to the overall effort.

Design reviews should not be staged affairs that reflect the results
of previous meetings, but should indicate a thorough preparation and
attention to detail by all participants. The design engineer sbould de
prepared to defend all decisions reached by him by presenting required
studies (including breadboard test data, if available), and engineering
calculations. He sbould be prepared to defend the selection of a resistor,
for example, not by merely stating that it is reliadble, but bty saying
this resistor was cboser because it is a standard ftem with the lowest e
possible cost to perform the required functiom; it is darated to 25% of
its normal rating for the following reasons ... ; it is considered as
reliable as any item availsble based on the present state-of-the-art and
is expected to give a long trouble-free life or MIEF of X hours.
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Engineers attending reviews should be thorough in their pre-review
ana.lygfs of what they consider as potential problem areas and shm;i.g be
prepared to indicate in detall what the effects of their recommende -
changes will have upon the major characteristics of the equipment.
is also important that Board members notify the designer of areas o!fnm .
disagreement in sufficient time before the formal meeting to allow p (e}
assemble reference material to support his decisiomns, thus allowing the
Peview Board to thoroughly consider both sides of the question. The
cazplste analysis and presentation of facts rather than theories enables .
sound decisions to be reached in the shortest period of time. Fbmf:ples o
the types of data necessary to facilitate detailed reviews include:

a. System reliability predictions.
b. Detalled subsystem, circuit reliability predictions.

c. Maintainability predictions, studies, and task simulation

d. Component parts lists with appropriate test information.
e. Parts derating and application data.

f. Farts failure rate data (or sources).

g. Stress analysis results.

h. Failure effects analysis.

i. Statistical analysis of circuit (or sssemdbly) performance as
a function of parts variability. Error and tolerance studies.

3. Reliability aspect of redundant parte, assembliee, subsystems,
modes of operation with attention to switching problems.

k. Consideration of potential reliability growth.
1. Documented reliability growth plans.

m. Analyses of known trouble arees, with plans for corrective
action.

n. Technical data, including equipment physical construction and
profiles, block diagrams, schematics, signal flow charts, equipungtmin-
cperating theory, maintenance philosophy, operating procedures an
tenance instructions.
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The maintainability portion of deslgn reviews are concerned with such
equipment or design features as:

a. Packaging - Is equipment of modular construction for easy unit
replacement?

b. Labeling - Are parts and controls clearly and accurately
labeled?

c. Protective devices for components and circuits.
d. Quick-release fcaturez of connectors, latches, ani fasteners.
e. Availability and access of test points.

f. Self-test features or bullt-in test equlpment. Operation and
fault detection features.

g. Adjustments - Arc required adjustments kept to a minipum?

While the above design features are important for the achievement of
quantitative pareameters, it is recognized that maintainability improvement
is not limited to equipment changes, but can be produced y providing proper
‘iagnostic routines and maintenance aids which increase relative ease and
sirplicity cf performing maintenance tasks, changes in cperatirg, test or
maintenance procedures, and insuring the efficient selection and utilization
of tocls, test ecuipment and mainterance personnel. Inherent maintainavility
or rzpa’rabllity is a design feature which can be controlled during the
design process,but the achievement of satisfactory operational maintainability

requirce e consideration of a wider spectrum of activities than the design
process itself.

As the design process progresses to the stage where mock-ups are availadble,
an efficient and excellent design review tool is available to a Design Review
Board. The maintainability engineer can make maximum use of mock-ups in
visualizing access requirements, resolving space conflicts, etc. The abllity
to visualize a prodlem in a realistic three dimensional environment can serve
to expedite the arrival at satisfactory solutions to problems. Where problenms
arise that invclve making trade~offs, the mock-up should enable personnel
working on problems to visualize various alternative solutions before drawing
board time is expanded. Unsatisfactory trade-offs can be discarded before
any appreciable expense has been incurred in exploring them.

An important inherent consideration of the engineering design review
process is the identification of preventive and/or corrective maintenance
tasks which require actual demonstration. Task demonstration requirements

will most frequently be generated as a result of one or more of the following
considerations:

a. Tasks are highly critical in terms of system/equipment operability.
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b. Tasks are unique, exceedingly exacting and/or new or complex.

c. Tasks are associated with potentially hazardous environments
and/or equipments and adequacy of safety procedures and devices needs to
be verified by simulationm before actual task performance can safely be
permitted.

The selection of tasksin turn requires that a demonstration procedure
be established for each task. The procedure must specify precisely vhat
is to be done, the tools, equipment and persomnel to be employed in per-
forming the task, the enviromment and equipment configuration to exist
during the demonstration and an explanation of exactly vhat specific
information is expected to be obtained. The results of task demonstrations
should become a part of the technical data avallable to a Design Review
Board. Simulation results may uncover features of equipment design
requiring corrective action.

Finally, vhile the discussion has been on formal Design Review Board
actions, ESD should take & more general look at the interaction of a
contractor's reliability/mintaim.bnity and design organizations during
progrem monitoring. The influence of the reliability/maintainability
organization on the design process must not be felt only at formal Boerd

meetings. A continuous interaction on questions of design strategy should -

take place between these organizations throughout the design process.

bt 3

Chapter 6

DESIGN REVIEW CHECK LIST

.

The design process itself and subsequent reviews should never be left
to chance, but should always be conducted according to a systematic plan.
To assure that important design considerations have been considered by
designer and reviewer, a comprehensive check 1list should be employed.

An example of a 1ist developed by Radio Corporation of America (RCA)
is presented for general guidance in Attachment 1. The material in the
check 1ist presents a formidable array of questions which have been found
necessary for an adequate evaluation of system/equipment characteristics.

While the check list serves as a design, it is important to recall
that design guidelines are available in numerous publications by Govermment
agencles; for example, the RADC Reliability Notebook contains a family of
interaction models which relate, for various part classes, part operating
stresses and failure rates and can be applied by a designer in arriving at
satisfactory component part derating procedures (subject to the constraints
of size, weight, and cost).

ESD personnel attending formal design reviev meetings are also urged
to become familiar with the design techniques described in various AFSC B
manuals to assist in their evaluation of proposed designs. Several methods
of circuit analysis for reliability purposes are described in Attachment 2.

2 15
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DESIGN REVIEW CHECK LIST

PART I - EIECTRICAL
1. Parts Selection and Evaluation

a.

Have the appropriate standards been consulted for selection
of standard electrical components?

Can a redesign omit a nonstandard part or replace it with a
standard part?

What parts are nonstandard?

Have raquests been initiatad for approval of nonstandard
parts?

Have environmental tests been started on nonstandard parts?
Have potted circuits been subjected to environmental testing?

What are the parts having the hLighest failure rates?

2. Parts Applicetion

a.

b.

Resistors

(1) What is the operating ambient temperature?

(2) What power dissipation is estimated in this application?
(3) 1s the resistor properly deratad?

(4) What tolerance limit is required for satisfactory circuit
operation?

(5) What tolerance buildup (due to temperature, aging,
electrical strass, etc.) can be allowed?

(¢) Has the rated wattage been adjustad in cases where short
mounting leads are used?

(7) Can any potentiometers be replacad by resistors?

(8) Has the voltage limit been excaedad on any fixed composi-
tion resistors?

Capacitors

(1) What is the operating ambient temperature?

Attachmant 1
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(2)
(3)
(L)

(s)

(€)
(7)

{8)

(9)

(10)

()

(12)

What is the working voltage axpected in this application?
Is the capacitor properly darated?

Is tha capacitor subjact to surge voltages which excead
tha rated operating voltage?

What tolaranca limit is raquired for satisfactory circuit
operation?

What tolarance buildup can be allowed?

What darating factor was used for a~c ripple or pulse
voltages on MIL-E-25A paper capacitors?

Hava capacitors with adaquata temperature ratings bean
used wharever possible?

Hava tamperature-compensating or low temperature coefficient
capacitors (mica or caramic) been usad vharavar high
stability is requirad?

Hava high dialactric caramic cepacitors been restricted
to bypass usaga?

Are tantalum capacitors bypassed for high fraquancies
(above 100 kc)?

Are all capacitors haavier than 0.5 oz. securely mountad
in accordance with specification MIL-E-5400, pera.
3.1.3:52

c. Tubes

()

(2)

(3)

(4)

(5)

Does tha specification of tha tube type salected dafina
the required characteristica?

Does tha operation of the tube approach any absolute
rating undar any usual variation of supply voltage or
load?

What is the operating ambient temperatura?

Vhat elactroda ratings ara of critical considaration in
this circuit application?

Is the heater voltage within rating? What variations
ara axpected?

(6)

—~
~

(8)

(9)

(10)

(1)

(12)

(13)

(14)

(15)
(16)

(7

()

(2)

(3)
(1)

Is the haater-to~cathoda voltage within rating in this
circuit application?

Are the plate and screen grids properly darated?

What tolarancs buildup can be allowed?

Has Gm variation bean considered?

Were maximum grid rasistance ratings observed? 3
Is input and/or output capacity a critical considaration

in this circuit application? Whet variation in input

and/or output cepacity can be toleretad?

Does circuit operation dapend upon e tube peramatar not
controllable by the designar?

What is the maximum rated vs. maximum expected bulb
temperature?

Will the circuit perform satisfactorily with randomly
salected tubes? - with tubes opereting et thair upper or
lower MIL limits?

Has tube epproval dete been taken?

If a printed-circuit board is being used, hava adaquate
cooling measures (convection to cooling air or conduction
to e haet aink) bean taken to prevent demage to the board
or componants mounted on 1t?

Have standard tube shialds bean used?

sist

Doas the specification of tha type of transistor selactad
defina tha required characteriatics?

Doas the operation of tha transistor approach any abso- .
1uti r;;ing undar any ususl variation of supply voltage |
or loa . i

What is tha operating ambient temperature? ° {
What ia tha maximum rated pzwer dissipation? What is

the maximum power dissipation expected in this circuit
application?

Attachment 1

Page 3 of 26
- - 19 "
. % -
>3



(5)

(6)
(7)
(8)

(9)

(10)

(1)
(12)

(13)

(14)

(15)

What is tha maximum rated collactor voltage? What ia
the maximum collector voltage in tha preeent application?

What ia the maximum rated collector current?
Whet deviation in Beta ie tolereble?

How much deviation in Beta is expected due to toleranca
buildups?

Will the circuit perform setisfectorily with rendomly
selected treneistors? - with trensistora operating et
their upper or lower MIL limits?

Is power gain a critical consideretion in this spplica-
tion?

What deviation in power gain is tolerable?

What deviation in power gain 1s expected due to tolerance
buildup?

Is noise figure e critical consideration in this epplica-
tion?

Is the noise figure tolereble at the operating amblent
temperature?

How much leekage current i1s expected et the operating
ambient temperature?

e. Semiconductor Diodes

(m

(2)

(3)

(4)
(5)
(6)
(7)

Attechmant 1
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Does the specificetion for the type of diode selected
define the required charecteristics?

Whet ie the operating ambient temperature for each
dioda?

Whet ie the power dissipation within the diode? What
ie the maximum rated power diaaipation?

How much reverse recovery time doea the diode require?
Vhat ia the reted peak inveraa voltage?
How much ravaraa current can be tolerated?

How much ravarsa current will flow at the operating
enbiant temperature?

g

(8) Doas tha circuit perform satisfactorily with randomly
selected diodee? - with diodes operating et their upper
or lower MIL limits?

(9) What Zenar voltage reference is required? Whet Zener
raference voltage is expected?

Transformers, Chokes end Coils

(1) Whet ie the operating ambient tempereture?

(2) Is Q e critical consideration in this circuit applice~
tion? What deviation in Q can be tolereted?

(3) Whet devietion in Q is expected due to tolerence buildup
end to temperature changes?

(4) Wnet is the maximum current carrying cepebility of the
choke or coil? Whet is the maximum current expected
in this application?

(5) How close is the highest operating frequency to the
reeonant frequency of the choke or coil?

(6) Has a requirement for ehielding been esteblished?

(7) When a hur problem exists, has special consideration
been given to core construction?

(8) Do transformer specificetions conform to MIL standerds?
Relaye and Switchee

(1) Whet "quality level" does eech relay or switch represent?
(2) How many actuations per hour are expected?

(3) How meny ectuations per mission are expected?

(4) What percent of reted current does eech contact cerry?

(5) 1Is reley closing time or opening time r cri‘icnr] considere-
tion? If ao, how much increaee is tolerable?

(6) What are the pull-in end dropout voltages or currents?

(7) Whet is the manufacturer'e tolerence for initial coil
rasietanca.

(8) How much will the coil reaistanca vary with tempereture?

Attachment 1
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(9) How much chenge in coil rasistance is tolerable?
(10) Has arc auppression been used?

(11) Has tha poasibility of dry circuit operetion bean
considared?

h. Electromachanical Devices

(1) Heve the adversa affacts on brushea at high altitudes
been considered?

(2) What consideration has bean given to veriations of d-c
motor speed-torque charactariatics due to temperatura
and eltitude? ’

(3) How critical to proper operation is tha speed-torque
characteristic?

(4) Can tha associatad circuitry tolarate incraased loads
caused by variation in motor charectaristic?

(5) Heve tha eppropriate specialista bean consulted on the
use of rotary sclenoids and timing motors?

(6) Have you depended solaly on manufacturar's data for force-
movement charactaristics of solanoida?

(7) Ara metar windows sealed to prevent moiature formation?

(8) Haa the poasibility of charge formation on meter windowa
bean inveatigeted?

(9) Are rasolvars checked for accuracy and phese shift et
elevated temperatures?

i. Connectora and Plugs

(1) Does the number ‘of activa pins per connector conform to
tha recommanded 1imit?

(2) 1Is a sufficient number of spare pins available on each
connactor? (At lasst four sparas for connectors ovar
26 pins per MIL-E-540(C, paragraph 3.1.5.3.).
§. Misca aous Parts (Printed Circuits, Wira, etc

(1) Has consideration been givan to tha currant rating of
wira?

Attachmant 1
Page 6 of 26
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(2) Has the current ratin
g of wire bean reduced i
whare voltage drop is important? s

(3) 1s wira color coding re :
quirad, and, if so, is it in
eccordance with the proper atanderds or sl’aecifications?

(4) Haa the plecament of components on printad-circuit

boards been consid -
i nsidered from the cross-talk point of

(5) Does e heat dissipation prob
it pa problem axist on printed-circuit

(6) 1Is e kaying echema em;
ployed to pravent
printed-circuit boerds? TNk Anfstehgtng

(7) Are transistor, dioda
, and tentalytic capacitor
polarized on printad-circuit boerds? & SRy

(8) Are large potantial gradienta posaible between ed jacent
pins or connectors on printed-circuit boards?

(9) Do circuit breakers conform to MIL-C-5989B%
System end Circuit Considerations

(1) What veriations in inj
put signel can be t
variations ara expected? SIS B

(2) Whet variations in the impedance
. presanted to th
terminels can be ‘tolerated? What is expected? ¥ dnpur .

(3) How does the input circuitry contribute to input tolarances?
(4) 1Is a-c powar supply distortion a critical consideretion?

(5) What percantage of distortion can be o eted 7
t
. : lereted Whet is

(6) Whet tests have been performed to
confirm th
quastions in Para. (5) above? SR B2

(7) -What variation in B+ voltage(a) can be tolerated? . '

(8) What variatior in bias voltage can be tolarated?

(9) What dasign featurea protact the
circuit
varietions in line voltage?. e

Attachment 1
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(10)

(1)
(12)
(13)

(14)
(15)

(16)

(17)

(18)

(19)
(20)

(1)

(22)

(23)
(24)
(25)

(2¢)
(27)

Whet design features protect the eircuit against loss of B+
or bias voltage aupplies?

What cable length was assumed on inputs and outputs?

How much chenge in the assumed cable length can be tolerated?

Is over-sll protection provided against overload, excessive
heating, pressure changes, etc?

Do the self-test features of the unit meet the rejuirements?

What problems were obscrved when the circuit was tested in
conjunction with other units?

Has the unit been subjected to environrerntsl icriing? What

problems were observed with respect to tempersture, moisture,

vibration, shock, altitude?

Have 211 problems highlighted in the preliminary design
review been resolved?

Has a seperate list of recommendations for product improve-
ment or redesign been compiled?

What alternetc circuits or sysiems were considered?
Kave "preferred circuits"” been used wherever possible?

What factors influenced the choice of tbis particular
circuit or system?

Are there firm specificstions for this circuit, including
test specifications?

Have all specifications been met unconditionally?
Does any specification require modification.

Can any unreasonable or unusually difficult requirement
be relaxed?

Can a simulation study be of assistance?
What marginal testing has been performed? Wes marginal

operation indicated in any case? What are tbe critical
parameters affecting marginal operetion?

Page B of 26
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(23) Have heat runs been made on electrical components which are
either thermal emitters or otherwiee heat sensitive?

(29) Have phase margin checks been performed on all feedback
loops?

(30) Vhat decoupling or neutralization echemes have been imple-
mented to avoid regenerative feedback loops? -

(31) What analyses have been performed to determine the existence
of feedback loops and their effects on other circuits?

(32) Ii circuit operation contingent upon the proper positioning
of more than one switch or control; i.e., are several adjustable
components necessary in the circuit?

(33) Can any circuits be simplified and still operate within require-
nents? {(On e value improvement basis)

(34) 1s the unit capable of satisfactory operation after tbe mini-
zur required warm-up time?

(35) What system adjustments are required when a unit is replaced?
(36) What means sre employed to decouple the power supply?
(37) Do perasitic oscillations exist?

(38) What design features have been incorporated to suppresa
parasitic oscillations?

(39) What are the reguired tolerances on output signals? What
ere the expected varistions?

(40) How does the circuitry contribute to output tolerances?
(41) Do weight reduction considerations affect relisbility?
(42) Heve static -and dynamic power drains been determined?

4. e bilit n sis
(1) Wbat is the estimated required mean 1life of this circuit?
(2) What is the calculated mean life?
(3) What is the mean life, based on bench or other teete?

(4) 1Is there a history or record of bench failuree?

Attechment 1
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(5) Hava random failure ratea and wearout rates been eatebliahed
for sll parta?

(6) What parts have an excessive failure rate?

(7) Whet assumptions were made in calculations with raspect to
dereting end temperetura?

(8) Are any parta opereting neear or above their racommended
ratings?

(9) Has s statisticel analysis been conducted to determine effecta
of drift in component perametars end of component tolerance
buijdups?

(10) Hes o fail-safe design philosophy been utilized?

(11) 1s protection ageinat sacondary failurea (resulting from
primery failuraa) incorporated where:posaibla?
S et tors

(1) 1Is there adequate protaction against dangeroua voltages?

(2) Are high-voltage warning platas necassary?

(3) Hava interlocks, safety switchea and grounding bers been
considared?

(4) Ara 811 axternal metal parta at ground potentiel?

(5) Ara diacherging rods necessary for large cepacitors? (at
lasst 10,000 ohms)

(¢) Are blecder and current limiting reaiators uaed in power
supplies?

(7) Are thera burning hazards?

(8) Are "hot" terminsls axposed when plugs or connactors are
not connacted?

(9) Ara sdjacent plugs or connactors keysd to pravant intar-
changing connactiona?

(10) Can maintenance or adjustment be performed safaly?

Attachment ?
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()
(2)
(2)
(2)
(5)
(6)
(7)
(8)

(9)
(10)
(1)

(12)

(13)

(12)

(15)
(1¢6)

an
(18)

ta a8

Are the maintanance and test equipment raquirements compatible
with the concapt established for the system?

Does the unit require speciel handling?

Can the unit be readily installed end connected to the system?
Are factory ed justments such thet they do not require resasdjust-
ment whan units era raplaced in a system or when parts ara re-

placed in the unit in the fisld?

Whet adjustments ara necessary aftar a unit has been installed
in the system?

Are adjustments capable of compensating for all possibla
tolarance buildups?

Is periodic alignment and/or adjustmant recommended? How -
of tan?

Ara all raquirsmeants for maintenanca tsate such that tha
specified time limitations can be met?

Has tha number of factory adjustments been minimized?
Has tha number of fiald adjustmenta been minimized?

Are intarconnected circuits in the same packsga, thus pro-
viding minimal inputs and outputs et each maintenance lavel?

Is tha interaction betweer ~djustments and other circuit
parameters minimized?

Is tha dasign such that damage to the circuit cannot reault
from caralass usa of en edjustment or combination of
ed justments ?

Ara all adjustments and indicators of the "cantar zero" type
whare possibla?

Is periodic testing necessary? How often?

Are the test points edequata? Ara they accessibla in the
installed condition?

Whet overhaul testing is required?
Whet specific test equipment is nacessary?

Attachment 1
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(19) Have factory and meintenance teet equipment rejuiremen.:
been mirirized and coordinated with ihe requirements for
other units?

(20) What special techniques ere reyuired in the repair, replace-
ment, or alignment of the unit?

(21) Are parts, assemblies, and components pleced so there is
sufficient space to use test probes, soldering iron, end other
tools without difficulty? Are they placed so that structural
members of units do not prevent access to them?

(22) Are testing, aslignment and repair procedures such thet a min-
imum of knowledge is required on the part of maintenance
personnel? Can trouble shooting of an assembly teke place
without removing it from e major component?

(23) What special tools and/or test equipment are required?

(24) Can every fault (degrading or catastrophic) which cen possibly
occur in the unit be detected by the use of the proposed test
equipment and standerd teet procedures?

(25) Heve parts subject to early weerout been identified? Have
suitable preventive meintenence schedules been esteblished
to control these parts?

(26) Are the components having the highest failure rates reedily
accessible for replecement?

(27) Are parts mounted directly on the mounting structure rether
then being stacked one on another?

(2%) Are units and essemblies mounted eo thet replecement of ore
does not require removel of others?

(29) Are limiting resistors used in teat point circuitry; i.e.,
is any component likely to fail if a test point is grounded?

(30) Cen panel lights be easily replaced? (Panel lights should
rot be wired in series)

(31) BHave voltage dividers been provided for test points for
circuits carrying more than 300 volte?

(32) Will the circuit tolerete tha uese of & jumper ceble during
maintenance?

Attechoent 1
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(33)

(34)

(35)

(36)

(32))

(32}

(39)

(40)
(41)

Are controla loceted where they cen be eeen and opereted
without disassembly or removal of any pert of the
installation?

Are releted displays and controle on the eame fece of the
equipment ?

Are all units (and parte, if poasible) labeled with full
identifying deta? Are parts atamped with relevent electricel
characteristics information?

Are cables long enough to permit each functioning unit to be
checked in a convenient place?

Are plugs and receptecles used for connecting cebles to
equipment units, rether than "pigtailing" to terminel
blocks?

Are field-replaceeble modules, parts snd subessembilies
plug-in rethar then soldered?

Are cable harnessea designed for fabrication es a unit in ~
a shop?
Are cebles routed to preclude pinching by doors, covers, etc?

Is eech pin on each plug identified?

(42) Are plugs designed to preclude insertion in the wrong
receptable? Are plug-in boarda keyed to prevent improper
ineertion?

7. Electri nterference

(1) Do all the provisions of specification MIL-I-26£00 epply,
or should some waivers be sought?

(2) What tests have been performed for electricel noise?

(3) llas the chassis or frame been grounded? Have shock mounts
been bypassed with ground streps? Hes the insuleted protective
finieh been removed where a metal-to-metel contact is required?

(4) Are openings (such es those for access, vantiletion, and cese-
mounted components) shielded to prevent cese leakage? Are
eccess doors of the metel textile or finger atrip type?

(5) Are heeters wired with twisted or isolated leade?
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(6)

(7
(8)

(9)

(10)

an
(12)

(13)

(14)
(15)

(16)

(1

(18)

Attachaent 1

Are oscillstors isolated from other steges and from antennas?
Is oscilletor power kept to & miniazum? Is the cecilletor
heeter decoupled from B supply sources?

Do .paresitic oscilletions exist, end is suppression necessary?

Is undesired signel transfer reduced by means of interstage
decoupling networks and link or parellel-tuned circuits?

Are pulse networks end transformers isolsted? Are the leeds
essocieted with the pulse networks decoupled? Are these
leeds kept es short es possible?

Is pulse energy fed to succeeding stsges in cosxiel leeds
where posaible? (Guard egainst waveform distortion ceused
by coaxiel ceble cepacitsnce.)

Are sharp projections evoided in high-voltege circuits?
(They are possible sources of corona and srcing.)

Are sharp bends evoided in high-voltege wiring? (The
possibility of insulation breakdown is increesed.)

Are the magnetic fields essociated with indicators adequately
isoleted? Are indicetor control and power leeds decoupied
by the use of feed-through bypass cspacitors?

Are blower motors of the e-c noncommutating type?

It it is necessary to use d-c roteting electricel equipment,
is the design such es to minimize the effects of the commuta-’
tion process? To this end, does the equipment employ such
devices 88 interpoles, lamineted brushes, es large a number
of armature coils snd commutator bers ss possible, and gaood
mechanicel design and construction?

Is reley or switch operetion likely to creete power supply -
trensients in other units or circuits?

Hes consideration been given to arc suppression during the
making or btreaking of switches or contacts? (Several
methods are aveileble, e.g., e simple RC network ecross the
switch or contacta, e high resistence or rectifier ecross
the inductive circuit, negetive voltage charecteristics
resistors. If these are inadequate, shielding snd feed-
through cepacitors in the input and output leeds may be
required.)

Are gas tube heeter aupplies and output leads well decoupled
and isolated?

Page 14 of 26
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(19) In power suppliss using gas-tube rectifiers, is use made of
line filters, electrostatically shielded transformers, and
hesh-suppression chokes in tha plate and cethode leads?

(20) Are electronically reguleted power supplies provided with
decoupling circuits to prevent oscillations in the regulstor?
Are long lesds avoided in the plete end grid circuits?

EART 11 - MECHANICAL
1. Genere] Design
(1) Hes use of cantilever mounti
ng for parts end essemblies been
minimized, and, where used, is the center of gravity loceted
near the mounting?

(2) Has the chessis been properly designed for ite epplicetion?

(3) Vbat sre the locations and loed ratings of mounting pointe?
(4) Where ere the heeviest parte located?

(5) Are all large parts and assemblies eecurely mounted?

(6) Hes the center of gravity been considered in terms of the
proper distribution of shock mounts?

(7) 1In the case of terminal boards, are the criticel components

(8)

(9)

(10)

(1)

(12)

(13)

mounted at the edges rather than at the center
properly supported? Sk

In the cese of leed-mounted parts, heve weight, lesd weight,
thermal expansion, supplementary support, bend rete, and
other mounting considerstions been eveluated?

Heve clearances been provided with dues considereti
vibretian, shock and noise strasses? i

Cmte%ectricol instebility be caused by vibration of mechanicel
parts ; )

Have shock and vibretion ~tea'us been perfor
they scheduled? PRl &

Hes the cooling design been zed
contour? iy SR to provide s tempereture

Are heet dissipating elementa properly located with
to heat sensitive parts? Is there suitable flow of :‘::x;ect ’
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been
a component ta, subassemhlies and assemhlies
e gz;portagoand cfi:peé properly with adequate consideration
for heat dissipation?
(15) 1s the unit of the lightest weight consistant with sturdiness,
safaty and ralisbility?
(16) Are all items vieuslly and physicelly accessihle when the
unit is on the test stand?
(17) 1s the possibility of physical damage to the unit due to misuse
of sdjustments minimized by the design?
(12) 1s the posaihility of damage to the unit during handling and
inatallation minimized by the design?
(19) Cen the unit be removed and replacad within the required
time 1imit?
(20) 1s the packaging scheme such aa not to impose unrealistic
spare parts requirements?
< -field rapeirable
21 Does each part of the unit deaigned as non flel‘
=N maet the mfnimum relishility requirement for this classifica-
tion?
(22) Have suitsble bheat treatzents been called out?
(23) Hes design heen hased on standard tooling wherevar possible?
(24) Have radii, fillats, curves, and straight lines beez suffi-
cient to give all possihle freedom to manufacturing?
(25) Have tha most economical parts satisfactory for the applica-
tion been specified in all cases?
(2¢) Are all purchased components called out hy MIL, AN or RCA
(not vendor) numbers?
(27) Ara the componenta arranged and mounted for the most econom-
ical assembly and wiring?
(28) Ara all fastaners large enough for their application?
(29) Are puide pins, keys and latches of aufficient strength?
(20) 1Is the basic structure of sufficient strangth for the
application?
(31) 1s tha design such as to prevent excessive radiation into or
out of the unit?
Attachment 1
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(32)
(33)

(34)
(35)

(3¢)

(37)

(38)
(39)

(40)
(41)
(42)
(43)
(44)

Are parts located to provide for logicsl wiring?

Ara lubrication points minimized? Whera required, asre they
accessihle and clearly marked?

Is the predicted relisbility within the unit requirement?

Have unit anvironmental tests, including temperature measure-

ments at key points, heen completed? If not, are they sched-
uled?

Have all prohlems highlighted in the praliminary design
review been resolvad?

Has there been compiled & seperate list of recommendations
for product improvement or redesign?

What alternate designs were conaidered?

Have the appropriate standards been consulted for materials,
components, drafting, manufacturing and workmanship?

What factors influenced the choice of this particular design?
Do firm specifications exist, including test specifications?
Have all specifications been mat unconditionally?

Does any specification require modification?

Can any unreasaonahle or unusuelly difficult requirements be
relaxed?

Workmsnship and Maintainahility

(1)

(2)

(3)

(4)

(5)

Is soldering adequately specified? What provisions have

been made to prevent cold Joints and to ensure removal of
flux?

Are proper screw lengths and locking provisions specified?

Are designa such as to prevent damage to componenta during
installation?

Have guide pins been provided to facilitate installation of
plug~in units?

Are plug-in units keyed (by some means other than the connec-
tor) to prevent accidental insertion in the wrong location?

Attschment 1
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(¢) Havs tolarances of componant mounting provisions and mating
holes been coordinated?
(7) Have 81l holes been located far enough from bends to prevant
distortion?
(8) Are bend redii specified to be large enough, in accordance
with sppropriate stendards?
(9) 1In refarenca to wiring end cabling, hsve tha following items
bean considerad?
a. Doas tha dasign meke provision for properly laading
cablas around cornars and sherp edges?
b. Ars grommats provided whara needed?
c. 1Is tha dasign such ss to minimiza soldaring iron burns
during both manufactures and maintananca?
d. 1Is lacing properly and adequately specified?
ufficiant
. Have harnesses bean properly routed end has s
* c.iamping bean provided to pravant cablas hsnging loose?
f. Has adequate space bean allowed for barnasses and for
braskouts to connactors, etc?
g. Ara heavy wiras being brought to terminals of adequate
siza?
bh. Are stranded wvires properly secursd closa to soldar
joints to prsvent flexing?
train being
i, 1s any cable (or wira) ovarly taut, with s
placeg on tha connactor (or connaction), the cabla (or
wira) or tha clamps?
j. Do any ceblas or wires lia across removabla units or
across fasteners of any type?
x. Ara all connactors visibla, and sra they sasily accessibla
to tools and hends? . )
been
. Hava cablas (wiras) and connactors (connections)
3 properly idantified? Can wrong connactions rasult from
cable layout and connector type?
e. Do any cabla (wira) runs permit contact betwean the cabla
(virsg and moving perta?
Attachment 1
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(10)

(1)

(12)

(13)

(14)

(15)

(16)

Ara all items (parts and subassemblies) visually snd physically
accassible for assembly, wiring rawork snd meintanance?

Are 8]l test points sccessibla when tha unit is properly
instslled ?

Ara a1l field sdjustmenta sccessible when the unit is properly
installed?

-~

Has saquentis] assambly bean svoided which results in involved
sequentisl disgssembly in order to make repairs and edjustmants?

Is the design such that no unrealistic requirements for special
facilities for maintensnce, storsge or shipment sre imposed?

Is the design such thst no unnecesssry requirsments for a
special msintenance environment (s.g., ground power carts,
cooling, speciel primary power, atc.) ares imposed ?

Does the design provide for esdequate protaction of maintanance
snd test personnel agsinst accidental injury?

Materisls snd Processas

(1)
(2)

(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

()

Heve stsndsrd msterisls been specifiad in all possible cases?
Have the most economicel matsrisls and processas suitable

for the applications bean specified in all casas? (Materisl
cost, fabrication cost snd finishing cost should be considered. )
Hava corrosion-resistant materials or finishas been proyided?
Are there dissimilsr ma’ct.als in contact?

Are sl1] materiels sstisfactory for the temperstures involved 7
Is the possibility of flaking considered?

Hss moisture protection been provided where necessary?

Ara 81l materials fungus rasistant or inert?

Are electrically conductive finishes provided where necsssary?

Hsve machina finishes bean raviewed for the most aconomical
processas suitablea for the raquirements?

Have rivats or spot wslds been specifiad whera possible in
preference. to welding, furnesce brazing, etc?

Attschment 1
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(12) Has each sheet metal piece been examined to determine whether
it bas too many bends for economical fabrication?

PART III - HUMAN ENGINEFRING

les

1) Are visual indicators mounted so that operator can see sca G

) indices, pointers or numbers clearly? Are scale graduations,
design of numerals and pointers, and scale progressions presented
so that accurate reading is enhanced?

(2) Do visual displays have adequate means for identifying an opera-
tive condition?

ions been
Have amhiguous information and complicated interpolst
2 eliminategufrom visual indicators to minimize reading errors?

(4) Do controls work according to the expectation of the operator?
(Naturslness of movement direction is derived from previous
experience as well as certain bandedness factors.)

(5) Do functionally related controls and displays maintain functional
or physical compatihility, such as direction-of-motion relation-
ships or proximity to each other?

(6) Are controls designed so that the operator can get an adequate
grip for turning, twisting or pusbhing?

(7) Does console design provide knee room, optimum writing surface,
height, or optimum positions for controls and displays?

for several
8) Do equipment design and arrangement allow space
i operators to work without interfering with esch other?

(9) Do arrsngement and layouts stress the importance of halancing
the workload, or do they force one hand to perform too many
tasks while the other hand is idle?

(10) Is the illumination designed with the specific task in mind,
rather then with a general situation? (Many instruments are
practically useless because of lack of 11lumination.)

h as: brightly

11 Have extreme glare hazards been eliminated, suc

ity polished bezels, glossy enamel finishes, or highly reflective
instrument covers?

to be removed
12) Are assemhlies and parts stacked so that some have
) to repair or replace others, thus complicating maintenance?

(13) Do fasteners for chsssis and panels require special tools which
bamper maintenance?
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(14)

(15)

(16)

(17)

(18)

Do chassis door slides have means for holding the unit extended
for servicing? Are the slides too loose, or do they hind?

Are handles provided, and are the chassis or units light enough
to be moved without undue strain?

1s celibrstion indexing provided for maintenance ad justment and
calibration adjustment controls? (Screwdriver adjustments are
often too sensitive.)

Do the coding and syrbols on ecuipreric end in instruction
manuals coincide? 00 Tew books i)l whet or how to check,

what to expect, or how io correci, r~d wher covered, the informa-
tion is not orgenized so that it may be found quickly.)

Is illumination provided for the maintenance technicien?

PART IV - VALUE ENGINEERING

1

Specification Review

(1) Have the customer's specifications heen critically examined
to see whether they ssk for more than is needed?

(2) Has the cost of any overdesign been defined for its effect
on production as well as on the R&D program?

(3) Has the cost effect of contract-required overdesign been
discussed with the customer?

General

(1) Does the design give the customer what he requires and no
more? =

(2) Could costs be radically reduced by a reduction of performance,
relishility, end/or maintainahility to the minimum specified?

(3) Could costs be radically reduced hy a reduction of resistance

to high temperature, shock, vibration or other environments
to the minimum specified?

(4) Heve circumstences changed (changes in concept or specifica-
tion, progress in the art, development of new components or
processes) so that the design includes unnecesssry or
expensive circuitry, parts or processes?

(5) Have unnecessarily high cost items been included as a result

of their availehility when the bresdboard or model was
constructed?
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(6) Cen any varisble devices euch ee potentiometers included
for breedboard or model operetionel edjuetmente be chenged
now to fixed comporent perts or semied justeble designs?

3. ct ts
(1) Ara the quantities to be built on this order known? Are

the estimated quantitias to be built on future orders known?
Hava thesa fsctors been considered in the design decisions?

(2) Will tooling costs be in lina with present end anticipated
production?

(3) How much do you estimate the design will cost in production?
4. Electro es

(1) Does the dasign rapresent optimum electricsl simplicity?

(2) 1s circuitry overly complax or conservstive?

(3) Heve etandard "preferred circuits" been raviewed to see how
many can be used beneficielly?

(4) Hss tha field of commercielly availabla packsged circuits,
power supplies, etc. been reviewed agsinst your requirements?

(5) Can circuitry be alimineted by having one circuit do the job
of two or mora?

(6) When specifying special component parts, have potentisl
vendors been consulted for elternatives or modificstions
that would hold costs down?

(7) Hsve ell high cest components such ss transistors, semicon-
ductor diodas, magnetic and high power davicas, motors, gesr
treins and decodars been examined to determina whether lower
cost eubstitutions cen be made? 2

(8) Ara the components the lowest cost meating the design require-
ments?

(9) Can any alactrical tolerance be liberalized to ellow specifica-
tion of lower cost perts?

(10) Have nearly identical parte been mada idantical to gain the
edventage of quantity buying or manufacture?

(11) Has coax ceble bean epecified when hookup wire or shieldad
ceble will do the job?
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(12) Hes silicon been specified for traneietors or diodse when
germanium will do the job?

(13) Csn metalized Mylsr be substituted for tantelum or Cerafil
capacitore?

(14) Have sutomated techniques bean used to tha maximum?

(15) 1Is Teflon wire specified whera other insulstion will suffica?
5. Mechsnicsl Design

(1) Does the design represant optimum mechanicel simplicity?

(2) 1s avery part ebsolutely necessery? Csn any part be eliminated

or combinad with another pert to raduca total number of parta
and cost?

(3) When specifying specisl parts, have potential vendors been
consulted for elternativas or modificstions that would hold
costs down?

(4) Are machsnicsl tolersnces within the limits of normal shop
practica defined in RCA Spec. 964007 Csn any tighter tolersnce
callad out be changed to agree with RCA Spec, 96400, or be
liberalized to hold costs down?

(5) Are the surface finishes tha coarsest that will do the job?

(6) Are tha fabricstion processes the lowest cost meeting the
design requiremente?

(7) Have nesrly identical perts been mada idsntical to gsin the
sdvsntaga of qusntity buying or manufacture?

(8) Are tha matarisls the lowest cost mesting the design require-
ments?

(9) Does the combination of material snd protective finish
specified result in the lowest cost combination?

(10) Has cognizance been taken of relative workability of materisls?

(11) Have stendsrd elloys, gradas and sizes of stock been specified
whenever possible?

(12) Csn the design be sltered in eny raepact to evoid the usa of
non-stsndard tooling? Ssa RCA drefting stendard 8-224-200
series,
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(13)

(1)

(15)

(16)

(7)
(18)

(19}

(20}

(21)

(22)

(23)

(24)

(25)

(26)
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Hes the 1/10™ grid drafting system for sheet metel parta
been used wharaver epplicahle?

Can the design be modified to enabla tha use of the same
tooling for right and left hand or similar parte?

Are drawings for fahrication of parts which are similar to
parts already produced cross referenced so aveilahle tooling
can be used?

Cen the design be altered to svoid unnecessery handling and
procassing resulting from such things as riveting and spot
walding on the eame suhassemhly part?

Hava automated techniques been used to the maximum?

Are casting bosses of sdequate size, considering the large
tolerances which epply to cesting dimensions?

Can cores or complex parting lines be eliminated from any
casting hy moderete redesign?

Is impregnation of cestirps called out when it would eid
processing? (Castings should he imprepneted :fter machining
if they are to be electroplated. 1his impregnction prevents
ebsorption of plating acids or salts. Castings should elso
be impregnated if they ere to hold lijuids or gsses under
pressure. )

Heve engineering and factory specialists been consulted for
cestings, forgings, weldments, heat treastment and other
specislties?

Heve standard sizes, gredes and alloys of fasterers uvcen
specified whenever possible?

Are all manual welding operations specified absolutely
necessary? Can furnace hrazing be suhstituted?

Are the assemhly processea the lowest cost meeting the
design requirements?

Has adequste clearance between parts been provided to allow
for easy assemhly? (Parts have hecome smaller but hands
have not.,)

Are g1l parts dasigned for asaembly at the aarliest possihle
tima? Aasemhly costs go up ae the huildup of the system
progresses.

(27) Are merkings edequete to guide the essemhly processes?

(28) Have the engineering and factory specisliste been consulted
on any unusuel assemhly prohlems?

(29) Has datum line rather than multiple surfeca dimensioning
been used on ell drawings?

(30) Can any four-place dimension he changed to a threa-plece
dimensicen?

(31) Can eny three-place dimension be changed to a two-place
dimension?

(32) Can heat treating after forming sheet metal parts be elimi-
nated hy change of design or meterial to avoid straightening
prohlams?

(33) Is #11 musking from finishing materials (such as plating
solutions and paint) necassary?

Standardization

(1) Have you coordinated your dasign with those who may be using
similar (or have used in the past) designs, circuits, parts
or components to get optimum benefit from standardization
and past experience?

(2) Are the standerd circuits, standard componants and standard
hardware the lowest cost stendards which will supply the min~-
imum required characteristics?

(3) Can the use of each nonstandard part or circuit he adequataly
Justified?

(4) Can any new nonstandard part be raplaced by a nonstendard
part which hes elready been RCA E-Form epproved?

(5) Do control drawings leave no quastion that & vendor atandard
part is being specified when such is intended?

(6) Has standardization been carried too far until tha cost of

excess function is greater than the gains resulting from
high quantity?

Maintainehility Desjign

(1)

Is each assembly self-supporting in the desirahla position
or positions for eesy maintenance?
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(2) Can assemblies be laid on a bench in any position without

demeging components?
8. Testing

(1) Are the teet proceeeee the loweet coet meeting the design
requirements?

(2) Can any test epecification be eliminated or rslaxed?

(3) Have interacting controls been eliminatsd or ths adjustmente
specified in eucb a manner that the lowest cost factory tsst
personngl can easily align the circuit?

(4) Te the system compatibls with the requirements for checkout
in the factory - if not as a complete eystem, then in large
subeystem segmente?

(5) Have the teet procese experts beer consulted for alternatives

that would keep their costs down?

9. Subcontract Jtems

(1) Has the field of commercially available packaged units, sub-
assemblise and circuits been thoroughly reviewed to be sure
there are no standard vendor items that will do the job?

(2) 1Is desired cost control adequately emphasized in subcontract
specifications?

(3) Have our specifications for subcontract items been reviewed
against the check list to be sure we ars not overspecifying?

(4) Have suggestions been invited from prospective suppliers re-
gsrding possible value improvement from loosening specifica-
tion limitations? .
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SUMMARY OF CIRCUIT TECHNIQUES
FOR RELIABILITY DESIGN ANALYSIS

Just ae "the kingdom was lost for want of a nail", so is it poseible
to render inoperable an sxpeneive, complex command and control system
for want of a reliable circuit.

It ie poor design etrategy to plan to apply bighly relieble com-
ponsnt parts (euch as the well advertised MINUTEMAN puts) in marginally-
designed circuitry and expect effective circuit performance. An impor-
tant phaes of an equipment subsystem design rsview is an examination of
circuit deeign for reliability.

Circuit analysis techniquee currently available range from a brief
review of voltagee, currents, and power strssese that a circuit would
be subjected to, either during normal operation or at woret-case con-
ditione, with hand computations, to computer-mechanized techniques for
handling more complex circuitry and providing a more detailed analysis.

Computer orientated circuit analysis attempts to simulate a circuit
mathematically on a camputer and show how the performance of a circuit
will behave as its basic component parts dsteriorate during life. This
is accomplishsd by programming circuit equations into a computer and
methodically varying the values of ths circuit's part parameters.

Very briefly, computer methods of circuit analysis entail the follow-
ing steps:

a. The drawing of an equivalent circuit.

b. The writing of equivalent circuit equations and circuit
requirements in terms of part parameters and reducing to matrix form.

c. Incorporating the equatione, circuit requirements, and-
desired part paremeter variation changes into a computer program.

d. Debugging and running the computer program.
e, Plotting and analyzing the camputer output.

At least five well defined computer-mechanized methods are presently
operational. Each method is considerably different fram the other.
Although it might appear that one msthod should be sufficient, there are
two bagie reasons for the multitype analyses:

a. Since there are many types of circuits in a command and

control, weapon, or support system, any one method would not be the best
method, '
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b. As detailed data on parts parameters became available,
statistical methods of circuit analysis were prepared to take advantage
of the new information.

Of the methods available, the Parameter Variation method requires
the least amount of input data. The only necessary input data are the
upper and lower limits of each input parameter. Because of their
general statistical data, the Moment and Monte Carlo methods require
the most extensive input data of the various methods. The Moment
method requires the mean value and variance of each parameter, while
the Monte Carlo method requires the entire frequency distribution of
the parameter. These limitations may prevent the two methods from being
widely applied.

The Mandex Worst-Case Method is based on a design philosophy which
is relatively easy to camprehend; i.e., if a circuit will function
properly with its parts at their worst-case condition, the circuit should
operate with any combination of part characteristics as long as their
worst-case condition is not exceeded.

The Mandex Worst-Case analysis has expanded this general philosophy
on the assumption that there is not just one possible worst-case condi-
tion for a circuit, but one for each output variable; therefore, a com-
plete worst-case analysis is performed on each output variable.

The name VINIL was obtained from the nature of this method of analy-
sis where Vg is swept from its minimum to maximum end of life value,
and the output parameter of interest (IL) is plotted for each sweep
increment. The analysis of the results of the VINIL method is straight-
forward in that the graphs are simple input-parameter versus output-
parameter graphs.

fetrraing briefly to the Moment Method, this method of circuit analy-

sis is based on the well known theorem on the Propagation of Variance
which, in part, states:

('rmzn= (H:)2 OIZ, + (H'2)2 °§+2}1; H,]! Q':l O 05 ¢eeen-

where

o-oit, = the output parameter variance
2 .
0 = the variance of input parameter n

1
Hn = the partial of the output parameter with respect
to input parameter n

Attachment 2
Page 2 of 3

and 'ij = the correlation coefficient of parameters i and j

. For normal distributions, 95 perceant of the samples will fall within
I 20 about the mean value. For abnormal distributions, according to the
Tchebycheff Theorem, * 4.50must be used to be 95 percent inclusive.
Knowing these facts, it becomes possible to place restrictions on the

mein output value by stipulating that it must be at least AQ from some
value.

Attachment 2
Page 3 of 3
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SECTION IV

GENERAL REQUIREMENTS FOR A RELIABILITY AND MAINTAINABILITY
DATA COLLECTION AND EVALUATION SYSTEM FOR ELECTRONIC SYSTEMS

FOREWORD

‘he purpose of tnis section is to provide guidance to SPO Reliability and
and Maintainability (R/M) Monitors in establistiing requirements for & contractor 's
data collection and evaluation system.

section 2 presents general requirements for arn }/M Program Plan. Briefly
discussed tnerein is the task of data collection and evaluation. This section
will discuss the task in greater detail. Data collection and evaluation provides
the necessary technical and management information associated with the development,
heckout, and delivery of electronic systems and equipment.
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GENERAL REQUIREMENTS FOR A RELIABILITY
AND MAINTAINABILITY DATA COLLECTION AND EVALUATION
SYSTEM FOR ELECTRONIC SYSTEMS

1. Introduction:

It i3 a well-known fact that a certain amount of foreknowledge must be
poasessed by a SPO of a problsm before s proper decision can be made for ita
elimination. Ths same holds true within e contrector's organization. His
engineering, manufacturing, and management personnel muet continuously asssss
+he equipment during ell phasas of daaign, dsvelopment, production, and fiald
use. With an accurate and complete knowledge of the problems end ahort-
comings concerning his aquipment, it is most probebla thet the contractor's
recommendations for changee in design and procadurea will et laast be of
sound foundation. It ia also important to know that there ara no problams,
if this be the case.

This pamphlet presents the basic methods and ressons for contractors to
design end implamant a data collection and evaluation eystam es part of their
overall planning. It is desired that tha R/M Monitor will have a basic
knowledge of tha salient ingredients of a data collsction eystem for usa
during sach phase of ths overall program to the and that he can specify e
syatem best suited for the needs of ths overell SPO mission. Further, ha can
more properly essesa the contractor's proposed plen end subsaquent progress
to sssure thet tha contractor has implamented his plan to be useful and
effectiva.

2. Time-Phased Fajlure and Rapair Data Collsctions Mathods and Applications:

It must be kept in mind that the task of data collection in itself is not
to tha and that the deta terminates in e fils or tha wastebasket; the letter,
most likely. Deta collection is only one task of ssverel in e suppoeedly well-
conceivad contractor's R/M Program Plan. Developed hare ere the bmaic requira-
menta of a deta collection system, data aourcas, and deta usas. Thie pamphlet
is concerned with three major phases of con ovarall program; namely, ths design
end development phese, the manufacturing cr production phesa, and ths opera-
tionsl or field evaluation phaee.

3. Design apd Developmsnt Phage Requirements. This phass of a program is
most important in thet it is during this phasa that system inberent availa-
bility is plenned end established.

Data Sources. It is not unusual to sxpect to find various test programs
being conducted et this time. Examplss of these teats ers thoss conducted st
tbe part 1lsvsl, breedboard and prototype esssmbly end subesssmbly levals, and
many times, et the prototype system lsvsl.




Some very meaningful R/M data result from initial teats p;rfo::ignizntal

1 :zring laboratory under either room ambient or controll:ebggka iy
th;diigogs The contractor's test engineera usually.maintain gg = B
- tain enirles of test conditions, elapsed Pime indicator reie ng ;'idas sl
c:guits It is expected that the contractor’s colle;tizn sy; fZi?ﬁra i
A X X ompletion o

llection of these data, either by c
o rouﬁiniegz personnel, or by lifting the deaired data from Ihe teatiiog:t:Zt
{gzmzantractor'a R/M personnel, or a combination ofb:ot?. I:o ihzeiztalpo 7
ion given R
1y planning, thet due considerat
durinsdtii:teZZOZrim - no%,only +hose teats that are to be perfor;;d dgrizg -
f%zn:esign and development phase, but for all p?asea Zf ::; ;;:;:an g;airthe
. It is at the beginning of a propo

aourcestggfsaéde:EZineir: should plan and coordinate with other activitie:egor
ign;razot;l data needs and the nammer in which these data will be time-pha
aseiiputs for use during the performance of the other RM tasks.

b. Kature of Data. When considering the kinds of data needed, thought
must ge given to its subsequent use.

tor to collect accurate

& nd foremcst reason for the contrac

ilure zgg ;:;:;raéata is to evaluste it, and detect and correct d:sifn and

s :zural problems as early as possible in the formulation of ;ge t;onggf

gzg:equently, the data provide necessary feedbigk for ;;eiiziiz tzathe i
b ffectiveneas. It also provides ear '

ii:zegtlgzd:;;i::izn of part failure rates and feasibility of circuitry design

Some of the desired informetion is as follows:

(1) Equipment identifications.

(2) Test conditions and environmenta (bench test room ambient,
RFI, vibration, etc.).

(3) Elepsed time indicator readings (standby end operate).
(4) Date.
(5) Test rasulta.

If a malfunction occurs, edditional information ia needed to properly eveluate
the cause; thia information includea:

(6) Failure aymptoma.
(7) Elapsed time indicator resdinga at time of failure.

(8) Corrective maintenance action to reatora operation.

So far, reliebility data haa mainly been conaidered. Of concern, also, is the
kind of data in support of meintainability studies, and includaa:

(9) Time to locate trouble.
(10) Time to remove and replece faulty elements.
(11) System checkout time.
(12) Time to repair faulty element.

(13) Preventive maintenance time.

During the evaluastions of the contractor's plans the R/M Monitor will

be assured that the plans contain provisions for the collection of the above

date.

¢. Dste Evalueticn. Earlier in this section it was stated that the prime
reason for collecting failure and repair data was to detect and correct design
and rrocedural problems. To give an indicatlon of the worth of these data,
the typicel evaluation flow will be discussed. Once the data are collected

and returned to the contractor's R/M group, the following steps should then
take place on gach completed data form:

(1) RM engineers screen data entriea for completeneas and technical
validity, utilizing drawings, par: purchase specifications, and test procedures.
Any imcomplete or wrong entries are rectifiad as aoon as poasible.

(2) 1If a contractor's plan calls for coding of raw data, the engineer
indicatea proper code for technical data. This includes the coding for
failure effect on system operation (inoperative, intermittent, etc.), cause
of failure (part failure, test error, incorrect fabrication, etc.), and
responsibility (Quality Control, Design Engineering, User, etc.).

(3) Data reports are put in final code
processing persomnel. Resulta of failed parts
failure data.

form for keypunching by data
analysis are integrated with

(4¢) Tabulations of reduced data are evalusted by statisticians for
MIBF, MITR, and failure trends, and by R/M engineers for weak linka and design
deficiencies. The data may also be retrieved in requested eequence in support

of special etudies; i.e., failure histories of given equipments, part applica-
tlons, and/or other trouble areaa.



(5) Results of studies and evaluations by the R/M engineers are fed
back to the eppropriate ectivity in the corrective ection feedback loop -
design problems to the design engineering, manufacturing problems to the
Quality Control ectivity, vendor problems to the procurement ectivity.

(6) Results of correctiva actions effectuated are fed back to the
RM activity and are used to up-date mathematicel models and predictions of
MIBF end MTTR.

4. Manufacturing or Prodyction Phesa Requirements:

a. Data Sources. To fully understand tha worth of production R/M deta,
1t is necassery to first consider the besic concepts of inherent RM and
operetional R/M. Inherent R/M may be defined as tha reliability and main-
tainability potentiel present in the design; i.e., that which is designed in.
This R/M potential mey be echieved et the aite - operationslly - if there is
no degredation due to fabricetion and essembly. Operational R/M is tha RM
demonstrated in e service application. In the case of reliability, it consists
of inherent reliebility degreded by manufacture, test, shipping, handling,
storage, maintenance, and use. Practically the same may be sald ebout the
degradetion of inherant maintainabllity.

As sources of data, then, the SPO R/ Monitor will look to the areas

and agencies responsibla for the degredation of inherent R/M; namely, manufectur-

ing (production), handling, storage, maintenanca, and test.

b. Rgtﬁg of Data. Data csn be separated into broed categorias as quality
data and R/M data. Quality data includes records of inspection and testing;

e.g., go-no-go tests, meesurements of variables such as resistance and
cspacitance to determine conformanca to established technical requiremants
contained in specificetions, drawings, and purchasa orders. R/M data on equip-
zents are developed during preproduction stages in order to detect equipment
weaknesses before releese to production snd to obtain s quantitative estimate
of equipment R/M. RM data on parte and/or componente are developed during
the prodnction steges to essura that the equipment inherant R/M 1s not unduly
degraded by msnufacturing procassea. When the data indicates exceasive
failure rates or excessive times to repair, this informstion must lead to
corrective ections.

In designing a fellure and rapair form, the following minimum items
will be considered for inclusion:

(1) Report serial number.
(2) Report sctivity.

(3) Reported by (neme or individuel).

(4) Deate of report.

(5) Dete of malfunction.

(6) Geographical place of malfunction.

(7) Refarence or circuit designations.

(8) Name of item that malfunctioned.

(9) Nema of manufecturer of the item.

(10) Manufacturer's part number.

(11) The item's serisl number.

(12) Symptom of malfunction.
(13) Type of malfunction.
(14) Environment at the time of melfunction.
(15) Elapsed time to failure or malfunction.
(16) Clock time to isolete feilure cause.
(17) " Clock time to sctually repair.
(1‘8) ..Cloc’k time equipment wss down for repair. .
(19) Action taken to-cleer mlfun.c.tion.

{20) Requirament that part be forwerded to relisbility organization
for enslysis.

(21) Recommendations and/or comments.

Psragraph 3.5.12 of MIL-R-275{2A should be referred to for a more complete
listing.

c. Dets Evalurtion. A prime reeson for accumulating and analyzing failure
and repair data during the production phase ia to evsluate the R/M being
achieved during the fsbricetion stages. Dste releting to failure end repair
should be forwarded to the contractor's RM groups. It should be the
responsibllity of this gronp to eveluate the need for further enalysis to
determine the cause of feilura or to make this determination by utilizing
existing data. Figure 1 is e typicel, basic R/M information flow between e

Lo



contractor's ectivities., It slso indicates inputs from the field, end feed-
back to the SPO. Referring to this figure, it ia obvious that dats sre not
collected for the seke of collecting data. It should be noted that 1t is the
responaibllity of the R/M group to diaseminate to the various intereated
groups informstion which clearly indicates the need for improvement in their
respective arees of reaponsibility and to provida follow-up to aasure thet
adequete corrective sction ia undertaken. Figure 2 presents a typical date
flow within the contractor's R/M ectivity. Outputa from such sn activity
include tabuleted and enalyzed fsilure and repeir informatior, and most
imporiant, recomrendationa for corrective sctiona. The following ateps ahould
be tsken by the contrsctor on all date:

(1) The R/M enginaers acreen all fsilure end repeir reports to
determine their technicsl velidity, and then claaaify failure information es
tos

(e) Effect of the fallure on system performance.
(b) Ceuse of failure.
(c) Responsibility for corrective action.

(2) The classification activity is supported by the results of
analyzing fsiled perts and assemblies.

(3) Weak links are identified, and MIBFa and MITRa are calculated.

(4) Racommendationa for corrective ectiona to eliminate weak links
ere genersted snd disaemineted with aubstantieting information; pathematical
models are updeted. .

(5) Most importent, recommendetiona are followed-up to determine that
auiteble corrective action bas been taken.

Fi 3 sents a typical corrective action flow procasse thet e
comractor?hzumpru:deruke tzpeffectuate recommendstiona for corrective
sctions submitted by his R/M sctivity. A plan similar to this should be ”
company policy and is something the SPO Monitor will look for in epprsis
of the contractor'a policies, procedures, and plans for implementing en
effective R/M ectivity. This process 1s setisfsctory for use during ell
phases of the contract, and is presented st this time, within the comments
perteining to the manufecturing or production phsae, es e matter of
convenience.

5. Operationsl or Field Fvaluation Phase Reguirements:

e. Data Sources. Obtsining timely, accurate, end complete R/M data from
the field is probebly the most difficult to achieve. This is often true due
to incomplete, or lack of, early planning or people are too busy attempting
to get the equipment to function, which is their prime misaion. Nevertheless,
an initiel, well-conceived dats collection plsn which 1s properly coordinated
with all concerned should reduce data collection to s routine activity.

Deta sources include operstional logs, contrsctor's report forms, and
rsport forms essocisted with AFM 66-1; namely, AFTO Forms 210 snd 211, Mainten-
ance Discrepancy/Production Credit Records; snd 212, Time Compliance Technical
Order Work Record. These latter forms were designed primerily to serve as
source documents for the maintenance dsta collection system for sircraft.
Howevar, the system is currently being modified to be more appropriste for usa
by all Commands.

b. Nature of Data and Evalustion. Tha types and evaluation of fieid
failure and repeir date sre much tha same as dascribed in earlier peragraphs.
However, grester amphasis is given to operational melpractices and incompeti~
bility between inplsnt performance specificationa and operational specifica-.
tions. During tha operational phsse of a given program, the contractor's RM
engineara should be exerting e grest deel of effort to uncover these causes
for equipment and system unavailability. To schievs this end, the RM
engineer must be provided with both quantitstive snd qualitative information
pertaining to s fsilure. As an example of this, if s magnetron ia reported
et having failed, the date collected should answer the following questions:
Whst parsmeter waa out of specificetion? What was the actual reading? What
should it be? According to what document? Provided with answers to these
questions the RM engineer should be able to methodically evaluste the event
by checking documents auch as drswings, performance specificationa, purchase
specificationa, proceduras, opersting manuals, etc., end comparing this

. information with that raported. Given adsquate information, the R/M engineer

csn then racommend, if nacessary, s corrective action to the appropriate
activity slong with definitized statements sbout any existing discrepanciea.

Field fallure and repair reporta elso provids inputs for tha determina-
tion of echieved quantitative reliability and maintainability. From theae
documents is lifted the time information associsted with times-to-fsilure snd
times-to-repeir which ere usad in subsequent calculations of MIBF, MITR, and
MDT. Together with the AFTO Forms, these data provide inputs to the SPO, Using
Commands, snd AFLC for the determination of logistics support, types and
quantities of spares, number snd gredes of maintenance personnal. To give a
messure of the worth of field feilure end repair dsta to USAF, the following
is quoted from page 1-3 of AFM 66-1:
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Typical Data Flow Within Contractor's R/M Activity
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SECTION V

RELIABILITY DECISION MAKING - CONSTRUCTION AND APPLICATION
OF PROBABILITY OF ACCEPTANCE CURVES

FOREWORD

Current statistical literature gives little guidance in choosing between
various statistical methods and cnoosing "proper” levels of risk. These
considerations are mostly left to ti:e unaided judgement of tne decision
maker.

Tr.is section takes several statistical procedures and places them within
the same overall framework, in order to provide a base for objectively choos-
ing between them. The reader is also directed to Probability of Acceptance curves
as an aid to selecting producer and consumer risk levels. Finally, a
tabulation of the advantages and disadvantages of each of the various methods
is presented.
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Chapter 1
INTRODUCTION

This section has a three-fold objectives (1) to give ESD's position
on current methods for selecting statistical accept/reject criteria in
order to reach declsions on equipment reliablllty; (2) to discuss recur-
ring demonstration problems (unique to ESD procurements) and certain
statistical methods, not available in current statistical literature, for
dealing with these problems; and (3) to present those mathematical con-
cepts and methods that must be understood by those responsible for the
successful management and implementation of reliability programs. '

The need for this section arises from the fact that "statistical
decision theory™ is a comparatively new and rapidly changing field. Thus,
there is no single document that one can select to extract the same infor-
mation given here. Rather, a laborious and time consuming .study of many
forbidding treatises is required and, even then, one is likely to encounter
difficulty in piecing together isolated results which might apply to a
given situation.

Furthermore, several reliability demonstration specifications are in
the the process of being revoked and replaced by a single military standard
(which, at this writing, has not as yet received a numerical designation).
The new Standard is based upon ideas explained in this section and con-
tains numerous test plans (decision rules) for demonstrating equipment
reliability. In order to use the Standard, one must consider several
things, such as: Mean-Time-Between-Failure (MTBF) requirements and asso-
ciated failure definitions; the intended operational environment and
associated stress testing that is warranted; the amount of test time that
may ‘be Wlotted and associated risks that may be tolerated in making accept/
reject decisions.

Since our subject is technical, one must become familiar with certain
concepts upon which the entire subject is based. If the reader has diffi-
culty absorbing these concepts, he should keep in mind that most often the
trouble is caused by the language that is used. Habitually, ordinary words
are used in special senses; a practice that is convenient if one has mas-
tered their use, but disconcerting if one has not. In any case, the language
must be endured, since once it has developed only minor changes are feasible.

This section is wrltten with these thoughts in mind. With the exception
of Chapter 3, "Technical Considerations™, $keat pains are taken to present
concepts and methods with a minimum of tecnnical jargon and notation. In
Chapter 2, particularly, the style is deliberately wordy; and although
a certain amount of special vocabulary and symbolism ls required for ef-
ficiency of thought, only those which are considered essential to explain
key results are used, however convenlent it might be to do otherwise.
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Similarly, certain significant topics are dﬁliberately excluded (such
as "methods for confidence interval estimation ) because 9f the many
technical details required to give them adequate explanation, and because
knowledge of these topics is not considered essential for the results
obtained herein. While the discussion of related topif:s may have broadened
the scope of this section the risk of creating confusion on the part of
the uniniated reader demanded that such topics be omitted.

Chapter 2
MANAGEMENT CONSIDERATIONS

1. Background - Measuring Reli%gilitx. In etudying the behavior of a
prysical process, a conceptual (mathematical) model is sought which will
btring together certain observed variables in order to derive meaningful
and unambiguoue etatemente which gain universal acceptance. Hopefully,
the establiehment of an idealized mathematical structure permits a quan-
titetive characterization of the proceee that enablee us to predict its
future behavior se a reeult of analyzing data.

The diecipline of Reliability Engineering has established such a
structure, that is, a quantitative baeis for meaeurement, and is con-
"inuing to build upon it. Indeed, some define Reliability as the science
trat predicts mathematically the failure behavior of a particular device.
q:1té commonly, one finde Relliability Eagineers involved in "distribu-
tion theory" or the application of probabilistic laws, in order that they
may deecribe the interactions of parts, equipmente, and systems.

It didn't start out thie way. In the beginning, Reliability was
rreated more qualitatively. As recently ae the early 1950's, there were
severe arguments over the definition of Reliability - some held that it
w25 a "feeling" that a collection of equipmente, people, etc., would
7ield deeired resulte. At thie time there was concentration on data
collection, classification, and engineering analysie of data to lessen
tre frequency of failures. One may tersely describe the underlying at-
titude that prevailed in thie period as a "build-fly-fix" philoeophy.

Feliability entered a "management era" in the mid-1950's, during
wnich time there was a struggle to develop etandard terminology, and
rechniques for organizing a reliability program. Major accomplishments
during this period were studies performed by Aeronsutical Radio, Incorp-
orated (ARINC), which eventually led to the development of the first
Reliability prediction technique for airborne bombing navigation equip-
rent, and Radio Corporation of America (RCA), which presented the inter-
action between operating strees levele and part fallure rates. These
efforts provided a basis for designing Reliability into electronic equip-
men%s and, when coupled with the fact that exotic demande on the per-
formance of electronic equipments were having such disaetrous effects on
their reliability, made it imperative that acquisition philosophy change
tot "build-it-right-the-first-time."

Moreover, complexity of electronic equipment was continually in-
creasing, making it mandatory that methods for quantitative analysis be
developed, Efforts toward this end culminated in the AGREE® Report,
1357, iseued by the Assietant Secretary of Defenee, a milestone in Re=-
liability documentation. Several military specificatione arose at this
time requiring that quantitative Reliability indices be establiehed and

¥ Bdvisory Group on Reliability of Electronic Equipmesnt



demonstiraled before commitiment to operational usage.

Thus, by 1960, Reliability emerged as a new discipline. Separate
military staffs and industrial departments appeared on the scene, as
well as text books and research reports all apparently aimed at refin-
ing the mathematical aspects of the theory of Reliability. Emphasis
was placed upon statistical methods for estimating the degree of reli-
ability that was being achieved.

Yet, as the use of mathematical concepts increased, the amount of
special terminology and notational devices needed to intelligently dis-
cuss the subject also increased, and those not fully engrossed in the
field became less familiar with its progress. It became apparent that
Reliability was being measured without regard to several important factors,
such as the intended use of the equipment, cost of testing, schedules,
and equipment characteristics. In many cases, the statistical refinements
were excessive causing unnecessary delays in decision-making or, what is
worse, waiving of all demonstration requirements. On the one hand, lengthy
tests had been specified, by other than program’managers, in order to
"prove” reliability, and on the other hand, management had created schedules
which were incompatible with such testing.

There is perhaps only one way to avoid this situation, that is, if
program managers ask themselves one important question: "Why are we meas-
uring Reliability?" Related questions are "Do we need close estimates of
actual numerical values, or is it sufficient to simply give reasonable
assurance that these values are above minimum levels? What are these
minimum levels and how much test time may reasonably be devoted to this
effort? How does adding or subtracting test time affect our assurance
that such requirements have been net?"

2. Measures of Reliability. Usually, the above questions are not dif-
ficult to answer if quantitative measures for the reliability of the
equipment or system under consideration have been established. Thus, be-
fore explaining methodology for making this analysis, it is necessary to
explain certain measures which have been found to apply to large classes
of electronic equipment.*

* Readers with previous experience in this subject may, of course, skip
paragraph 2.. Since this statement may arouse their curiosity, it may be
appropriate to set forth what we have tried (and not tried) to accomplish.
We have attempted to give those with po previous experience, an intuitive
grasp of one method for establishing quantitative reliability measures in
order to explain certain problems that arise in designing demonstration
tests. Hence, this is not a precise, systematic, or all-ioclusive devel-
opment - experts may detect areas of over-simplication, or even errors;
although, of the latter, none were intentionally included.
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In what follows, 1t is helpf

; pful to distinguish between two ¢
f;::tronic devices, One would e & device that i designed f'oryg::.t.zi-
da 5 C)aperltion and comprised of two or more replaceable sub-units (or
parts). It is also designed so that a failure of any of these sub-units

(parts) causes the device to be inoperable, and restoration is made

itmﬁy b,: replacing the malfunctioning sub-unit, For this type of device
B l:o surprising that most people are concerned about the question -
e ng,ion the average, does it operate between consecutive failures?"
f!:ﬂ'BFS‘)le“Oon is usually answered by giving its "mean-time-between-failure
‘\)e . r.h n the other hand, some people, not quite so far-sighted, may
"hwpg ehensive sbout the very next failure and may phrase their question
Kl ong, on the average, before the first fallure?” This 1s really

by ame question as before (but with a different orientation) and re-
;‘Zi\{es tk(xe sam: answer except that it is verbalized as "mean-time-to-

. u;‘e MITF)", This response is a commonplace when dealing with a

xecon type‘of device, namely, one with no replaceable sub-units besides
:tseLf. This, failure of ths device means its "death", and it is for

*nis reason that MTTF is sometimes referred to as "Hea;: Life".

) It 1is only natural to speak in terms of device

since they occur most frequently in ESD procuz-em;:nlt,,e?r ';5: ﬁ;:;t:xiatd
adva;n.ages accrue from this choice. One 1s that the single word "equip-
ment” may be employed throughout, when referring to these devices thg
otner, perhaps more important, 1s that the reader is never thinki;lg of

the wrong example, Thus, the expre
i e, ¢ i pressions MTTF and Mean Life will not

That MIBF is measurable is the theme of ensui
ng paragraphs. It

development, however, depends on a number of aseumptiona? ghe firsz and
mf)st. far-reaching assumption that shall be made 1s that MIBF is a fixed
gu‘antity, say 5, 200, or 10,000 hours, depending on the design of the
;g;:pnée;;.‘aé‘agd,bgouii‘?xly, its environment). Naturally, ons could not
expec <] a ed quantity f
bl . q y for the entire life of the equipment.

1
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koown as the bathetub curve, illustrates thst

equipments
best "fallure behavior” after certain lumxflt:t,ux'j.n‘;me and d:ﬂ::i:r:::rare
removed (during what is commonly called the "burn-in stage”) and before
rather extensive replacements become required as s result of age (or wear
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out), The period between the burn-in etage and the wear-out stage is
called the "useful iife", and it ie here that MTBF, as u fixed vaiue,
takes on its true meaning. The expreesion "failure rate" is defined as
the reciprocai of MTBF (i.e., if the MIBF is 200 hours, we expect fail-
ures to occur, on the average, once each 200 houre eo that 1/200 is termed
the faiiure rate).

Another important aseumption is that faiiures occur at random. For
those not familiar with probability theory, thie may eeem to contradict
the assumption that MTBF is a fixed value (during the useful life of the
equipment) but there is no contradiction. Consider, for example, the
sccurrence of a "eeven" upon the toseing of dice. Although thie occurrence
is quite unpredictable on a singie toee (therefore random), most would
agree that for the cese of unioaded dice betting against such an occurrence
on repeated tosses would cauee ue to win, on the average, 5 out of 6
timee. Thus the "mean-toeees-between-sevens" may be coneidered a constant,
in spite of the fact that, occasionaily we experience 3 or 4 "sevens"
consecutively and the abeence of a®"seven®on 10 or 1l repeated toeses is
not uncommon.

Hunce, iong runs of failure-free operation average with short runs of
repeated faliures to give an overaii value that is considered the equip-
ment faiiure rate. One may be tempted to take the number of faliures
that occur and divide it by the total operating time to obtain an estimate
of the failure rate just ae one usuaily divides the number of toesee which
yield a "seven" by the total number of tosses to help decide whether dice
are biased with respect to the attribute "eeven". But one does not have
to be an expert in statietice to realize that thie procedure gives
erroneous results quite often due to "chance fiuctuations", particuiarly
if small amounts of data are coliected. In fact, one can say that the
main role of statistics is to develop procedures for coping with thie
probiem. Most iikely, it has aiready occurred to the reader that the
procedure just expiained works quite weii if "enough" data is coilected,
that is, the weii known "iaw of averages" begins to operate after a while
leaving little doubt in the minds of reasonable people. Thus, if 5,000
"sevens" occur in 10,000 tosses, one does not need advice from experts
to decide that the dice are biased.

So far, the impiication has been made that MTBF is a measure of
reliability, but the relation between the two or, more precisely, the
effect that MIBF has on reiiability has not been etated. To do this
requiree & definition of the word, & matter that has been neglected until
now. Therefore, without further ado, reliabiiity is defined as "the
probability of faliure-free operation for e given amount of operating
time". This ie a good working definition which gets the point across
that reliabiiity ie a probabiiistic notion as weii as a function of time,
and it ehouid not shock anyone that the resuiting probability is quite
dependent upon the MTBF of the equipment under coneideration.

This is ell that shall be sald about "measures of reifability" since
Seotion VI, "Verification of Quantitative Reliability Requiremente",
give u uore detailed discussion of thie matter. In that document, the
problem of measuring reliabiiity ueing epecific methods is discussed; here,
the problem 1s to develop methodoiogy for choosing between various methods.

3. Th £ . The preceding discuesion elready gave
nints as to the difficulties aeeociated with drawing inferences about
reliability ae 8 result of a demonetration, namely, that almost any
feilure behavior could be consletent with any value of MIBF., Thie probiem
becomes acute when short periode of teeting are invoived, but is chron-
ically present even when long periods of testing are permitted,

"Long" and "short" are, of couree, relative terms, which mostiy
depend upon MIBF requirements for their meaning, For exampie, 500 houre
is considered & lengthy test for a 10 hour system, and quite brief for
testing equipments with MIBF's of 1,000 hours or more, For production
procurements 5,000 hours may not be considered a long demonstration if
enough models can be tested simuitaneously and thelr operating timee and
quantities of failures are combined, (This 1s permitted, statieticaiiy
speaking, 88 long as enough time le accumulated on each equipment to in-
sure that they have progressed beyond the burnein etage.)

Unfortunstely, ESD is mostly confronted with noneproduction procure-
ments end higheorder MTBF requirements (say 500 houre or more). In fact,
one must usually keep in mind that only about 720 calendar hours are
evailable each month. It becomes extremely difficuit to design a test
that is long enough so that eome faiiures can be expected to occur.
Clearly, little 1s gained by observing failure-free operetion in a given
operating time if one would not even expect unsatiefactory equipment to
nheve any faliures in that time..

Still it appeare that one is forced to make decisions about MIBF based
upon the number of failures that occur (if any) in a given amount of oper-
ating time. It is easy to eee that the Air Force cannot establish a decision
criterie that rejects equipment with MTBF's that are inconsistent
w“ith specified requirements, since euch a criteris would aleo reject
satisfactory equipments too often. More specificaliy, there are two types
of risks present. They warrant epecial names because they must be care-
fuliy scrutinized in any statisticai decision rule of this kind. These
are:

Air Force Risk: The probabllity that unsatisfactory
. equipment will be eccepted,

Producer Risk: The probabiilty that satisfactory
equipment will be rejected,
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Chaptsr 3 of this pamphlet gives detailed methods for quax_xt.ifying
theee riske and keeping them below prescribed levels when‘makmg eccept/
reject decisions, and Chapter 4 gives an analytic discussion of how low
rigks affict the required test time. It becomes apparent there that.‘
riske cannot be esteblished without:considering the amount of test time
that is availeble. Hence there cannot be a single decision rule that
appliee to all procurements.

Anothsr closely related problem, but one which has little to do with
probabilistic concepts, concerns. the MTBF requirement. It has become
customary to cite e single figure, say 500 hours, as the minimum acce;;table
value, and then require that this value be demonstrated. Such a require-
ment may be unreasonable from two distinct viewpoints. From a practical
view, it does not seem plausible that 500 hours is acceptable but 499 is
not. Moreover, those who are statistically oriented shudder at the
thought of eatisfactory and unsatisfactory values being separageq by“a
hair-line, & situation that is certain t> play havoc with the "risks".

It turne out (ae pointed out in Chapter 3) that under these conditions,

if the Air Force maintains its risk at 104, the producer's risk must be
90%, t:at ie,both risks must add to 100%. There is perhaps only one way
to avo.l thess high risks, If operational requirements ~all for a 590
hour MIBF, then this must be the value that is labeled “sa?isfactory , and
should be used for determining the producer's risk (how this de?ermlnation
is mede shall be covered in Chapter 3.) However, those values just below
500 hours cannot be termed unsetisfactory, since it appears more reason-
able t> specify an "MIBF lower bound", say 450 hours, such that it b?comes
a matter of concern if the MTBF should be this low (due to the deteri-
orating effect on operational effectiveness). Thus, MIBF's less than or
equal to 450 hours are termed "unsetisfactory” and the Air Force risk may
be computed based on this number rather than 500. This number (500)_couid
be called the "MTBF upper bound”" or "MTBF objective". Here too, it is
iudicrous to eay that 451 hours is satisfactory, that is, all that can be
said ebout values greater than 450 but less than 500 is that they are
neither satisfactory nor unsatisfactory. Under a stipulation of this kind
it is possible to hold both risks at relatively low levels. The details
of doing so shall be explained in Chapter 3. -

One last problem worth mentioning because it is !‘req".‘lently‘not ad-
equately considered, involves the definition of "failure". This px:oblex?
is not eolved by reliability specialists alone--there are both engineering
and operational requirements to be considered. Similarly, how the equip-
ment is to be exercised during the demonstration is a factor that requires
some thought if the demonetretion is to heve any relation to the i‘r:t,ended
uee of the equipment. At this point, it should be noted thet the "intended
environment” was 1sft out of our definition of Reliability, in order not to
clutter up our math model. This, of course, must be compensated for by
thoee designing or specifying the conditions of test.

L. Gh ce

Curyes. Onos meaningful requirements have been etipulated, it re-
maine to establish en uce.pt/njoct. criterion for the demonstration.
There oxiet military stendsrds and epecificatione which give specific
accept/reject criteris to be used for demonstrating rellability of elec-
tronio equipment. These may be hslpful in some caeee, but cannot be
ueed indiscriminately. They are baeed upon proceduree which attempt to
hold bath Air Force and producer rieke below certein levele, but all
involve a certain amount of operating time before decieions may be made.
Neturally, one should choose the one that givee the leaet risk consistent
with the amount of time that may be expended for demonstration purpoees.

Another method exists for chooeing between available ackept/reject
criteria, In Chapter 4 the construction and application of "probebility
>f acceptance curves" (PA curves) is deecribed. For any particular cri-
teris that we select, these curvee will give, at a glance, the probebility
that squipment with various levele of trus MIBF will be accepted--that is,
paee the test. Hence, ths producer can derive design goale which give
near-certainty of being acoepted or, st least, very low rieks. On the
other hand, the probability of socepting low quality equipment is elso

made apparent, thereby causing responeible Air Force officisle to take an
active interest also.

For exmmple, suppoee that ths MIBF lower bound is 400 houre and the
MTBF upper bound is 500 houre. Then, as previouely noted, values of true
MTBF leee than or equal to 400 houre are considered unsatisfactory and
values of true MIBF greater than or equel to 500 hours are considered
satisfactory. Now, lst ue suppose that two modele may be placed eimul-

" taneouely on test,{with the agreement that their operating timee and

numbers of failuree shall be combined) but, either the cost of testing or
"tight" echedulss prohibits more than 500 hours of reliability testing.
Hence, the number of feilures permitted for scceptance purposes must be
decided upon. For simplicity, let ue try to decide between 0, 1, or 2,
by using PA curves.

Figure 1 (see next page) shows the PA curvee for 0, 1, 2 feilures

" allowed, respectively, in 500 houre of test. Looking at Curve A we see

that even if the producer has designed equipment-with true MIBF equel to
1,000 houre (400 hours above the requirement), the probsbility of accept-
ance ie only about 60%; hencs, thie test (O failures allowed) may be
considered too eevere. On the other hand, Curve B showe that equipments
with true MIBF equal to 250 (250 hours lese than required) beve e

40% chance of being aocepted; hence, thie test (1 fallure allowed) may
be considered too lenient, Clearly, the producer would be eatiefied with
2 failures allowed (Curve C) since this rule would give better than 90%
probsbility of soceptance for any valus equal to or better than the 500
hour requirement. But such a ruls sllowe 400 hour equipments (which ere
considered unsatisfactory) better than 80% chance of being socspted.




Obviously, none of thess decision rulss will satisfy both psrties.
Either, more test tims must be obtained, or upper and lowsr bound values
must be re-examined. For example, the decision ruis depicted in Curve B
might be rsasonsble if ths lower bound value were 200 reather than 400
hours. In other words, if the procuring agency dstermined that values
of MIBF between 200 and 500 hours would not drastically affect opera-
tionai effectivsness, the allowance of i failure in 500 houre of teet
gives reasonable aesurance to both parties.

However, suppose test tims could be increased to 1,000 hours (pos-
sibly by doubling the numbsr of models simultaneously tested, or as a
result of rescheduling). Let'e now look at PA curves for 0, 1, 2, and
3 faiiures allowed {see Figure 2, next page) in 1,000 houre of test.

Using ths same reasdning ae before, it appears that Curve F (2 faii-
ures in 1,000 hours) comes closest to satisfying both parties, although
both would have soms reservatione about such a decision rule.

Ail examplss used thue far have assumed that a fixed emount of test-
ing would be conducted and a certain esmount of failures allowed for
acceptance, say x, with the implication being that if x + 1 or more faii-
ures occur in that time then a reject decision wouid be made. It was
also assumed that test time was extremely limited, relative to the MTBF
requirement; that is, in the first case (500 hours) we could only test
one multipie of the MTBF requirement (aiso cailed "MTBF upper bound" or
, MTBF objective,") and in the second case (1,000 hours) oniy 2 multipies
of MTBF testing was permitted.

When 3 or more multiplee of MIBF testing are permitted, risks may be
held much lower and, in fact, earlier decision points may be stipulated.
To see this mors clsarly, obeerve that Curve A of Figure 1 shows that
after 500 houre of testing, if no faiiures occurred, the probability of
acceptance for equipments with MTBF less than or equal to 400 hours is
at most 28%. This "worst case" probability may be called the Air Force
risk, representing the "probability that unsatisfactory equipment wiil
be accepted." What we are saying, then, is that if the Air Force accepts

- . ; . on the basis of O failures in 500 hours, there is a 28% risk.
100 200 300 k00 500 600 700 800 900 1000 True MI Now, if risks below {say) 30% can be tolerated, the Air Force couid
accept at this point. But what about rejection? Another glance at
Figure -1 (Curve B, thie time) shows that equipments with MTBF'e of 500
hours or more have at leaet 72% chance of passing, if 1 failure were

ailowed. This may be reinterpreted as follows: Such equipments have oniy
Owve A: 500 test hours, O failures allowe 100% - 72% = 28% chance of having 2 or more failures in 500 hours. This

= again is a "worst caes" probabiiity, and may be cailed the producer's
Curve B: " " " , 1 fallurs risk.

" L .
Curve C: " " » 2 fulm'. Hence, after 500 hours of test, the Air Force could if o

failures occurred and rgject if 2 failures occurred, with (at most) 28%
risk to both partiss. Of course, if sxactly 1 failurs occurred in that
FIGURE 1: PA CURVES FOR SO0 HOURS
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time, no decision could be made, but the test could be contimied and at

various points during the test (say, at each multiple of MTBF) the same

i i kind of determination made. Eveatually, a point would be reached where
the number of failurss specified for acceptance is one less than the

number of failures specifisd for rejection, with both risks bsing the

same.
1.01 4 The ideas explained in the preceding paragraphs come under the name
| "sequential testing", and specific procedures for devising such tests
j are detailed in ESDP 80~5. We may conclude our comments here by saying
9¢ that sequential tests should be used whenever the amount of test hours
! permitted is sufficient since prescribed levels of risk ars never vio-
Probability i lated and yet, more often than not, early decisions are reached. Psrhaps
84 this is caussd by a tendency for equipments to be "extremely good" when
of i they meet requirements and "extremely bad" when they don't. Of course,
Acceptance t - if sufficient test time is pnot available, one must resort to the fixed-
74 time approach.
- The chapters that follow shall first cover the basis for various
6t decision rules, some of which have been briefly explained in this chapter,
- " and then give a comparative analysis of these rules, citing advantages
and disadvantages of each for different applications.
59
AT % .
.31 4 2
27
O 5 -
. + " + 4 + 4 >
0 ¢ - T ' 700 800 900 1000
100 200 300 400 500 600 True MIBF
Curve D: 1000 test hours, O failures all:‘wed.
Curve E: " i " , 1 failure .
o Fi w n n 2 failures ': .
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Figure 2. PA Curves for 1,000 Hours.
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Chapter 3
TECHNICAL CONSIDERATIONS

1. Denigning Teet Criteria:

a. Introductiop. In any scientific endeavor gathering of data is
usually a meaningless exerciee unlese one first establishes pertinent
hypotheses and then focuses on the question "how well do these facts
fit the given hypotheses?' In other words "the facts usually dop't
speak for themeelvee.” If, in turn, the data is quantifiable and the
hypotheses take mathematical form, it is usually a simpls matter to
state an unambiguous criterion for accepting or rejecting the given
hypotheses. However, there are two major problems associated with the
establishment of an accept/reject criterion. One is that, having quanti-
fied the data, such quantities as are derived from tests or experiments
appear random in nature (sometimes called “chance fluctuations"), that ie,
having knowledge of previous results does not enable one to make precise
and meaningful predictions about the very next result., The other is that
additional methods are required to determine how good or how bad the
nccept/reject criterion is. Does it, for example, consistently make
correct decisions? How do we define "correct”, and how do we compare
differing criteria that may be contemplated? It would be nice if we could
order them in euch a way that the one at the top of the list would be best
to use, but unfortunately this is not always possible., Still, it ie
possible to cite advantages and disadvantages of each for a particular
application, and then give the rationale for the choice one makes. Here,
several choices shall be presented and compared in this manner. Before
doing so, it is necessary to give a general discussion of the process
which quantifies data and makes decisions on the basis of the collected
data. In what follows this process is called a "decieion-rule". No .
attempt shall be made to give a systematic theory of decision rulee,
since this requiree more tims and epace than is at our dispoeal. Rather,
it is intended to reflect the "modus operandi" of decision making.

b. Elements of Decision Rules. Most decision rules begin by making
certain assertions (not to be confused with hypotheees) concerning the
nature of the situation that is involvsd. Theee aseertions (called axioms)
are the result of observation (experience) and usually are so basic that
attempts to justify them meet with frustration and ultimately with despair.
(For exampie, the basic laws contained in Attachment 1.) Happily, few ask
to have them justified, that is, they are accepted by most people as being
self-evident. These axioms always contain undefined concspts which take
on meaning when a particular application is called for, Ths next step is
to derive csrtain theorems from theee axioms by means of logical argumsnt.
Finally, these theorems are compared with obeervsd data and reintsrpreted
in order to establish a rule of procedure which tells us whether to
accept or reject certain hypothesee or to continue the experiment until

sufficlent data is collected.
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a dscislon ruls contains two major ingredisats:
(1) Mzr:a:g:ig::al model of the observed phenomenon; and (2) an uccezt. -
reject criterion which takss collected data and relnt.erpr.et.s st.ateq;en 8
concerning the model into statements about the observed phenomenon . These
ideas may be summarized pictorially as follows:

DECISION RULE MACHINE

PHASE II: ACCEPT/REJECT CRITERION

-

Theorems)!
(Thaoreed
iy X Hypotheses

Math Model
Interpreter

Procedure for Deriving
Statements About Observed
Phsnomenon {Accept or
Reject Hypotheses or
Gather More Data)

ollowing remark is for the benefit of those who may recognize a
:imi{:;iiylbetuzgn the following discussion and "Tests of Hypotheses", as
covered in statistical texts. There, (2) is thought of as the decision
rule itself, and (1) rsmains hidden. One reason for this is that a certain
type of mathematical modsl existe (called a probabilistic model) which is
", model of a mathsmatlcal model.” This permits the devslopment of a
specific mathematical modsl simply by making inputs to the more genara; "
model. These inputs may be stated generally (e.g., a density function] an
the ruls of procedurs can simply call these out so that the maghematical
model is created as ths rule of procedure is applisd. Whsther or not it is
reasonable to uss ths same ruls of procedurs for differing mathematical models
1s a problem which has not aroused much interest in those who may be qusllfied
to solve it. Most liksly, ths success of the probabilistic model for dealing
with the problem of randomness has left littls cholce in the matter.
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c. The Probabilistic Model. The decision rules that will be pre-
sented here employ a "probabilistic model®. Such a model contaims basic
axloms which are given in Attachment 1 of this document. It should be
noted that the main fsature of this geperal modsl is the asssrtioan that
& function P sxists which gives the probability of an sveat E occurring
for any event E that may occur. But what properties must the observed
physical situation satlsfy in order to justify this assertion? Most
would agres that the following property is essential?

(1) That ths data is (or may conceivably be) collected under a
repetitive process, and is collscted without blas. Thus,
sven if impractlcal to do so, one could contipue ths exper-
iment indefinitely, and the sslsction of data does not
dspend on what occurs (that is, one cannot discard data
“aftsr ths fact" as long as such data falls withla our
“space of svents.")

Some would also insist that ths following property must holds

(11) That ths data must possess a so-callsd "statistlcal reg-
ularity" or "long-run stability®, This property permits
one to conceive of probability as a relatlvs frequency,
i.s., the (approximate) proportion of times that svents
will occur if ths experlment is continued long eacugh.

Many believe that justification of property (ii) is not required in
order to use the probabilistic model. They argue that experience shows
that satisfying property (1) lsads to a satisfaction of (ii). However,
it would not be consistsat with the purposes of this document to enter
1nto this argument here.

d. Chooplng the Probabllity Punction P. Thsre is usually insuf-
ficlent time availabls to use decision-making techniques to determine
the probability function {of a particular random variable) for each

class of electronic equipment under considsration. Portunately, there
is a general agreement that the exponential density function describes
the behavior of most electronic squlpment reasonably wsll. This func-
tion ‘takss ths form 1 g'(.‘-/ﬁ)' wirere the random varlable t denotes

"operating-times-betwsen-failures"” and @ is the mean-time-between-

fallures (MTBF). By integrating this function from t to infinity we’
derive the familiar reliability function

R(t) = e-(t'/».)

which gives the probability of fallure-fres operation for tise t. It is
also widely known that in the sxponential case, the random variabls
"quantitiss of failures for given test times" obsys a Poisson distri-
butlon with parameter 01 :

P(x;0;t) = fﬁ/.._)ﬂx

x!
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yislds the probability of sxactly x failurss occurring in test time t if;
ths trus MTBF, O, is known.

Such wealth of information concerning the math model gives riss to
certain advactages, not the least of which s simplicity. (Probably,
the most important feature of a decision rule is that it be undsrstond
by ths parties involved.) Other advantages, not usually encountered in
statistical literature (since mnst authors seek more general results)
are:

(1) Mnore meaningful hypotheses are established.

(2) Producer and consumer risks may be explicitly quantified
and evaluated.

(3) Procsdures may be developed for comparing varinus accept/
reject criteria, under a given set of conditions, through ths uss of
probability of acceptance curves.

Befnre detalling specific decision rules, it is advisable to dlscuss
some problems associated with establishing hypotheses as well as some
considerations which dictats how the data is to be interpreted.

e. Establishing Hypotheses - The Interpretive Process. It was stated
earlier that a scientific evaluation nf data is dependent upon the choice
of pertiment hypotheses to compare the data against. (In fact, the
hypotheses will usually dictate the type of data to collect.) In reli-
ability decision-making, additinnal assumptinns are required which reflect
the nature of the equipment and/or the requiremsnts of the producer and
consumer, so that rejsction (acceptance) nf the hypntheses msans rejec-
tion (acceptance) of the equipment. These assumptions are not a part of
the mathematical model, although they are made in consideration of it.

Of course, they must bs carefully scrutinized prior tn the use of any
decisinn rule, sincs the final decisinn rests heavily upon these assump-
tions. Hence, ths main task of reliability decision-making is to make
reasnnable assumptions so that hypntheses may be establishsd which will
lsad to aceept./rsject. decisions which satisfy each of the parties involved.
It shall be sssn that both parties are largely concerned wlth the poss-
ibility that incorrect decisions will be made, i.e., ths producer fsars
‘that satisfactory equipmsnt may fail the test while the consumer fears
that unsatisfactory equipmsnt may pass the test. Therefore, an equitable -
solution would be the following interpretive process: (1) properly
define "satisfactory" and "unsatisfactory'; (2) develop quantltative
expressions (callsd risk functions) for the possibilitiss of making in-
correct decisions; and, finally, (3) hold these expressinns to a minimum
when making accept/regect. decisions (consistent of course with other
practical cnnstraints). This intsrprstivs tschniqus is ussd in each
decision ruls presentsd in ths hope nf satisfying both partiss.

<. Spacific Decision Rules. Generally speaking there are two r
that shall bs presentsd callsd "Fixsd %imspe’feszﬁ" and "Sequenu:,ip’f(e):::s?
Taeir similerlties and dlfferences capnot bs fully understood until ths
p;ocsdure of sach ruls ls known. Hence, these procedures are presentsd
first, and ths next chaptsr shall be devotsd to a comparative discussion.

Tabls I (nsxt pags) contalns what may be called ths “test lngic" and
provides justlficatlon for the rules of procedure that follow (except for
certain proofs which are placed in the attachments to this pamphlst). The
table should not be read superficially; rather, it should be studisd cars-
fully, ope column st 8 tige. The primary reason for placing this infor-
mgtion in a table 1s to make ths reader cognizant of similarities and
differences of the various tests, as each nne is studisd. This results in
a saving of tims and effort; that is, having studisd and understood an
aspect of one test, the readsr will nnt, unwittingly, dwell on this aspect
agaln for a subssqusnt test. However, ths readsr whn is studying this
test logic for ths first time, must be on guard to resist ths temptation
of studying two tssts simultansously. Ths msre adjacency of the stats-
msnts makes this tsmptation ever-present; and, if not resisted, could
result in somsthing 1sss than full understanding of any nne test.

There are many nther rulss that may bs devissd; here, we have taken a
few of the most popular onss and placed then all within the same frame-
work. It is expected that most, if not all, decision rules may be fitted
into this framework. An obvious advantage results from such an effort,
ramely, sass of communicatlon betwesn producer and consumer particularly
when a new approach to dscislon-making is recommended. A pnssible dis-
advantags, of cnurse, is that reasonable approachss may be disapproved

. because they do not admit to thls framework; however, it is hoped that

tnis disadvantage is superseded by the advantage of dstecting unreasonable

approaches (A'f.t.e‘r they have been fitted to this framewnrk).

Certain details of each nf ‘these techniques - lg particular, pvro.ofs -
nave besn placsd in Attachments 2,3, and 4. Definitinns of terms. and
symbols are given- in Attachments 5 and 6. - S

o
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Golummn I Columm IT
PYIT (FOISSON FIXED TDE TROT) M

All Colwmmms wse probedilistic mol:l snd Poiqeon functiom: i

rn'ﬂxﬁn)s!ﬂaﬁ pfose dr & k..l-:mm }
L fever failures occur-

“U"hu
ALl Chlums dartve G C(x305¢) = $ ﬂ:’__}!:?m'h-u t/0 1s kmown

- Cypy ifz21 or more fuilures oocurring
uu‘-n(xmt)-elc“‘:u:.o>=’:.,:n t/0 is kmown . -
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by &irect applicatios of dasic laws dpohbmtjrw (Attachmant J:).

Colmmms I end II o@imwmmamuutmt
l‘,m—bcéﬁumummmcmc,mum.

See Colmmms IIT and IV

I

See Columns IIT end IV

Mﬂammmumwmmmcra'conm:,

-] Otcﬂ, and for Columms I end IT, m,um, ~ 1.

1. Define " risk", o, as follova: o = P{satisfactory equipment vill !
be rejected }z P{rejecting "0 2 9, s true" vhen It is true )z p{.kz.,\ozo. 2
mo.u.ﬂm,mm,ou.ﬁm,mmm, m, is
the mmber of fallures specified for rejection. (For Column I only, chenge
"020, " to"0 2 O7) ‘

2. Defise "consumer risk",f, ss follows: A = P{unsapisfactory up.‘:e vl)."
be scospted)a Pfrejecting "0$0; 1s true” vhen it.is truex P ks.:& £ 0,
vhere is a , known value, @ is a fized, unknown value, ny s
the of fallures specified for ac . (Yor Columm I omly, change

"9 " to "0 < 0" and change to m,=}

3. e&oum,mmu tion of « and £ 1s difficult, Hov-
ever, 1t csn by shown (Attachment 2) that K and 4 are bounded sbove by )
D{my 50 5t) and C(my ;0 ;t); that s, & < D(mg;0,5t), 8 £ C(my 50, 5t). Pur-
ther, no smaller -qbofwnd.ru'thoumhu‘.:ooomu-c“..

. Tms, sssuming equality instesd of inequality gives us a "wvorst
mﬁpménmh- (mmt,me.mo‘ugc.mmnzw-,-a). )

TANLE I:

Column IV

57 (FROBABILITY RATIO SSQUENTIAl TEO?)

See Columms I and IX

In addition to Columms I and IT, 1f X 4+ X, b... 4 X, =
. and if we 1ot rt’ = t, then the ratio
r X E sislep X, ) il P(n;0,;t)
ax,.g,---,xhto.:t') Pln;045t)
oy Outminh ¥ oty Ware Lz ,x,,...,x,;05t") denctes the probebility
© of hawing emactly x; (1 31,2,...,7)

fallures in easch of the r successive time intervals
of leugth t'. (See Attachment 3 for proof).

0
.
!

For Columms III and IV equipments are tested snd as emch
fullure cocurs, the times at vhich they occur are recorded.

Por Colimms II, III, and IV, at esch cocurrence of a failure decide vhetber
ozo,«oso,mo,uo;mmmumuo.)ox. If a decisiom
is not possidle, oomtinue testing to the next failure.

Yor Columme II, III, end IV, the above hypothesis requires that the following sssartions

That consumer desires equipment vith true MTEF greater than or equal to Q,, and this
valne may be specified deforshand.
mc.mq(mm%uwuwmem«wmw-
than unsatistastory.
mcnhuuo-uwa«o(o..:-mzm“cmumuum.
In fact, u-ath%m;mtnnhvum.mwtwubhwm

[} of 0 Q.
That the true valus of MIEF is fized by the design snd a value 9, 1s attainsble.
There are ocnly twvo ways of mking an incorrect decision, whatever criteris is

is

adopted
s J true” vhen 1t is actually true, or (2) Rejecting
"osoxuw'muumum.

B In sddition to steps in Coluam I end II, we com- .
: sider that 1f R>1, then the probability of cbtain-

ing exactly n fallures in time ¢t is greater under -
ths assumption that Q4 is true than it is under
the assumption that 04 is true; hence, wve tend to
believe that 0= Q,. Similarly, 1f R<1 ve tend
to believe that @0y, In fact, it can be shown that
the true risks « and §, as dafined adove, will not
be viclated 1f ve "reject 020, is true" vben

lg;;.ﬁ and reject "0 £ 0, 1s true” vhen

lsT&.

See Columns I and II
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a. Fixed Time Teets. Actuaily, all rules to be considered here re-
quire a fixed amount of testing, so that one mgy be puzzled by the name
"Pixsd Time Test". The reason for tris name is that the rule specifies
the egzact duration of tssting with no intermedlate decision points. When
this amount of (operating) time has elapsed, a decision either to accept
or reject will be made based upon the number of fallures thst have occurred.
It follows, then, that the number of fallures which cause an accept de-
cision must be one less than the number of failures which require a reject
decision, (It will be seen later that Sequential Tests operate much dif-
ferently). Definitions and explanations of symbols used to explain the
various tests can be obtained by consulting Attachments 5 and 6.

(1) POISSON FIXED TIME TEST (PFTT)
The rule of procedure (decision criteria) is as f.ollous:
Step I+ Choose
«(a) MTBF requirement, say ©*.
(b) Test time, t.
(c) Consumer's risk, B.

Step II: Using tables of the Polsson Distribution (see ESDP 80-5)
find acceptance number x which satisfies:

C(x;o%;t) =8

NOTE: In this rule, the rejection number is x + 1 and the pro-
ducer's risk,a,is at most 1 - B since D(x + 1;0%;t) = 1-p

EXAMPLE: Let ©* = 100, t = 170, and, § = 50%, then if
x=1 '
Clx;0*;t) = C(1;100;170)°

= 497

B (approximately)

Hence, we may accept if Nt. = N170 < 1, without violating the consumer's
risk, p. Of course, in this case, the producer's risk, a, may be as high
as

D(x + 1;0%;t) = D(2;100;170)

= .503

or 50% (approximately)

22 ; . .
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NOTE: This exampls assumed that only 170 hours were avail-
able for test; but if 100n + 70 were available
(forn=0, 1, 2, ...) ons can choose x = n and still
maintain risks of 50% for both parties.

(2) PFIT (Alterpate Values of MTBF)

The high risk levels required by the FFTT where both risks are eval-
uated using one value of O, can be allsviated by basing such risks on
alternate values of 0, say @ and 01. The philosophy behind this
maneuver is simply that it does not sssm reasonable that the consumer
requires MIBF = O* = 0 and values slightly below © are deemed un-
satisfactory. It 1s more liksly that a value of H'I'BF exists which is
less thag °o say 01, such that 1f Q@ 01, operational effectiveness
would seriously deteriorate. Therefore, this lower value O, 1s de-
termined in advance and ths consumer's risk, g, is evaluat.e& using 01
while the producer's risk, a, is computed using the value Oo. This
has the effect of sstablishing a "zone of indifference", namely, those
values of O between 01 and °o' Although valuss of MTBF falling within
this zone are not deemed "satisfaotory" neithsr are they deemed"unsat-
isfactory”, and the probability of agcepting such equipments 1s per-
mitted to rise higher than the predstermined risk level, B. Also, the
probability of rejecting such equipments is permitted to rise higher
than the predetermined risk level, a. A speclal feature of this tech-
nique is that for given values of a and §, as the size of the zone of
indifference increases, the required test time t decreases. Much of

. what follows is a repetition of the PFTT procsdure with certaim modi-

fications. :

Step Is Choose
(a) MTBF upper and lower bound values, 0, and ©,.
(b) Test time, t.
(c) Consumer's risk, f.
Step II: Using tables of the Polsson Distribuiion'(see ESDP
80-5) find acceptence number x which satiefies
C(:r.;()1 it) =B _
NOTE: 1In thie rule, the rejection number 1s x + 1, but the
producer’'s risk, a 18 not as high as 1 - B since
D(x + 1;Oo;t); that is, § is computed using 01 and
the "worst case" figure for a 1s computed using Oo.
EXAMPIE: Let O = 200, O, = 100, t = 2,000, § = 108, then x = 1, yields:
C(x;01;t.) = €(14;100;2,000) = .105 = p. (approximately)
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Hence, we may qocespt if N = l2 = 1, without violating the con-
sumer's risk, . In t.hilt'oue,’m producer's ri-k,-;,ia at most

D(x + 1;0°;t.)
= D(15;200;2,000)
.= 083,

or 8% approximately.

b. Seguegtial Tepts. In fixed-time tests an accept decision is not
possible until the prescribed test time has been completed. In the last
example, for instance, the declsion was to accept if 14 or lees failures
occurred in 2,000 hours of testing. MNow, suppose that after 1,000 houre
of testing gero failures had occurred. One might suspect that the con-
sumer could accept at thls point with a low riek. The riek, in fact,
would be 6(0;100;1,000) = ,000045 (less than one ten-thousandths of one
percent!) Conslderations such as these lead to the concept of "sequen=-
tial testing.” This concept can be stated elmply as follows: Develop
procedures which would permit decisions at such (earlier) times without
violating the pre-selected risk levels.

Two types of sequential tests shall be presented. These are called

(1) Probability Ratlo Sequential Test (PRST)! and (2) Poisson Sequen-
tial Test (PST).

(1) PROBABILITY RATIO SEQUENTIAL TEST (PRST).
The rule of procedure (decision criteria) is as follows:
Step (1)s Choose
(a) MTBF upper and lower bound values, O and 0,.
(b) Consumer's risk, f.

(c) Producer's risk, a.

1 Por a more geperal discussion of the PRST see Wald's "Sequential
Analysis® published by John Wiley & Sons, Chapman and Hall Ltd.
London (1947). See also, Attachment 3.

b e

2 hed
2

k)

Step (2)s For successive nuambers of failures ! = 0,1,2,...
solve the following equations for ty and t.jz

By =(T;9d_) [m (11__‘)- 1(1n d)]

() gty

where the derived t.i's repreeent minimum test times for acceptance

if i or less failures havs occurred, and the derived t_'s Tepresent

maximun test times for rejection 1f j or more fallures have occurred.

(See Attachment 3 for dsrivation of formulas for t’i and t’j' above).
Step (3)+ Truncation. To prevent this test from contiming to

undesirable lengthe, the failowing truncation procedure may be used:

Scanning tables of the Poieson Distribution find a number x such that

C(x;°1;t) <B-

and D(x;Oo;t) = a.

This is always possible because of the fact that the formulas for t.i and

t., given in Step (2), yield accept/reject times which hold the true
risks somewhat below a and 5.1 ;

In Chapter Wa specific test ehall be derived using the PRST tech-
nique and an analysis of the actual risks shall be made. It will become
apparent that the PRST holds the risks lower than originally intended.

This is the result of using the approximations 1 -8 and _§ for

constante A and B, and the effect is that a longer“t.est. durlt.{o% is re-
quired. In fact, if MTBFs are high (say, in the order of 500 hours or
more) the cost of testing and the consequences of delayed decisions makee
the PRST techniquss prohibitive. This is especially eo if the true MIBF
of the equipment falls in the zone of indifference (between 01 and Do).

The following technique attempts to combine certain advantages of the
PFIT and the PRST while removing certain dieadvantages in order to cope
with the above stated situation. These advantages and dieadvantagee shail
be discussed in Chapter IV.

1 Justification for this method need. not be explained (again) because’

of its gimilarity with the PFTT (Alternate Values of MTBF).

it
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(2) PQISSON SEQUENTIAL TEST (PST).
The rule of procedure (decision criteria) is as foilows:
Step (1)3 Choose
(a) MTBF upper and iower bound values, Oo and 01.
(b) Consumer's risk, .
(¢) Producer's risk, a.
Step (2): Using tablss of ths Poisson Distribution starting with
smaii valuss of Ui= "1/0 » find the first point t, at which
1
c(1;01;c1) =p (for L = 0,1,2,...,etc)
That is, derivs U = to/o that corresponds with 6(0;01;90) =g, then
U =t that corresponds with C(1;0, ;t ) =, and so on. Then soive
17 /6, 11
each of the squations IJi = "1/01 for "1 to obtain t.o,t.1,...,etc.,

where each t, represents minimum allowsble test time for acceptance
if 1 or leuifaiiures have occurred in that time.

Step (3): Foliow exactly ths same procedure as Step (2) using
a, Oo, and D(x;Oo;t ) to derivs t,'s where each t  is maximum aiiowabie

test tims for rejection if j or more failures have occurred by that
time.

Step (4)t Truncation. This test will terminate itself automati-
cally, i.e., eventually a point will be reached where "1 = t, and

i = j =1 (the number of failures for an accept decision is one iess
than ths number of failures for a reject decision) However, the test
may be truncated much sarlisr as a result of considerations which
are given in Attachment 4 , to this peamphlet.

Chapter 4

COMPARATIVE ANALYSIS - CONSTRUCTION AND APPLICATION
OF PROBABILITY OF ACCEPTANCE CURVES

1. Tbe Basic Toolp:
Each of the preceding dscision ruies employed the probabiiistic

model using ths Poisson frequency function as the probability function
P, that is:

o = U _ )The probabiiity of sxactly x faiiures
P(x;05t) = ’ﬁﬁ ~ Yoccurring when U = t/0 is known

where t is the operating time and O is the trus MIBF of the equipment.
The foiiowing formulae may be dsrived from P(x;0;t) using basic axioms
of probability theory (see Attacmtent,1):

x
B = U ,r _ )The probability of x of fswer faiiures}
Clx;05t) = 2 o U = occumringwhen U = t/0 is known
=0 r!
_ = The probability of x or
D(x;0;t) = (1 s(x 1)"1':: : 5 1) ={ more failures occurring
’ / when U = t/0 is known

To determine the probability of faiiure-frss operation for time t, it
suffices to calculate

poopt) = ot/0 (VF o /e

o ' .

which is considered to be the reiiabiiity function, R(t). Thus know-
jedge of O is squivaient to knowledge of the equipment reliabiiity (for
given test times.)

A technique may now be given for anaiyzing the differences in these
decision ruies. Before doing so, however, it ls convenient to discuss
the features of Fixed Time Tests as opposed to Sequential Tests.

2. Fixed Timpe Tests vsrsue Sequential) Tests. For sase of discussion,
the foiiowing comments are directed towards comparing the PFIT (Alternate
vaiues of MTBF) and the PST, sincs these rules differ only in that the
former assumes a "fixed tims” approach whereas the iatter assumss a
"sequentiai” approach. The fixed time approach considers that the amount
of time t that may be aliotted for reiiebility testing is extremely
iimitsd so that achisving more than one faiiure in this time is rather

-



unlikely. Hsnce, imputs of Q,, O , fixed tims t, producer and consumer
risks are combined to dstermipe imum quantities of faliures for 5 3
acceptance and minimum quantities of failures for rejection (which,

naturally, differ by one), in the given time t. Diagramatically
[NPUTS OUTPUTS
0,01 23,85t lAccept. if # failures ¢ x
—_— +1

Ococasionally risks may require adjustment (upwards) because the test
time is so limited.

On the other hand, in ths sequential approach, test time is more
flsxible (though not any lsss important). Thus, inputs of 9,,0 , pro- 1
ducer and consumer risks are combined with successivs numbers of failures
0, 1, 2, and s0 on, to detsrmine minimum test times for acceptance and
maximum test times for rejection to be associated with each of these
numbers of failures:

OUTPUTS
Test times for Accept
Test times for Reject

»9,,a,p, and
cutive # of

c8

(Other procedures are used to find a point for truncation without
violating the prescribed risks.) Occasionally, when high MTBF's are
involved, the amount of total test time becomes unreasonable unless the
risks are adjusted (upwards). However, this adjustment is not as severe
as in the case of the fixed time approach.

Esssntiaily, then, ths sequential approach is merely a series of
fixed time tests sxcept that certain test times may have acceptance
numbers only and gther tsst timss may have rsjection numbers only. The
test ends, of courss, when an acceptance time coincides with a rejection
time and the quantity of failures permitted at that acceptance time is
one less than that permitted at the rejsction time.

Consequently, thsre is little need to discuss the conditions which
make the fixsd time test preferabls to the sequential test. The answer
is:1 Use the ssquential test whsnevsr ths allotted tsst time permits;
when time is insufficlent, resort to the fixed time test.

3. [PRST versug PSI. Let us now assume that time is rather flexible
(but by no means unlimited!). Our problem then reduces to choosing be-
twesn ths PRST and PST. It shall turn out that the key consideration is
again that of the smount of tims that may reasonably be allotted to

X 5 %y Ao AT
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reliability testing.
foliowing oonditions applytr

To see this more clsarly, suppose that the

°o = 600 hours = Satisfactory valus of MIBF

01 = 400 hours = Unsatisfactory valus of MTBF

e =208 = P{S.tiltact.ory equipment will be roject.ed}
[ =208 = ’{Unuthtutory equipment will be :coept.ed}

Use of PRST technique as given in paragraph 2 of Chapter 3 yislds the
following acoept/reject criterlar Bz 2

BB8J ASCEPT/REJECT. CRITERIA

Risk Level g 208 Discrimination Ratios 3/2 = °o/o1

Total test time*

Total obeerved Reject Accept
faiiures (Equal or isss) (Equal or more)

0 N/A 2.8
1 N/A 3.6
2 N/A 4ed
3 N/A 5.2
o 0.5 6.0
S 1.3 . 6.8
[ 2.1 7.6
7 2,9 8.5
] 3.7 9.3
9 4.5 10.1
10 5.3 10.9
11 6.1 11.7
12 6.9 ‘12,5 :
13 7.7 13.3
U 8.6 4.1
18 9.4 1%4.6
16 10.2 14.6
17 11.0 14.6
18 11.8 4.6
19 %.6 N/A

*Total test time is expresssd in multiples of 60

There 1s nothing to stop squipments from remalning in the contime
test region for the entire span of the test. In other words, there is
a distinct poppiblility of the test lasting 14.6 multiples of @ or
1.6 x 600 = 8,760 hours. Even if two modsls were simuitanecufly tested
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with their test times and quantities of failures combined, this would
require 4,380 test hours or more than 6 gonths of 24-hour-a-day relia-
bility testingl

Now consider use of the PST technique as given in Chapter 3. Fol-
lowing that procedure yields the following accept/reject criteria:

PST_ACCEPT/REJECT CRITERLA
Risk Level = 20% Discrimination Ratio: 3/2 = °o/o
3 1
Total test time® "Total test time*
Total observed for REJECT for ACCEPT
‘umg !gguﬂl or ],ggg) ‘ggggl or more)
o] N/A 1.60
5! N/A 3.00
2 N/A 3AS
3 2.30 3.45
4 3.45 N/A

*Total test time is expressed in multiples of 01.

Here, maximum test time is 3.45 multiples of © or {3.45) x 400 = 1,380.
If, again, two models could be tested simultaneously, the oumber of test
hours required would be {at most) 630, or less than one montn!

A reasonable question, at this point, is: How can both the PRST
and the PST criteria be based on the same risks (a =8 = 20%) and the
*] 600 3, .
same discrimination ratio (d = o/% = " /400 = /5 ) and yet yleld
such diffsring criteria? Part of the answer is simply that the PRST
does not use the risk functions

a=p{N, 2nlo=0}
p=PN <nfo=0}

directly to derive the accept/rejsct criteria, whereas the PST does.

Hence, the PST allows a and p to reach these levels, but the PRST keeps the
risks well below these levels. The rest of the answer is supplied by the
fact that the PRST does not use previously gained information in order to
find a point for truncation whereas the PST does.

Another question that may be raised iss Why, then, do we need the
PRST--why not simply utilize the PST as the declsion rule, since it makes
decisions which are consistent with the predstermined risk levels and
does 80 in less time? -

30

g?

The answsr is furnished by looking at "probability of acceptance

curves" for each of these tests. Such curves hrs constructed as
follows:

At any decision point of the PRST or PST, one may plot, as a
function of 9, the following:

P{a or less failures occur in time t"‘ 9}

= i -t'/o(t:/izr

=0 4

where a is the number of failures specified for acceptance at decision
point t*. Evidently, this expression gives the probability of accept-
ancs as a function of the true MTBF 0. Looking at the first decision
point of the PRST previously derived gives

PRST PA CURVE (at 2.8 multiples of © )
]
~ 0 Failures -

R 3 : N /
a . ]
100 200 300 400 500 600 700 800
01 00

This curve shows quite clearly that the PRST holde the risks much
lower than originslly intended at earlier decision points.
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Plotting this same functioa for the first decision point of the
PST which was derived gives:

PST PA CURVE (at 1.6 mult.)
- O Failures -

9

1%

200 300 400 500 600 700 8

0‘ 00

Note that for values of MIBF less than or equal to 400 hours, the
probability of acceptance is below 20%. But there is a significant
area under the curve to the left of the 400 hour point, whereas the
PRST has not. It is clear then, that the PRST provides better pro-
tection against accepting unsatisfactory equipments, since a similar
situation holds at any decision point that is plotted.

4. PACuryes for Fixed Time Tests. Now suppose that the MIBF, the
number of models available for test, and operational commitments are °
such that even the PST provides too long a test. For the case pre-
viously considered, suppose that only one model was avallable, causing
possible test duration of 1,380 hours (about two months) which is too

long. Suppose further that only 600 hours of testing could be permitted.

Again PA curves could be used to choose the most appropriate Fixed Time
decision rule. For exemple, if O fallures is specified as acceptance
mumber (here, 1 fallure is'the rejection mumber) the PA curve takes the
fora

32.

e

PPTT PA CURVE
600 test hours/ O fallures allowed

N

It should be observed that since the rejection mumber is one more than
the acceptance mumber, the probability of rejection is "one mimus the
probability of acceptance”. (This does not hold for sequential tests,
however,) Thus, this curve shows that if the true MTBF is 800 hours {200
more than required), there is better than a 50% probability of rejectiop,
since there is oaly a 47% chance of acceptance.

Changing the acceptance number to 1 {the rejection number to 2) pro-
duces a rather striking change to the PA Curve, as shown below:

FFIT PA CURVE
600 test hours/ 1 fallure allowed i
. [}
9 !
7 .
i
T
Je
al
-z . - P
100 200 300 400 500 600 700 800 @
0
1 (]

Here, if the true MTBF is 800 hours there is an 82% chance of accept-
ance, But now, there is a 40%f chance that equipment with 300 hours MTBF
{300 less than required) would pass the test. Clearly one must choose’
either 0 or 1 as the acceptance number, and this is a formidable task,
since there is considerable difficulty in holding both Alr Force and pro-
ducer risks at low levels.
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5. Advapteges and Disadvantages

¥
‘

As a result of analyzing PA curves for
the three kinds of tests, 1t 1s posslble to summarize certain coaclusions

in terms of advantages and disadvantages of using each of these techniques.
These are tabulated on the followlng pages.




S
H PFIT
ADVANTAGES

1. Test is simple to edmine-
jster—equations are avaiisble
which permit specification of
the accept/reject criteria in
terms of MIBF requirements.

‘2. Permits specification of
. risks before testing begins.

3. The exact test time is
known in advance and may be
scheduled and costed.

4. Possible to devise
criterie to fit most any
IOC dete.

5. If producer has designed
equipment with MTBF much
higher than required, he may
be willing to assume much
higher risk, thus shortening
_teet time coneiderebly.

i b e

PRST
ADVANTAGES

1. Permits esrlier decisions for
equipments extremely better or
extremely worse than required.

2. The test is simple to edmin-
ister—equations are evsileble
vhich permit specificetion of the
eccept/reject criterie in terms of
MIBF requirements.

3. Hes intuitive eppeal es e .
result of using the "Likelihood
function® (in addition to risk
levels) as e basis for deriving
eccept/reject criterie.

, Permits specificetion of risks
?oonsuur'a and producer's) before
testing begins. (However, for
risks ebove certain levels, the
epproximations used to derive the
PRST are no longer valid.)

PST
ADVANTAGES

1. Test is simpie to sdminister--equa-
tions ere evsileble which permit speci-
ficstion of the eccept/reject criterie
in terms of MTBF requirements.

2. Permits earlier decisions for setis-
fectory or unsetisfactory equipments.

3. Permits earlier truncation of testing
es e result of utilising the fact that

the equipment was not eccepted or rejeoted
et previous decision points.

4. 'Permits specificetion of risks before
testing begins.

§, Possible to devise criterie to fit
most eny IOC dete. (However, if test
duretion is shortened too much, the
PST reduces to the PFIT.)

6. 1If producer has designed equipment
with MTBF much higher than required,

he may be willing to assume much higher
risk thus shortening test time
considerably.

7. Altbough the exact test time is
not known in advance, the entire spen
of the test is short (as compared with
FRST), and good epproximations of test
duretion can be made for purposes of
costing and scheduling the teet.

FFIT
DISADVANTAQES

1. Hss 1little intuitive eppeal
since the accept/raject criterie
is besed solely upon the risks
involved.

2. If only one vslue of MIBF is
speoified, one of the risks is

the complement of the other; thet 2. Requires excessive test time for

:‘ia, if the consumer's risk is
10%, the producer's risk is 90%.
Thus, one party or both perties
must essume e high degree of
risk. {(This can be pertially
allevieted by spec upper
and lower bound values.

INVId 39vd
ONI0303¥d
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..PRST.

PST
DISADVANTAGES

1. The test logic is concerned with 1. Has little intuitive eppesl since

testing one velue of MIBF egeinst

the eccept/reject criteria is based

enother. Thus, a discrimination retioc soleiy upon the risks involved.
must be selected; that io, MTBF upper

and lower bound velues must be
decided upon.

equipments whose true MIBF fslls
within the "2one of indifference”
(values between the upper and lower
bound velues), although such equip-
-ments are not deemed unsetisfectory.

2. The test logic is concerned with
testing one value of MIBEF egeinst
another. Thus, e discrimination retio
must be selected; that is, MTBF upper
and lower bound values must be
decided upon.

3. The true risks (consumer's end pro-
ducer's) usually are held much lower
than those egreed upon before testing
began, thereby causing excessive test
time. When risks of 10% or more are
initially prescribed, the test bolds

the risks et 7% or more below these
values.

4. TPormulas exist for evaluating ex-

pocted test time, but es e function of

the true MIBF which is unknown; hence,

scheduling and costing this test is

Aifficult. In certain cases, fear of

having to run the entire spen may

cense the test to be waived. :

5, Brtremely difficult to devise tests
to fit early I0C dates.

6. The procedure for truncation does
pot utilize information concerning

the performence of equipment at
previous decision points, which results
in unnecessary testing.



Chapter 5
SUMMARY AND CONCIUSIONS

1. The preceding chapters have attempted to provide a framework for
various Reiiability decision-making techniques in order to deveiop a
rationale for choosing appropriate statistical accept/reject criteria.
Specifically the foliowing points were emphasized.

a. That no one decision rule can be applied to all procurements.

b. That meaningfui requirements cannot be established without
consideration of the available methods (decision rules) for assuring
that such requirements are satisfied. TFor example, the sequential
test methods that were presented here required that MIBF upper and
lower bound values be stipulated. )

¢. That any decision rule carries with it certain risks for both
consumer and producer as a resuit of the fact that only a small portion
of tne time domain (usefui life) will be sampled during the demonstratior.
Thus, risk levels must be decided upon before the demonstration begins.

d. That risk ievels cannot be chosen without considering certain
aspects of the procurement situation such as scheduies, cost of testing,
etc., all of which affect the amount of time that may be devoted to. .
reliability testing. Neither should a "time allotment" determination
be made without considering the effect upon risk levels.

e. That if sufficient time is allotted, "sequentiai tests" are
preferred over "fixed time tests” because they make possibie eariier
decisions without violating the prescribed risks.

Z. An important and strongly related topic was avoided in this dis-
cussion, namely, the meaning (consequences) of accept-reject decisions.
Besides the fact that such considerations go beyond what we set out to
accomplish, such related topics as "incentives", "penalties", etc.,
«4ould be invoived, and would probably serve to distract the reader from
our intended purposes. Moreover, it is expected that other documents
wili give adequate coverage to this important topic.
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ATTACHMENTS 1 THROUGH 6
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1. og. The elements of set theory, wherein e point
{element; is culled an "outcome of an experiment®, the coliection of all
points (outcomes) ls called the "sample space” (and denoted by G), and
any sub-collection of points (outcomes) of G is called an "event”. In
particular G is an event, and the collection consisting of no goints
{outcomes) ls an event (called the "aull event" and denoted by £). A
“random variable® is a numerical - valued function defined over the
sample space G; l.e., a rule whlch assigns exactly one number to each
outcome. We write"wg G”when we mean "w is an element of G."

2, Basgic Axjoms. H? assume the existence of a function P satisfying
the followlng axloms'.

a. Axiom 13 P{G}

1

b. Axtom2: P{g} =0

c. Axiom 3: OgP{E}g 1 for any event E
a. axtemsr P{EVEY}= p{E}+ p{g)} - p{5nE)}
MOTE:  1{E,NEY = { ) then
r{zuz}= p{z} + p{£}

3. Cumulative Distribution Function. For any random variable X = X (w)
the function defined by

Fyt By (a) = P {X(v) < s} where (-e¢ a =) and WEG, is
called the cumulative distribytion function.

4. Properties of the Cumulative Distribytion Punction. The cumulative
distribution function has the following basic properties:

a. It is a non-decreasing function.
b. Fx (-=») = 0

c. Fx(-) 1

1
P{E}is notation for “The (numerical) probabllity of the event E occur-
ring*. E1n 32 signifles the simultaneous occurrence of 31 and Ez.

31 U E.} is an event which occurs when elther 131 or EZ occurs.

Page 1 of 1
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DERIVATION OF POISSON FIXED TIME TEST (PFTT)
AND POISSON SEQUENTIAL TEST (PST)

1. PFTT:

a. [") ; Let the producer
rlek, a, be deflned by

@ = P{satisfactory equlpment will be rejecbed}
and let the consumer risk, §, be defined by
$ = Punsatlsfactory equlpment wlll be accepted}

where "satlsfactory equipment” ls deflned as equlpment with true MTBF
greater than or ‘equal to O, and "unsatisfactory equipment" ls deflned
as equipment with true MTBF less than O*. o

b. Quantificatiop of coogumer and producer risis: If equipaents
are tested for length of operatlng time t, and if accept/reject decisions
are made based on N , the pumber of fallures that occur in time t, then
assuming that s fuiurea occur, the quantity

P{ntzulozo-}

gives the producer's risk, ¢, if a reject decision is made; and, the
quantlty

i, cnlo< o}

glves the tonsumer's rlsk, $, 1f an accept decision is made. In these
expresslons, 0% 1s assumed fixed and known, whereas @ ls assumed fixed but
unknown. . !

o. mwwx In spite of baving
developed expressions (in paragraph b, above) which seemingly quantify the

risks, exact evaluatlon of these expressions ls impossible because @, the
true MTBF, remains unknown.. {We have no deslre to treat © as a random
varlable). However, if we assume that the random varlable "quantities of
fallures for glven test times" obeys a Polsson dlstrlbutlon wlth parameter
0, that is,

X

Cxsst) = 5 otut = P{Nt < % 1f U= t/0 1s knoun)
=0 K. |
D(x;05t) = (1 -Cp ifx2 1): P{Nt x, IfU=t/01e knovn}

1 , ifx=0

then upper bounds may be found for a and p. This is accomplished as follows:
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Consider the expressions
a' =-P1ub {Nt 2 mlO }
B = P {Nt < alo_} :

where @~ and ©_ denote that @ varies, (got randomly), but @~ zeans that ©
is restricted to values greater than or equal to 6% und O_ means that ©
is restricted to values less than ©*. (Plub denotes the least upper bound

of the probabilities obtained as @ assumes any of the values indicated).
Obviously a and §, us defined in paragraph b, above, are less than or
equal to o' and 3', respectively, (simply by the definition of "least
upper bound".) Also, by scanning tables of the Poisson distribution (see
ESDP 80-5) it is obvious that for fixed x and t, as © decreases, C{x;0;t)
decreases, and as O increases, D(x;9;t) decreases. Thus we nave shown
that

a € a' = D(m;0*;t), if a reject decision is made on tre basis of =,

B<B

C(m;0*;t), if an accept decision is made on the basis of I,

In words, we have shown that evaluating D(m;0;t) using @ = O* gives a
"worst case" probability for the producer's risk, a. Similarly C{m;@%;t)
is a "worst case" probability for the consumer's risk, . But no smaller
bounds may be found for a and 3 since @ remains unknown.

d. The PFTT Technique: See page 22 of this document.

1. The "least upper bound" of a set of numbers is . ...u  u .
greater than or equal to any number in the set. (It may or may not
belong to the set).

Page 2 of 3
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2. PFIT (Alternate values of MTBF) and PST.

a. Same as l.a, above, except that "satisfactory equipment" is
defined as equipment with true MTBF greater than or equal to Qo and
"unsatisfactory equipment" is defined as equipment with true MTBF
less than or equal to 01, where 91 < 00.

b. Same as l.b, above, except that the producer's rlsk, a, is
given by
P{mt 2ajey oo‘;

and the consumer's risk, p, is given by
P{Nt < o ¢ 01} .

c. Same as l.c, above, except that @~ means that @ is restricted
to values greater than or equal to Oo and ©_ means that @ is restricted
to values less than or equal to 01. Using the same argument, we are
able to show that

aga = D(m;Qo;t), if a reject decision is made on the basis of Nt=m

B<s

C(m;01;t), 1f an accept decision is made on the basis of NL=m

Thus, evaluating D(m;@;t) uslng @ = Oo_gives a "worst case" probability
for the producer's risk, a. Similarly, C(m;Q.‘;t) is a "worst case”

probability for the consumer's risk, $. Since @ remains unknown, no
smaller bounds may be found far ¢ and §.

d. The T Tec s te Values of X
See page 23 of this document.

e. The PST Technique.
See page 26 of this document.
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’
PROOF: Let Ui=%1 for 1=0, 1. Then

4,
L{xg, Tpp eeey ;g1n)
R -

=] L(X‘]; X3y esey xr;go;tT)

T T R
X /AT xq!
iy s vﬁ/ = L — :
= : - {See pars 1,~above:) T

= T e SRSt e e oo e
T

x y

- e Xy o

eonuo 1= /1-2'1 i

r
&M
e-rU1 U1 =

'e-ruo Uoé’ et ‘

I
i e-r(%'p (g—) (Since n = izﬂxi)

CeRE

£y A
D (5 /!
B (&)

°-(&) (%:)n/n! (Since t = rt)
s Eulesd)

P{“t=n|°=o°}

vhich completes the proof. .
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DERIVATION OF PROBABILITY RATIO SEQUENTIAL TEST (PRST)
1. on o tion:

First, essume that

= (= The probsbility of exectly
P(X;0;t) = €9 0’ -(x fajlures occurring when
x! t and @ are unknown

Now, assume that successive observetional values on x3 (1 =1, 2, ..., n)

are obtained for n 1ndopondont trials where eech trial is e fixed time
interval of length t (That is, x4 failures occur in the first time 1ntervel
of length ¢, failures occur in the second time intervsl of length t, etc.)
Then the nkolihood function, L, defined by

L(xy, x5, <oy xnzO;t') = P(x1;°;t')'P(x2;°;t')'"P(xn;g;t')

yields the probebility that the unplo(x.,, 5 eee xn) yould occur in exectly
that order, if the true MIEF, ,is Xnown. uf ting U = 5 end using the

Poisson probebility function (ebove), the following formula is derived for
the 1ikelihood function:

P 03(1 i e—u sz e eV %
xq! le xr!
=5
e-TU g 1—1

oy

i=1

4,
L(x1, Xys cees x‘_;O;t)

2. b. t © s
Consider the ratio

L (x9, X3, ...y %759 5t)

R = >
L (31) X2y coey xricoit)

wvbich is the rastio of the probability of obtaining the observed sample
essuming 6y is true to the probability of obtaining thst same sample assuming
O, is true. Now letting t = rt, and x9 + x3 + ... + X, = n, it will be
proved that
p=P{m=nlo= }

Pi{Fy, =nl o= 9,

Fege 1 of 4
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3. The ST Tecimigues
Sinee
pefife=nlo=g
Pi{Ey =n =9,
if R) 1, then the probability of obtaining exactly n feilures in time t is

greater under the assumption that is true than it is under the essumption
that Q, is true; bence, we tend to believe thut0=01. Similarly, if

this nuo is less than unity wve tend to believe that @ = Q,. Thus, constsnts
A and B must be found so that one may

(1) Reject if R2A>1

(41) Accept if REBLK1
oconsistent wvith the prescribed consumer and producer risks ot and 8 . Exact
deterainstion of t).n constants A and B bas not been accomplished; however, -
it has been proven’ that these risks will not be violated if we use

1s 38

Y]
B g

vith ol and § defined by the expressions
« =P {N 2n 1020} = producer risk
B =P {Nts n|os 01} = consumer risk
vhere n, corresponds to the velue of n under condition (i) above and

the value of n vhen condition (i1) takes place. (NOTE: In these Oxw%“ion’!
O, and O, are assumed fixed and jgowp, vberouOiaau_dfixodbutm)

Thus, the followving accept/reject criteria may be established:
(a) Rogect 10 2 LA

A
<
(b) Aocept if R < =

See Wald's "Sequential Analysis" published by Jobn Wiley
& Sons, Inc., Chapman and Hall Ltd., London (1947)
Page 3 of 4
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end tska ap additional obeervation if

A

Rel -8
1-~.< £ et

ing tast
The perticular decision points may be found in edvance by exprass

time as a function of & , 8 , &, 61, and n. This is accomplished as
follows. Under condition (a) above

R_P{Nt=n|0=01}>1_9

A A
But latting d = G/ y .
P{Nt =nlo =ﬁ} .-1/01 (01)/ n!

P{fe=nlo= G} YoV / m

1
a° et(_a)

Thus,
a" at(z_:l) > 1:=8
-«
Hence,
nlnd + t(-’ofd-)z h(%"-)
and finally
(A.1):

Similarly, undar condition (b) above

(1) 429, [ma—_%) )

1 ~-4d

that is, (Ay) givas meximum test time for rajectance if n or more failures
have occurred in time tn, and (Az) gives minimum test times for acceptance
if n or less failures have occured in time tj.

Pepe 4 of 4
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1
1
3
i

TRUNCATION QF POISSON SEQUENTIAL TEST (PST)

It was noted in Chapter 3 of this document that the PST pro-
cedure (unlike the ms;g will not contimue indefinitely, ZEvent-
ually a point shall be reached where the number of failures
permitted for acceptance is one iess than the mumber of failures
specified for rejaction for the same amount of operating time,
at which point tha test will necessarily end. However, the tast
amay be truncated much earliar as a resuit of the following con-
siderationss

[

The specific decision criteria which is derived from the use
of the PST procedure takes the following form:

Page 1 of 7
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Col 1 Col 2 Col 3 Col 4
Test Accept 1f Quantity Reject 1f Quantity Continue if Quantlty
Time of Failures (X) of Failures (X) of Failvres (X)

Equal or Greater Than Satisfies
Tl Xl Xl <X< 12
T2 X2 Xl < X< 12
T3 13 _ 13 <X« XL
Tl. XA Xl< 1< XL
’I‘j X5 15 <£< ‘6
T6 ‘6 Xi (b (K4 X6
etce. ete. ete. ete.

NOTE: Although it is not necessarlly i -ue that acceptance/rejection
polnts will alternate wlth successive T 's, as they do ln the
above table, whether or not thls alternation occurs has no
bearing on what follows. The alternation merely makes the
truncation procedure easier to follow.

A condition may now be specified for terminatlng this test at T5 (or

any other T for k » 3; or, more generally, at any reject point past the

k
first one). First, it is obvious that a condition for terminatlon would
not be necessary unless for each k {(k = 1, 2, ... 5), at test time Tk’

the conditions of Col 4 were true. If NT denotes the number of failures

in time T, and if we are in the continue test reglon at tlme TS’ then

the followlng events must have taken place:

A ={‘1 < MTl < xz}

Page 2 of 7
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4 ={‘1< e Nl W K xz}
3 1

i ={x3 < NTZ + NT3 - < xt.}

a =g am e o ocx
4 3 T3 TL T3 L}

A X <N, + <X }
s <5 8 8=, S
Now RT]. can only take on a flnite mumber of lntegral values between Xl

and lz. Let theam be 8, 8y, ooty anl. Choose Y (first) and write

'y ={"'r = al}
1
Gace a; is speclified, N(T -7, ) can only take on a finite number of integral
2 1

values in order to satisfy the condit.ion{l < a, + N, < X} Let
1 1 ’I‘2 - Tl 2)°

them be 8115 89 ons alu2 - Choose a (first) and wrlte the event

A, =) = a ‘}
S o S M
Continue in this manner, that is., assume al.fai].u-rea occurred in time Tl
and a5, fallures occurred in time T2 - Tl’ then a1y 3112’ ekedy alln3 are
the only possibilities for the rumbers of fallures occurring ln time T3 - T2
in order t '
n er to satisfy the inequality {13 < ajta, + NT} _ Tz < XL} 80 that

ope may first choose the event

A = = a
111 KTJ -1, 7t

Eventually we derive ope particylar way that an equlpment can stay in the
continue test region up to time T5, namely, by each of the following events

occurrlng ln successive time intervals:
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ways of reachlng T5 (wlthout causing an accept/reject decleion)wae given.

L By Another, waey, of course, is to chooee a, at the firet step, then choose
All ={N(T2 e all} : » a5 at the second etep (instead of All). Ultimately, this leade toi
A ={N, ==&
A ={N _ } 1 {T 1}
111 (T3 - Ty =ay, 1

1, =[x =
Ay ={N(T4 -1y = “Iv} it (72 =) ’R}

A =4JN =i a
& ={"(T5 -T)= av} 121 { (1, = T,) 11}
. 3) = a1211}

dan ={N(T5 -1 " 2111}

Ao ={N(T4 v T
Now, it is well known that for the exponential distribution successive
time intervals are independent, that is, the probability of failure in

one interval is not affectad by the number of failures that occurred in TR gty s mpy e rscal] senenpossibie eie: cha-ftiiic ey happtey o

: all avants are expreseed in terms of the successive tima lntervals between
a previous time interval. Thus, we may writa

_ decislon polats. A concrete example wlll serve to convlnce those in doubt:
Pl = P{Al and ‘11 and Alll and AIV and Av}
= pfa)} P{‘u} P{‘lll}. Plag} P{“v} Test | Accept if Quantity | Reject if Quantity | Continue 1f Quantity
v Time of Failures less of Failuree Greater of Failures Equal to:
= P{A} Than or Equal to: Than or Equal to:
=1 i
If 4, is changed '.O{Ai ‘0 = 0]} then Pl will give the probability that . Tl=l60 0 = 1lor2
equipment as bad as 01 would have stayed in the continmue test region tnrough T2=195 = 3 1 or 2
time T, in exactly the manner specifled by the A,'s. Then by summing all ) _
O S — b v = 1‘3-1..5 R i Sl e s, el S o oo
possible Pi's that can be derived in tnis way, one can compute tne prob-
ability that equlpment as bad as 01 would have remained in the continue T1.=300 L - £ B ori
test region. Thus, one may terminate the test at time Tk where this final T5=385 - 5 2, 3, or 4
i that -
probability ls less than or equal t.op (the predetermined risk that un T6=1‘30 2 - 35 4 x5
satisfactory equlpment will be accepted).
'1'7=1,85 - 6 3, 4, or 5
Because of the cumbersome notation required ‘o give a theoretical
] ete,. (111 ete, etc.
explanation of this truncation procedure, only one of the many possible
Page 4 of 7 | Page 5 of 7
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The above table was derived by using tne PST decision rule uslng 20%

risk condltions. Let us attempt to truncate the test (by the procedure
Bt 285 hours, assuming that Ol = 100 hours.
The main problem is to list all possibie ways of staylng ln the continue

explained above) at test time T

test region up to and inciudlng time T3. The followlng schematic diagram

shows how slmple this is:

QUANTITY OF FAILURES THAT MAY OCCUR
In Time
Tl - 0= 160 1 or 2
In Time If 1 at time T, then If 2 at time T, then
T.-T, = 35 B e SR R oo )
2L x 0] i 91:5 1 = i ())

i+0( = 1) | If 1+1(=2) at If 2 + 0(=2) at time T, then
%n_$imf 90 at time T2 tlme T2 then =
3FR i T TN | MRS S PR | e S |

0, 1, or 2 OQorl 0 or L

Thus, there are 7 possible ways of remaining in the continue test region

through test time T3:
QUANTITY OF FAILURES THAT MAY OCCUR

In Time .

Tl - 0= 160 1 1 1 1 3 2 2
%n Time

5 - Tl = 35 0 0 0 1 i 0 0

In Time
T3 -T,= 30 0 3 2 0 1 0 i

The question now to be answered is: What le the probabiiity that equip-
ment as bad as Oi = 100 hours MTBF wouid behave in any of these seven ways?

Trnis is answered bjr computing each of the seven column probabilitles, and

Page 6 of 7
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then eumming the seven results. Giving the details for Column 1 only we

gets

Col 1: P{N = = =
o 160 lam:lhl35 OemdN\.)0 0}

=r{ng =1} p{, = o P{N90 - o}
RN B

(]
s 210013007 1 ()
o

ol
= (.32) (.71) (.41)
= .093
Similarly,
Col 2 .083
Col 3: .038

Coi 43 .032
Col 5: .030
Coi 6t .076
Col 7: .068

Tne sum of these probabilities is .42 = 42%. Since the final result
exceeds the originai risk coandltlon (20%) it is concluded that it is not

possible to truncate the test wlthout contradicting the prescribed risk.

" (It can be shown, however, that trumcating st 3.85 glves a result which

is compatlble with 20% risks.)

: Page 7 of 7
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DEFINITIONS

The probability of failure-free operation in a given
amount of operating time, (NOTE: This is a "mathematical”, not an
"engineering” definition. The "engineering" dafinition would add such
phrases as "when operated under specified conditions", or "when used in
the intended environment".)

2. MIBF (Mean-Time-Between-Fallure). The arithmetic average of all
failure-free operating intervals during the "useful life" of the equip-
ment. As used herein, MTBF has meaning oaly if the failure behavior
can be described by the exponential or Poisson distributions.

3. USEFUL LIFE. The period {between the end of the burn-in stage and
tne beginning of the wear-out stage) during which a constant fallure
rate is exhibited.

1. HRELIABILITY.

4. PalLURE RATE.

5. CONSUMER'S RISK.

be accepted.

©. PRODUCER'S RISK.

rejected.

The reciprocal of MIBF.

The probability that unsatisfactory equipment will
Tne probability that satisfactory equipment will be

7. MIBF UPPER BOUND. A value of MTBF wnicn regresents the required value
or objective. Values of MTBF greater than or equal to tne MTBF upper
bound are considered satisfactory.

8. MTBF LOWER BOUND. A value of MTBF wnich represents an unacceptabie
value. Values of MTBF less than or equal to the MIBF lower bound are
considered unsatisfactory.

9. ZONE OF INDIFFERENCE. Values of MTBF (greater thaa the MTBF lower
tound and less tnan the MTBF upper bound) wnica are considered neitrer
satisfactory nor unsatisfactory. The probability of accepting (reject-

ing) such equipments is permitted to rise h}'gheg Lha.x;g_\e
= consumer (producgffﬁﬁt‘g‘fg\?ﬁ. s

10. DISCRIMINATION RATIO.

The ratio of 'MTBF upper bound" to "MTBF
lower bound".

PRECEDING
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1 B
SYNTAX
a 1t Producer's risk.
$ ¢ Coasumer's risk.
6 ¢ True MTBF B
GO: MTBF Upper Bound
01: MTBF Lower Bound
@*1 MTBF Requirement (when upper and lower bound vaiues have ngl been
chosen).
d + Discrimination Ratlo (00/01).
Nt' The number of failures that occur in time t.
P(x;0;t):1 The probability that N, is equal to x, if 6 is known.
C{x;0;t): The probability that Nt, is less than or equal to x, if 6 is
known.
D(x;0;t): The probability that Nt, is greater than or equal to x, if @
is known.
PFIT: Poisson Fixed Time Test.
: PST: Polsson Sequential Test.
PRST: Probabiiity Ratio Sequential Test.
s o e J-{Ml.‘);;. The probal LALY- $hatuh 000, Slren-the fuR i g A3msme s st dgn, PRV o
B is a statement such as "0 { O*", vhere O% 1s a fixed, known
value and O 1s a fixed unknovn value.
PRECEDIG Page 1 of 1
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SECTION VI

VERIFICATION OF QUANTITATIVE RELIABILITY
REQUIREMENTS - DECISION CRITERIA

FOREWORD

This section presents guidance to Electronic Systems Division (ESD) SPOs
in the statistical aspects of planning equipment reliability demonstrations.

For one-of-kind equipments with "high" m an-time-between-failures (MIBF)
requirements, the present Table I of MIL-R-26474 leads to lengthy test times
before a decision can be made on equipment reliability. This section offers
methodology for devising alternate approaches to reliability demonstration.
In addition, a quantification of the risks involved in equipment reliability
decision-making is presented.

As additional thinking is developed on equipment reliability demonstra-
tion, it is planned to revise this document.
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Chapter 1
3 IRTRODUCTION
PAGE
FIGURE
5. Table A, Accept-Rgject Criteria for Fallure "
Rate TeStINg «eovoeovesseonnansrenarssosonces 21 This section gives a straightforward explanation of the mathematical tools
N that are avai.svie fur demuastratiog the re.iability of electronic aystem/equip-
6. Comparison of Continue Test Regions of Table o ment through testing. Most presentations of these techniques fail to set forth
T and Table A ..cccccesssacsoccrrocccnnccscce the underlying ideas and neglect to exemplify their logical coherence. It is for

this reason that confusicn prevaiis as to the meaning and value cf a statistical
assessment of Mean Time Between Failure (MIBF) and cther Reliability indices.
ATTACHMENTS The purpose of this section 1s to show that these tools are not mere compilations
of arbitrary rules to be learned by rote; nor are they techniques to be acquired

1. Basic Laws Of Probsbility .....c.c.esevvceces 29 by imitation and used without consideration of the equipments involved; but
M 1 rather they must be developed logically from a few fundamental principles in
2. Derivation of Table I, MIL-R-264TH .......... 3 aiGosARace, VIth thes

- Deriva;iondo'il"a:;er:ge i 37 (1) Fumber of models available for teating;
Table I an € A ciiiiierescssccnrresnnss

2) Contractual MI'BF 1 t; and
4. Table of the Foisson Distribution .....c..... .hl (2) requirement;
(3) Determination of risk levels that are consistent with schedules,
cost of testing, test environment, and: equipment characteristics.

Relatively few tools are needed to accomplish this task, and they are amazingly
o simple to apply in the special case of electronic equipments. It is only when

these techniques ere stated generally (so that they apply to quality control,

biological studies, insurance considerations, etc.) that they take a complicated
. : : form. : e

These introductory remarks should make it clear that this section gtresses
the fact that no military specification can provide optimum criteria upon which
to aesess the reliability of eiectronic systems. Yet, many programs have been
using MIL-R-2647h in exactly this way. Table I of MII~R-264T4 has been cited
. : in meny equipment specificaticns despite i's unreasonableness when the number of
models available for test is small and the MIEF requirement is high. Por example,
g if the MIBF requirement is 1,000 hours, Tstle I requires 3,000-10,000 hours of

g testing, and c¢nly vhen the equipment is extremely better or extremely worse thap
the contractual requirement will an accept/reject decision be made at the 3,000
hour point. If the true MIBF lies in the 500-1,000 hour range, it is quite likely
that 6,000 hours of testing or more will be required. If only two models were
available for testing, this pericd of indecision could lest aix months or more.
In fact, it is not unusuasl to see equipmert specifications cite Table I in one
paragraph, thereby requiring (poesibly) threse to six months of indecision, but
then, in ancther paragraph, provide only 75 days (or less) of acceptance testing
during vhich time reliability testing is to be conducted. The result, of course,
is that Table I is unenforceable and there is essentially no reliability demon-
stration criteria in for:e. Under these conditions, reliability testing is little
more than a debugging exercise, and ve are forced to accept whatever MIBF is
achieved. !




o

Another indication that there is a lack of understanding of Table I lg thet
equipment specifications frequently state "The contractor shall prove to a 90%
confidence that the equipment MPBF equals or exceeds (say) 70O hours in accord-
with Table I of MIL-R-26h74". It is quite unfortunate, but true, that few are
awvare of the fact that Table I is based on giving confidence that the true MI'BF
is not lower than one-balf the required 700 hours. It is even ‘i‘.mdvinble to
state —onfidence that the equipment MIBF exceeds 350 hours”, since this
implies that our 90% confidence is associated with some figure greater than
350, Actually, the confidence figure reduces considerably as Ve progress
upwards from 350 to numbers ¢close to 700, when Table I eriteria is stipulated.
It appears that the expression "90% confident that the true MIEF is not lower
than 350 hours" is the least misleading, but even this formulation is an
interpretation of another mathematical statement™. When confronted with these
facts, an immediate reactiun is to want 90% confidence that T00 hours has besn
achieved, that 1s, Teble I appears unsatisfactory. Such a change, however, may
oullify the original purpose of the demonstration because of the length of test
time required before decisions can be made. The higher these figures are set,
the longer it wi)l take to accept (reJect) equipment which is satisfactory
(unsatisfsctory) ; hence, they must be set in accordance with the consequences
of delayed decisions.

Besides providing educational material for those concerned with or affected
by reliability programs, this section should serve as a working guide for
Reliability Monitors. Although demonstration pl&ns shoulg. be tailor-made to the
particular system/equipments under procurement, homemade” plans which lack
analysis of the risks involved are to be discouraged. This pamphlet 1s primarily
concerned with the methods available for keeping risks, a8 wvell as test time',' at
minimum levels., This is a.cccmpligh 4 via the concept of "Sequential Testing
vhich vas first developed by Wald”. Unfortunately, nsat formulss wvere developed
for devising sequential tests, causing workers in the.f_,i_,eld to soon forget the
besic concepts upon vhich the formulas were based. These basic ideas are fully
discussed herein - the formulas are only mentioned in order to discuss their“
1imitations. Table I is Jjust crue specific instance of thsse formulas, with "risk

e ana 8 "discsiatzstion metio heing arhitrarily fixed in adyance._(The | _
quoted terms ars explained in Chapter 3) Once this is understood by everyone
concerned (and only elementary algebra and enalytic geometry are prerequisite for
understanding these 1dess) realistic demonstration criteria, which 1s capable of
being enforced, may be devised to fit particular programs. It is even conceivable
that demomstration criteria may be stipulated ‘and (more often) partially verified
during Category I testing, with full verification occurring early in the Category
II test prograa. Usually, formal reliability testing is specified only as & part
of final scceptance testing when it is quite late to meke significant changes to

! The ise n:atemen? is expleined in Chapier 3, namely, “‘the probability of sccepting equipment with MTBF = 350
1a 10K (ox lese)”

2 M1 -R-26667A bas & plan which uass 3/ the requsement (Metbod 2).
"‘S‘qunh! Asalysis™ by A. Weld, Jchn Wiley & Sons, Inc., Chapmen ead Hall Ltd.. Londou (1947).
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the reliability of ths equipments. If Reliability truly is a function of the
design, verification of this design feature must be made as early as possible in
the prograa.

In order to give & better understanding of this presentation, included in
Chapter 2 is the basis for using probabilistic theories (namely, the cumlative
Poisson distribaution) for predicting the rsliability of elsctronic equipments.
Also included in Chapter 2 is the establishment of measures of reliability such
as MIEF and "failure rate". Those familiar with these idess me- start with
Chapter 3 after & brief scanning of Chapter 2.

Some final vords of caution before entering upon the main subject matter:
Any statistical assessment of Reliability is meaningless unless grouvnd rules have
been clearly establishsd for counting "failures" and measuring "operating time".
In order to quantify Reliability, it was necessary to leave certain concepts un-
defined (namely thoss Jjust quoted), to be defined for the particular equipments
under consideration. A common mistaks is to assume that these concepts have been
previocusly daefined, and that it is sufficient to simply stats the numerical
reliability requirements. Moreover, definition of thess concepts cannot be accom-
plished hy placing such adj)sctives as Inherent, Achieved, Delivered, or Operaticmal
bsfore the word Reliahility. These modifiers are useful for conversatioral pur-
poses but they cannot take the placs of unsmbiguously specifying relevant and
non-relevant failure classifications, and precisely defining what is melnt—ﬁ
operating time. Ths methods employed here assume that these ground rules have
been precisely defined. It is also mandatory that a failure reporting system has
been sstablished to record and analyze failurss that occur. This section 1is
concerned with messuring relisbility during the constant failure rate zone only;
and although it is the contractor's rssponsibility to thoroughly debug the equip-

ment before MIBF demonstration begins, we cannnt close our eyes to the types of
failures that occur.
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CHAPTER 2

ESTABLISHING A SCIENTIFIC DEFINITION OF RELIABILITY
(THE CUMULATIVE POISSON DISTRIBUTION FUNCTION)

2.1 Svatemenc of the Problem. The first attemp: to quantify reliability was
"the probebility that e device will perform its intended function for the
period of time required under the opereting ccnditions encouni.red". A few
moments of quiet thought should be enough to convince anyone th * this
definition is hardly scientific. The expressions "perform its imendod
function” end "opereting conditions encountered" prevent us from thinking
clearly when ettempting to essign numbers from O to 1, es the mathematical
theory of probebility requires. Learning e lesson from Eu:1id, however (who,
without cering whers or how his pcints and lines would be used, nevertheless
built his system of geomeiry) we might simply drop the sxpression "opereting
conditions encountered" and proceed undaunted. It might elso make the theory
more interesting to those who leter epply it, since they would heve the
important task of simuleting the expected opereting conditions. But we still
heve troubles - the expression "perform its intended function" is vague,
meaning different things to different people. We could convert this expres-
sion to "not faii" and such e transformation might et first eppear to remove
ambiguities; but further examinetion reveels thet the gein is superficial, and
so (learning enother lesson from pest scientific progress) we conclude that we
are struggling with an indefineble concept. We heve enother one of these
elusive creetures in our definition, namely "time", and slthough we already
know how to meesure time, we simply cannot consider gll calendar time (for
example, repair time). Here egain, we look et Euclid and see that he worried
little ebout the definition of e point. Ratber, be left it undefined, so
thet his *heory could epply just ea well to' e molecule, e pencil point, e
spot of gress, or even Pike's Feak. Pcasibly our theory will epply regardless
of how the users of the theory define "failures" and "operating time".  Our
definition now reads: "Tbe probability thet a device will not feil for the

. opereting time required®, and we are now interested in establishing meesures

of reliebility in terms of "operating time" and the number of "feilures" that
occur, where the quoted terms are left undefined.

2.2 Egtabld ureg of Beliability. Let us essume thet it hes been
(unambiguously; specified bhow to determine that e failure bas occurred, and

when the equipment is in an opereting state. We could then operste tbe
device until e feilure occurs, correct the feilure, and continue operetion
until the nex* feilure, again *ake correcztive ection, and so on. After e
certain period of (opereting) time, we could look back and count the number of
failures tha* cccurred, say x. Can x be used es the measure of reliebility?
No, since x could be larger or smaller depending on the amount of opereting
time t. How ebcut using the ratio t/x es our measure, thet is, the total

1Tl:.‘s B0t AT LLY S2 . ar wel be seer u See 8 80 C.Inp' * Tmn paiagoaph) PRECED“\'G
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operstine time divided by the total number of failures? Intuitively, we would
consider this number es the "mean time between failures" (MTBF) that wss
demonstreted during this operating period. (The reciprocel of this number,
which we denote by,\ , might reesonebly be celled the "failura rete", that is,

= x/t = 1/MTBF.) But vhet doas this sey ebout tha probability of not
feiling during future periods of operetion? Can we use this figure to predict
the number of failures that will occur in futura opereting periods? For
example, if a device hes five feilures in 1,000 hours of operation, we derive
the figure 200 hours MIBF. Does this mean thet we can axpect e failure to
occur epproximately every 200 hours in tha future? One reedily sees probleas
here, and fortunately this problem has been studied for centuries by
probsbility theorists so thet a logical approech may be given. The following
paregrephs give the basic essumptions contained in this epproach.

2.3 The Basis for the Definitjion. Besides games of chance, certain physical
phenorena (such es the occurrences of defectives produced in a manufscturing
process, errors in clerical operstions, and most important, occurrences of
failures in electronic devices during s "certain" period of their 1life)
exhibit e so called statistical regularity which enebles us, in spite of their
unpredictable neture, to predict their behevior "in the long run".2 A good
example of e mass phanomenon suitabla for the epplicetion of this theory is the
inheritance of certain charecteristics; for example, the color of flowers
resulting from the fertilizetion of large numbers of plants of a giver species
by the pollen of e given plant of the same species. A further example is the
whole class of insured men and women whose eges et dseth heve been registered
by an insurance firm. Still another is the clsss of resistors with a certain
serial number which is manufectured by e particular firm, wvhose length of life
hes been recorded. The properties inherent in all of thase examples heve been
assigned technical terms, such es randomness and stochastic independenca, but
we have no need of thesa terms and shall not use them. Wa simply state here
rether crudely that, after e certein "burning-in" period, there is a
stetistical regularity to the occurrence or non-cccurrenca of failures in
electronic davicas, and that this regularity persists until the devica raachas
old ege, that is, tha wear—out stege. Whet makes tha situation even nicer is
that the burning-in stage is usually feirly short ralative to this period of
uniform behavior. We mey even giva an idealized graphicel pictura of
occurrancas of feilures (known ss the "bathtub" curve) as shown in Figure I.
This curve illustrates that the failure rate is quita high during the infant
stage, then remains constant for a long period of time until raaching the
wear-out stage. Tha existencs of this constant zona is what is meant by
stetistical regularity, and justifiss our uss of tha basic laws of probability
theory. A brisf listing of thssa laws (which shell be used sparingly in sub-
sequent paragraphs) is included in Attachment 1.

2 Briefly, this mesas that we could, if we were so inclined, coatinus our sxpetimeat to indefinite lengthe.
For example, in tossisg e certeln coin, we migat eee "how:la" occurring ebout balf the time. This doee sot
meea that for some finite number of toeess ‘‘hesds’’ must eppesr exectly one belf the time, het that, as the
number of tossse incressss (indefinitely) the reletive frequency of occurrence of beads gets closer to 1/2.
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« L ‘The Definition. Frobsbility theorists heve derived for us what is
cail.ed the binomiel frequency function which applies to experiments which, in
eddition to setisfying besic lews of probebil’ty, ere only interested in the
occurrence or non-occurrence of an event (a feilure, for instence). If we
know the prgbebility p of the event occurring in any one trial of the
experiment ,” so that the probebility of the event not occurring is (1-p), then
the probebility of obteining exactly x occurrences of the event in n trials
defines wnet is known es the binomiel (or sometimes the Bernoulli) frequency
function. (Also called the binomiel distribution.) This function is denoted
by b(n;x;p) beceuse it depends on n, x, end p where:

n = the number of triels to be made

x = the totel number of occurrences of the event in question

p = the probability of the event occurring in any one trial.

It is rostly a mathematicel! ;robiem to prove that this frequency function is:

b(n;x;p) = n! . P . (1-p)ix

x! (n-x)!

so that it will not be rroven here.# To illustrete its use we ahall try to
calcuiete the probability of obteining exactly 7 "two's" in 100 tosses of
a die, if it is known thet the probebility of obtaining a "two" in any one
toss is *'/6. We heve

b(100;7;1/6)

100! . (/)7 L (1 - 1/6)100-7
7v (100-7)t

(100)(99)(98)(97)(96)(95)(94) (593)
(7)(6)(5)(4)(3)(2)(67)(693)

= a7

and obviously this is top leborious to celculete -~ even after soie simplifice-
tion. But do not get discouraged, mathematicians heve elso discovered an

3 Thix may be eatabliahed o pr:o-: oc by using the observed relative frequency of occurrence. For example, in
toss.ng & die we may be concerned with a ‘‘two’’ appearing or net appearing on successive tossea. We ma:
uscp = 1/6as the a pricri probabiiity or make 1,00C ‘osses wherein 300 ‘‘two’s'’ sppeared, thereby conaidering
the {rac.ion 3/10 as mos. ‘epresentative o the probab.lty p. ln our case we would use the failure rate

which is obse-ved during the constant zome.

4 The proof can be found in any a’andard tex: on probabiiity theory.

8

epproximation to the binomial frequency function which works reesonably well
when p is small and n is large5. This is given by

b(n;x;p) ~ ~np X
x!

vhich is called the Poisson frequency function. (Also called the Poisson
distribution) Let's try it:

b(100;7;1/6) = -100/6 (100/6)7 i

7"
= 0‘16.67 !1§,§'“7
5040

= .004 (approximately)

With the use of standard mathematicel tables or e slide rule we can make this
calculetion in e few minutes. But usually we are more interested in kmowing
the probebility of echieving r or less occurrences of e particular event (e
feilure) and this can be found by finding the probabilities when x = 0,1,
2,...,r and by adding all of these results we derive the probability of
obteining r or less occurrences of the event in question. For example, if

r denotes the number of "two's" which eppear on our die, the

{Probability that r £ 7 in 100 tossea} = é b(100;r;1/6) = .008
r=0

A function so defined is called a cumuletive distribution !‘unctione’. Thus far,
it might not heve been hard to s¢e the anelogy between these considerations
and our situetion. The event of interest is, of course, a feilure, and the
obeerved failure rete is the probebility p (esauming that our observetions
occurred during the constant feilure rete zone of the bethtub curve). Our only
problem is what is n? For our purposes, we are interested in what will happen

S In our case tha failare rate X\ is uavally a amall pumber. Wa shal! apeak sbout **n’* latar,

6 Snch a function may he defined for any random varishle r. (See Attachment 1.) The adjective “‘cumulstive”
is often inclnded hecsuse certain frequency functions, anch as the hinomial ut' Poiason are aometimea called
digeribution functions.



over a period of time (which is a continuous variabla) not what happena in

"n" inde~endent observations (a discrete variabla). One solution is to
tacitly make tha aasumption that "that which holds in tha discrate case alao
ho!ds in the continuous caae™ and, unhesitantly, raplace n by t in owr formula.
For intuitive justification we might raason as follows: the n indapendant
triala could be n intervals of ona minuta aach; that is, failuwres which occwr
during any minute would be considered to have occurred at the and of that
minute. Also, the failure rate could be expressed in minutes. This has

the effect of changing the continuous variable to a discrate ona, and there
seems to be little difference (except, possibly, a philosophical one). We
could then proceed to empirically justify our aciions by comparing thesretical
resuits to actual results. This having already been done for us, we may, with
electronic equipments, replace np by t ) , that is, replace the "number of
trials"™ by "time" and the "probability of a failure occurring in any one trial"
by the "failure rata". This change gives us the curulative Poisson distribu-
tion function which has become famous in ralisbility analysis:

r
{-Probubility that r or fewe:} =5 gxtma®

failurea occur in time t x=0 x1

Since X\ = 1/MIBF, if we let MTBF = G, we have the equivalent form:

T

Probability that r or fever| = e /O (v/0)x
failures occur in time t x=0 x!

which is the form used for moat reliability calculations. If one ia interasted

in the probability of r = O failuraa occurring during the period of time t, this

exprassion reduces to:

{Probability that O failures occur in time t} = g~ Mtz o-t/0
But this probability is axactly what our (verbal) ralisbility definition
reduced to pravioualy, that is, "the probability that a devica will not fail
for the operating time raquired.” Denoting this expression by R(t), we hava
thua accompliahed our tesk, namaly:
R(t) = a-t/0

A graph of this function appears in Figura 2.
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Chapter 3

AFPLYING THE CUMULATIVE POISSON DISTRIBUTION
TO MI'BF DEMONSTRATION

3.1 The Basic Tools. We have thus far developed formulas which have become
widely used in reliability analysis. These are the rellability function:

-t/0 .

R(t) = e Tke probability of zero failures during the

cperating time t, when © = MIBF is known.

Given t and @, R(t) gives the probability of fallure free operation during that
time. This funsticn 1s a spe:ial ~ase of the more general cumulative Poisson
distribution function which gives the probability of having x or fewer fallures
in a specified time, if 6 is known. For simplicity we denote this probability
by C(x), and letting t/0 = U, it takes the form

X -U Ur The probability of having
Clexdis = E R 2 x or fewer failures when
i r =0 Tt U = t/0 is known.

Another formula which can be derived from this one is

The prebability of having
D(x) = {1 -c{x-1), if x21 = x or more failures when
1, if x = 0 U = t/0 1s known.

All vere derived from the original Pnisson distributicn function

=k The probability of having
P(x) = _e U = exactiy x fallures when
x: U7 t/6 1s known

A table of values (rounded off at 3 decimal piaces) for P(x), C(x), and D(x), for
various values of U and x, is given in Attachment 4. All of these formulas were
Jerived from the basic assumption that after a short debugging period, the fallure
rate of electronic equipments remains constent until reaching the wear-out stage.
Kov we wish to show how these formulas can be used for the prediction of MIBF
through demonstration testing.

3.2 The Technigue - The Meaning cf Confidence. We mentioned in Chapter 2 an
example cf a device which (after debugging) exhibited 5 failures in 1,000 hours
of operation, and we asked if this demonstrated MIBF of 1,000/5 = 200 hours 1is
meaningful for prediction purposes. When a problem defies solution, one useful
technique is to rephrase 1t. In fact, henceforth, we must develop the ability
to rephrase all such questions in terms of the language of our formulas. Iet's
+ry this. We might change our question to: What 1s the probabllity of a device
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having 5 or less failures in 1,000 hours of operation, i1f its true MIBF is less
than 200 hours? This is better, but still not satisfactory since our formulas re-
quire that we know how much less. So let's pick a specific number less thi.n 200,
say 100 hours. (This number might be called the "absolute minimum MTBF'.)" Now
we're in business - we simply calculate U = 1,000/100 = (test time)/(abs. min.
MIBF) = 10, then find U = 10 in the tables (Attachment 4) and then reading across
from x T 5 we see that C{x) = 067 = 7% approximately. That ie, a devire whose
true MIBF is 100 hours has only about a 7% chance of having 5 or less failures in
1,000 hours of operation. We might then say that under this demonstration we are
100%-7% = 93% confident that the true MIBF is not less than 100 hours (which
seems to be a fairly high confidence, if the minimum requirement were, in fact,
100 hours). The 7% figure is usually referred to as the Air Force's (or con-
sumer's) risk. The ratio 100/200 = (abs. min. MIBF)/(contractual MIBF) = .S

is called the discrimination ratioc. But suppose we had chosen 150 hours instead,
giving 150/200 = (abs. min. MIBF)/(contractual MIBF) = .75 as our discrimination
ratio? Following the same procedure, with U = 1,000/150 = 6.66 (which must be
approximated by 6.5 in order to use our tables) we can be about 63% confident
that the true MIBF is not less than 150 hours (which seems not a very high confi-
dence). In fact, the closer we get to 200 hours (that 1s, the higher our
discrimination ratio) the lower U becomes, and the lower our confidence is. On
the other hand, 1f the test time had been longer, say 2,000 hours, and we had
experienced 10 fallures, we still get the same computed MIBF of 200 hours, but
now {using the tables again, first with U = 2,000/100, x = 10; and then with

U * 2,000/150, x = 10) we can be 99% confident that the MIBF is not less than
100 hours, and 77% confident that the MIBF is not less than 150 hours. (The
reader should verify all of these figures in the tables to be certain of his
understanding of the procedure.) Thus, we see that an increase in test time can
give a significant increase in confidence.

3.3 The Technique - The Producer's Risk. Let's now lock at another question.
Suppose operational requirements were such that the device mentioned above hed to
have an MTBF of 250 hours._ Having experienced 5 failures in 1,000 hours of test-
ing should 1t be reJected?2 (The computed MIBF is again 200 hours.) Rephrasing
again, what is the probablility of a device having 5 or more failures in 1,000
hours Af 1ts true MIBF is 250 hours? Here U = 1,000/250 T (test time)/(true
MIBF) = 4, and reading across from x = 5 we see that D(x) = 37%. We may interpret
this as saying that there is a 37% chance that good equipment is being rejected,
which seems rather high. (The figure 37% is usually called the producer's risk.)

! Toak Gtoup 1 ol AGREE (Adv:aoty Group vn He..ab.l 2y ol Eleciron:c Equ pment) reported {June 1957) that there are
st least three possible mesnings wh:ih can be ansoc.ated with minimum accepiability Tiguren lor reliability:
(a)} that value wh:ch the oge.--'.onal commande: wi'l ole;ate and below whirh he would take drastic s-tion to ;nitiste
imp:ovementa, (b, tha: value wh.ch agrees w.ih _he cusen: religbil. y va urs obuerved lor each clana of equipment;
and {c} tha. value which the cyrren: state-ol--he-ari could achieve. &c hnse 1n mind here the: the “abaolute
ExLl‘n mlzm) MTBF " could be met 1n sccordance with (a} and the “‘contrac: MI'BF™ canld be met in accordanc e with

or {c)

2 Thia 18 no: the place to d.acoas the meaning (o consequences; .f accept « tryect de cisions since we sre
mostly interesied in explaining melhodoleiy dor renching such decis.ons, It i eapected, howeve:, that we are

not talking sboa. lccerling or rejeciing the part.inla: equ.pment(s} under teet, byt rather the deaign snd/or manu-
laciuring procesa {*nsolar aa relishiiity in alfected). )




Again, if the test time was extended to 2,000 hours with 10 failures cccurring,
U = 2,000/250 = (test time)/(true MIBF?) - 8, and reading across from x = 10
gives D(x) = 28% chance of rejecting good equipment, which is somevhat lover;
that is, the producer's risk also lessened as the test time increased.

3.4 A Technique to Keep "Risks" and "Test Time" Low. These two risks
(::nsuner'a, produzer’s) are present in any accept[ruject ~riteria whizh {a based
on tbe number of failures which occur during a specified test time. The tables
in Figure 3 give a listing of these risks for various periods of test time and
varying numbers of allowable failures. In these tables it is assumed that the
contractual MIBF is 200 bours, and "allowable failures" means tbat we accept if

the number of failures is less than or equal to that number, and reject othervise.

The AF risk indicated is based on a .5 discrimination ratio, that is, we have
assumed that the absolute minimum MIBF requirement is 100 bours. Remember, in
this context, A% confidence meare tbat there is a 1-(A%) risk tha* equipment
baving MIEF = 100 hours will pass the test. In other words, we should not speak
of tbe confidence figure without also stating the discrimination ratio tbat is
being used. Now let's look at these tables to see if we can determine an optimum
test duration and an optimum number of allowablé failures for demonstrating
reliability. (See Figure 3) As can be seen from these tables, it is extremely
difficult to bold botb the producer's risk and the AF risk at low levels when a
specific test time is set before hand. A quick scanning of these tables sbows
that if risks of 10% are required by both parties, about 2,000 hours of test time
would be necessary (see table (6) with 14 failures allowedS. 1f only one model
is available for testing, this means about 2 months of testing even if testing is
conducted 24 bours a day (vhicb is usually impossible). However, there are ways
of reducing the test time considerably, thereby giving significant savings in
time and money. Suppose tbe test time was set at 2,000 bours, with 1k failures
alloved, but afier 800 bours of testing only L failures bad occurred A glance
at table (3) shows that tbe AF could accept at this point witb only 9% risk.

The producer's risk at this point is 37% but tbis figure is irrelevant since we
are not rejecting at this point. On tbe otber band, suppose that after 600 bours
5 failures hed occurred. The AF could reject at this point since table (2) sbows
that the producer's risk is 8%. Again, take note tbat the corresponding AF risk
is k% but this figure is irrelevant since 5 failures in 600 bours is not being
specified for scceptance purposes. To sum up tbese remarks, it would be nice if

tbese earlier acceptance/rejecta.nce points were built into the demonstration plnn.»

Even using tbe limited information contained in these six tables, we could con-
struct an acceptance/rejectance plan as follows:

%

ALLOWABLE FAILURES VS, RISKS FOR PRESELECTED TEST TIMES

1) TES : 400 howrs (4) TEST TIME: 1,000 bours
ALIOWABLE PRODUCER'S AIR FORC®'S ALIOWABLE PRODUCER'S AIR FORCE'S
FAILURES RISK* RISE** FAILURES RISK* RISE** |

0 26% 2% 3 73% 1%

1 59% %% 4 55% 2%

2 328 2% 5 38% 6%

3 14% 43% 6 2,% 13%

4 5% 63% 7 132 22%

8 6% 33%

(2) TEST TIME: _600 bours
ALLOWABLE PRODUCER'S AIR FORCE'S

(5) TEST TIME; 1,500 hours
ALIOWABLE PRODUCER'S AIR FORCE'S

FAIL RISK* RISK*#* FATLURES RISK™ RISK##

0 95% .2% 5 .5 3 .28
1 80% 2% 6 62% .74
2 57% 6% 7 48% 2%
3 35%. 15% 8 342 i3
4 18% 28% 2 22% 7%
5 8% LT 10 142 122

1 8% 184

(3) TEST TIME: 800 hours 3 000_bours

ALLOWABLE PRODUCER'S AIR FORCE'S ALLOWABLE PRODUCER'S AIR FORCE'S
| FAILURES RISK* RISK*# FAILURES RISK* RISK*#

0 98% .03% 7 78% .07%

1 90% ) 8 67% .23

2 76% 1% 9 54% A3

3 56% 4% 10 425 1%

4 373 9% 11 302 2%

5 214 19¢° 12 21% L%

6 114 314 13 14% 7%

7 5% 45% 14 8% 10%

*Producer 's risk: The probability that squipment which exgctly satisfies the
rsquiremsnt (200 hours) will fsil ths test.

##Air Force's risk: The probability that eciui; * which has MIBF squal 1o 1/2
tbe rsquirsment (100 hour-)! -!"1 gnss the test.

Figure 3
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TEST TIME REJECT IF NUMBER PRODUCER'S CONTINUE IF  ACCEPT IF NUMBER
OF FAILURES IS RISK OF FAILURES IS
FAILURES IS LESS THAN OR

EQUAL TO: IN RANGE EQUAL TO:
BELOW
400 5 5% 2- 1
600 6 8% 3-5 2
800 8 5% 5-7 -
1000 9 g: 6-2 ;
1500 11 b
2000 15 8% - 1%

possibility of a decision being reached prior to 2,000 houre.

16
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AF
RISK

It tables had been constructed for 500, 700, 900, 1100-1400, and 1600-1900 hours,
even more accep\.ance/re,]ectsnce points could be incorporated which gives greater

CHAPTER 4

SEQUENTIAL TESTING AND MIL-R-2647

The ideas presented in the preceding section come under the name "sequentiel
testing" and have been studied for some time so that formulss are available to
select "certein" decision points beforehsnd. (See Attachment 1.) These
formilas ere the basis for the test plan given in Tsble I of MIL-R-2647, end
use 10% risk conditions (meximum) end a .5 discriminetion ratio. The formules
eneble us to stete test time more penerslly - in terms of multiples of
contresctual MTBF. 7There is, however, one major problem. Stated simply, the
problem is thet the formules do not find the earliest decision points (with
107 risks) but instead find esrlier decision points (with riske considerably.
lower ther. 104). The resson for this is a methemetical issue end need not~%
concerrn us here. However, these formules ere given in Attechment 2 wherein
a derivation of Table I is given. Table 1 appears in Figure 4 (psge 19) showing
the eerlier dccision points and the essocisted risks. Melinp a comparison
between Teble I end the table derived in the preceding section shows & merked
Zifference. (Simply divide the test times by 200 to meke this comperison.)
Ensulng paregraphs will concentrate on the effects of 7able I rether than the
ceuses,

The irmportent thine to notice esbout Teble I is thet the Producer's Risk
end AF Risv stey st about 27 end 3% respectively. This mekes the test quite
severe (8t least more severe then the stated ris¥ levels of 107 indicete) end
only equiprert which is exiremely good or extremely bed is likely to cause &
decision early in the test span. Since the main object of sequential testing
is 10 permit decisions to be reached early in the test at predetermined risk
levels, it is rether puzzling that the esrlier decision points have such low
risk levels. I other words, Teble I does not accomplish whet it- epparently
set out ‘o co - nemely, to permit decisions to be reached eerly at risk levels
of 1042, 14 may permit esrly decisiors, but it does so et risk levels of <-3%,
that is, 95% confidence for the AF and 2% risk for the producer. necalling
that the confidence should not be stated without elso rivine the discrimination
retio, we should state it tbus: Table I in ectuslity piver 97% confidence with

.

rable I wes developed by Tas: Group 2 of AGREE. Their report wer issued by the
Office of the Assisiart Secretary of Defense (Resesrch end Enpineerirg), 4 Jun 1957.

2The Producer's Risk is found by setting U = multiples of contrect MIBF and

£indine D(x) for x = the REJECT fipure. The AF Risk {s fourd by settinf U = 2

tires the multiples of contrsct MIBF erd finding C(x) for x = ihe ACCZFT figure.

To see this, let T denote the time units in Column I, then since the discrimina-

tion ratio is 1/2, U = /lest tire ‘ire) test time \= o test time = 2T.
1rue MNIBE, 1/2 contract \fIBL) contract MIBE/
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& discriminetion ratio of 5, that 1s, 97% confidence that the true MIul ic rot
lezs ithan /! of the contractusl reguirement. g

Now let us look at tha effacts of using the ebove mentioned formulas for
sequential testing, but changing the risk lavels end discrimination ratio as
follows:

TAaR MR R R AARY

AF
Riek
2%

Risk levels: 207 (maxaimum)
Discriminetion Ratio: .5

Attachment < gives the derivetion of the table which is obtained using these
velues (Table A, see Figure 5). Looking at Table A, we sea that although the
risk levels were set at <0% (meximum), they ectually naver reech this level.
In fact, the risks stey at 5-8%, except at the very end, when they rapidly
rise to 1°Y for producer and 12&‘% for the Air Forca.3 Bear in mind, however,
that if sequential testing eccomplishes what its craetors claim, tha 11% and
*2t% levels should rerely be reached. In tha cese of Tabla A, this seems

l suite reesonable since the CONTINUE TEST region is ralatively narrow (ee

- o m 8w W ~ W OO~
-

MCCEPT if no
more than
railures below
ocour by time
in Col. I

fimber of

compared to Table I). A graphicel picture of both Table I and Table A which
shcws the ACCEPT, REJECT, and CONTINUE TEST ragions is given in Figure 6, and
illustrates their markad differences. Teble A also ellows less time to reach
the first decision point (1.38 multiples of contract MIBF instead of 3) and
less maximum test time (8 muitiples of contract MIBF instead of 10.3).
Essentielly, than, Table A is still giving the Air Force about 90% confidence
4 (with e .5 diecriminetion ratio) at e considerable sevings in tast time (if
the MIBF requirament is high). Whether Table A should be used in praference
to Teble I is a question that cen only be answered in consideration of several
factors such as:

fallures fall i

CONTINUE test if
number of
range below at
time in Col. I
-7
2-7
3-8
-8

4-9

45

5210

5-10

6-11

6-11

7-12

7-12

8-13

8-13

9-14

9-14

10-14

11-14

12-14

(1) Number of models available for testing;

Producer's
Risk
1%
2%
2%
2%

.2
2%
2%
2%

P 4
2.5%
4.5%
8%
10%

(2) Contrectual MTBF raquirament; and

TABLE I (MIL-R-26474)

ACCEPT-REJICT CRITERIA FOR FAILURE RATE TESTING

(3) Determinstion of risk levels that ara consistant with schedulas,
cost of testing, test environment, end aquipmant charactaristics- (for axampla,
the amount of davelopment involved).

In the casa of high MTBF requiremants, thera era other considerations
which may serve to justify the increased risk levals of Tabla A. Looking first
at the increased risks to tha producer, considar that sinca tha Air Forca hes
caczed away from the contrectual MIBF raquirement in order to compute AF Risk,
it would not seem unreesonable to expect the producar to compute hia risk
Yased on some highar valua than tha contractual MIBF requirament. Cartainly,
the producer cennot design the equipment MIBF to exact numerical values. One
wcu.d expect thet efforts would be directed towerd designing somewhat better
ther the requirement. If we arbitrarily selected "1/ higher" va may usa the
Tsisson tebles to show that the producer's risk is quite low. These risks are
indicated in Table A. It is quita asasy to justify the incraasas in AF Risk
(especially whan the cost of testing is $7,000 a day or mora) sinca, in the ¥
csse of hiph MTBF requiremants, there is a considerable raduction in test

wow o O
=

"

of failures below
occur on or before
time in Columa I

REJECT if number

NRERARASBARIYROGORY

LT B S B JE NPV VIV S S SR R R
=

Multiples of
Contract MIBP

Co

3 The po.n: for end.ng the tea: waa arhitra:.ly aelected |hy the :echmique given -2 Chapter 3).

e,

© agy

requirement will be rejected at the decision point indioated
AF Risk: The probebility that equipment which only satifies one half the contractual
MIBF requirement will be acoepted at the decision point indicsted.
Pigure 4

Producer's Risks The probability that equipment which exaotly satisfise the oontractual MIBF



bours required. (The next chapter is eimed at making this last statement more
precise.) But more than test expenditures may be effected - as time passes,
it becomes increasingly harder to correct dssign weaknessss, and increasingly
mors costly to the producer. In the final analysis, the Air Force bears the
burden of both design deficiencies, and increased costs to the producer,
whichever may occur es e result of delayed dscisions.

Maximur test time may be shortened even further, but only et the expense
of increesed risks to the producer and consumer. Once e discriminetion retio
and "maximim risks" are selected, it is e simple matter to scan the Poisson
tables to select a point for ending the test (celled e "truncation” pcint).
This technique was expleined in Chepter 3, where a truncation point of 2,000
hours (10 multiples of MTBF) wes selected. However, when "sequential test
formulas™ are used, there are formulas which give the first point at which the
producer's risk is equal to the "predetermined™ level (20% in the cese of Teble
A) end, gt the same time, the consumer's risk is less than or equal %o the
predeternined level4. If these formules hed been spplied to Table A, the
result would heve been es follows (with the new risks ss indiceted):

1.38 4 1-3 0
2.7 5 2-4 1
2.76 é 3-5 2
3.45 7 4=6 )
467 128 5-6 "
4.73 7 20% - 17% 6

Note that the producer's risk climbs to 20%, while the AF risk never exceeds
17%. If the producer's risk is computed on the besis of designing ¢ higher
thsn the requirement, the lest two decision points (4.14 and 4.73 time units)
would havs risks of 5% and 9% instesd of 124% and 20%. Under certain conditions
this plen may be quits rsesonable for both parties.

4 *“Truacated lifs Tests in the Expoasntia] Case,” by B. Epasin, Annals of Mathemetical Statistioa,
vol. 28, pages 885-564.
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4L/5 times multiples of contract MTBF and finding D(x) for x
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Figure 5§

The probability that equipment which setisfies 1/2 the contractual MTBF

requirement will be accepted.
The probability that equipmen* which 1s 1/4 higher than the contractual

MTBF requirement will be rejected.

The probability that equipment which exactly satisfies the contractual MIBF
U

requirement will be rejected.

##pir Porce's Risk:

*Producer's Risk:

s##producer's Risk
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CHAPTER 5

AVERAGE TEST TIME

When the sequential test formulas (as given in Attachment 2) are used,
there are still other formulas (see Attachment 3) which give the most probable
number of failures required for accept/reject decisions if the true MTBF of
the equipment i1s equal to either:

T, ¢ the contractual MIEF requirement, or
Ty : the "absolute minimum" MIBF requirement
E(X), the most probable number of failures required if the true MIBF is I,

is calculated for each of the values T, and T, in Attachment 3, first for

Table I and then for Table A. Comparing these values with the corresponding
tables we obtain the following resulta:

TABLE I TABLE A
T * 6.34 3.45
T,* 4.01 1.38

vhere the figures shown are in multiples of contract MTBF! and

Tc‘ = the average time units for acceptance if the true MIBF is
equal to T, (the contractual MIBF requirement)

Tp* = the average time units for rejection if the true MIBF is
equel to Ty (1/2 the contractual MTBF requirement)

These figures show that, on the average, testing via Table A will be
completed in less than half the time required by Table I. The impact of test
time on the overall program must nevertheless be weighed against the rieks
that are involved. At any decision ‘point, we decrease our confidence by
about 5% when using Table A instead of Table 1. In both cases our confidence
is associated vith having 1/2 the contractual MIBF requirement.

l1o change T2 and T3 to actesi test time, multiply the time uaite Indiceted by the contractusl
MTBF requiremont. ¥ k L 23



CHAPTER 6
METHODS TO BE EMPLOYED IN FUTURE FROCUREMENTS

Thara is raason to believe that the authors of MIL-R-2647/ realized the
shortcomings of Tabla I, since they provided exceptions in the event that
conditions required termination of testing prior to reaching en accept/re-
ject decision. (Sae Conditions I and II of MIL-R-2647,.) Tha specification
provides that if 3 multiples of contrect MTBF have been reachad, and if
tha final reliability astimate is "clearly" greeter than the contractual
requirement, than an accept decision will be made. Howevar, how much greater
is "clearly"™ greater, and on what kind of date should the final reliability
estimate be baaad, is not spelled out in the specification. For axampla, do
we completely ignore the results of our (3 multiples of MTBF) tasting that
wes accomplished? A provision such as this pre-supposes that tha procuring
sgency wes not able to develop an acceptance/rajectance criteria that would
give a substantial level of confidence for shorter periods of testing (auch
es Table A). To illustrate tha possible consequences of this condition,
suppose that aftar 3 multiples of testing 7 relevant failures hed occurrad,
end that the contractor's predictions were still higher than the contractual
requirement. Under MIL-R-2647, the Air Force might be forced to accept
the equipment, and et the staggering risk of 74%; thet is, the probahility
thet equipment heving 4 the required MTBF would heve 7 or less failures
in 3 multiples of contrectusl MIBF is 7,%. Yet, if Table A was in force,
the equipment would be rejected with less than 7% risk to the contrsctor.

In view of the sbove mentioned amhiguities and/or the unwerranted risks
that could result, MIL-R-2647/ should not be cited in future procurements,
unless the specific accept/reject criteria is defined in the equipmant
specification or work statement giving the conditions thet apply if termi-
netion of testing becomes necessary, and only after full consideration of
the rieks that may be involved. In addition, the work stetement should
call for e reliability demonstration plen which must clearly state the
ground rules for counting failursa and measuring operating timea, as well as
the opereting conditions that will pravail during the demonstration.

PRECEDING
PAGE BLANK

25

ATTACEMENTS 1 THROUCH 4

VERIFICATION OF QUANTITATIVE RELIABILITY REQUIREMENTS

‘er1s1on Criteria

PRECEDING
PAGE BLANK

27



BASIC LAWS OF PROBABILITY
1. Underlying Assumption. The elements of set theory, wherein e point

(element) is called an "outcome of an experiment®, the collection of all
points (outcomes) is called the "sample space" (and denoted by G), end any
sub-collection of points (outcomee) of G is called an "event". In ticular
G is an event, and the collection consisting of no points (outcomusm;u an
event (called the Pnull event" and demoted by #). A "random variable® is a
numerically-valued function defined over the sample space G; i.e., a rule which
assigns exactly one number to eech outcome.

2. Basic Axjoms. We assume the exiatence of e function P setisfying the
following axiomsl.

e. Axiom1: P{c} = 1

b. Axiom 2: P{g}

0

c. Axiom 3: 0% P{E} £ 1 for any event E

d. axtom 4: P{EVE} = P{E;} + p{8} - P{ENE}
NOTE: It{E1nE2} = # then

P{E.lUEz} = p{z} + p{5;}

3. Cumuletive Distribytion Function. For any random variable X = X (w) the
function defined by

Fy : Py (a) = P{I (v) £ a} vhere (-oo < e ©0)

ie celled the cumulative distribution function.
4. ties of the C tive Dist. O] tion. The cumulative

dietribution function hes the following basic properties:
a. It is a non-decreasing function.
b. Py (-o0) = 0
c. Py (oeo) = 1

lp {E)} is sotstion for *“The (numerical) probahility of the event E occurring’’, (E 0 Ez} eignifies the
simohaseoss occurrence of El sad Fz (E U Ez) is sn even: which occurs when eilhzr El or E2 occurs.,

Attechment 1
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. 4
DERIVATION OF TABLE 1, MIL-R-26474

Teble I ie derived throué the use of the following formulas which were
developed by mathematicians Epsicin and Scbell. We shel) begin by defining:

o = Producer's Risk R ﬂ = AF Risk

Te = Contractual MIBF requirement

Ty = Absolute minimum required MTBF

fqg = Number of failures for acceptance

fr = Number of feilures for rejectance

tg = Teet time for ecceptance (ultimately expreseed as a function of fg)

tr = Test time for rejectance (ultimately expressed es e function of fr)

In = Abbrevietion for the netural logerithm function.

The equetions we need are:

(A )+ ()1 ()

= 1= o
S Te - Ig
T
'-]n( 1-8 )+ (r) ln(%;)
h"_- : To - Tp
Tn

Now, to illustrate the use of these formulas, we first develop Teble 1 in
which, .

(1) X = 106 = .1
(2) ﬁ = 106 = .1
(3) Tw = Te

&

REEESEEY

! See ACREE (Advisory Group on Relishili of Elecronic Eqnipment) Report, 4 June 1957, Sspt of Documents,
U. S. Government Printing mrce Wash 25, D. C.
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Preliminary Calculations:

1 8y ) Ie = 2and Telm =4
Tm 5

2. By (1) and (2) and stendard mathematical tablas we got:
e el gy o2
_ln('l_;(é): —1n<1_-;_‘1|_)= -1n(_._?)= -ln 9 ==2.2

J.n(T_g In 2= .69
Tm

Now we make tha approprieta subetitutions giving us:
For Accaptanca: tg = 2.2 + .69 f,
For Rejactanca: tr ==2.2 + .69 fp

Next we simply eolve thesa aquatione for nuzbers of failures = 0, 1, 2,.etec.

s ta o £
0 2.20 0 - 2.20
1 2.89 1 - 1.51
2 3.58 2 - 0.82
3 2527 3 - 0.13
& 4.96 4 0.56
5 5.65 5 1.25
6 6.34 6 1.94
2 7.03 7 2.63
8 272 8 3.32
9 8.41 9 4.0
10 9.10 10 4.70
1 9.79 . 1 5.39
12 10.48 12 6.08
13 11.17 13 6.77
% 11.86 12 7.46
15 12.55 15 7.72

Since the aquations for acceptmce/rejectmco ars straight linss with tha
same slopa, the above liete could go on indefinitely (never reaching a point
vhere tha number of failurae for acceptancs is one less than the number of
failuras for rsjsctance, for the samea test time; i.s., with tg = tr.
However, it was shown in Chapter 3 that, as tsst time is increased, we
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aventually reach a point where thie occure; i.a., the riske are comparahla
for acceptance/rajectance failuras differing by ona. Epstein?, in fact, hae
daveloped formulas for finding a truncation point for which o = 10% and B
never axcaads 10%. These formulas, when applied to Tahle I giva a point of
truncation of 10.30 tima units with 15 failures for rejactance Thesa wera
used by tha writers of MIL-R-26474, but here again, the formulas have a
limitation in that they do not find tha earliest truncation point with o and
,B approximately aqual to 10%. Tha aarliast point would be 9.5 time units
with 14 failuras specified for rejectance. To saa this mora clearly, tha
and of Tahle I could hava bean established as follows, with risks as shown:

. . . .

7.46 14 2% 813 ’
7.72 14 3% 9-13 8 3%
8.15 14 4% 9-13

8.41 14 5% 10-13 9 3%
9.10 14 % 11-13 10 3%
9.50 14 10% 13 10%

The authors of Tahle I also arbitrarily decidad that teeting less than three
multiples of MIBF is a minimum requiramant (in order to give aoma assuranca
that aquipment with unduly ehort life will be rejected). Henca for fg = 1,
ts is changed from 2.89 to 3.00 and a corresponding (arhitrary) allowance of
fr = 8 is made at 3.00 time units. From hera on the computed values ara used
until reaching the 10.30 point.

Derivation of Tahla A. We dafine X, 8 , Tc, Tm, fa, fr, ta, and tr as befora
and usa the eama formulaa:

ta = -m( f;)+ (fg) 1n ()

Te-Tp
Tm
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