UNCLASSIFIED

AD NUMBER

AD844983

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; NOV 1968.
Other requests shall be referred to Rome
Air Development Center, Rome, NY.

AUTHORITY

RADC 1ltr, 4 May 1972

THIS PAGE IS UNCLASSIFIED



(%)

AD344988

: R*DC—TR-“—?&Q
_ Fieal Report

RELIABILITY PREDICTION ARD DEMOMSTRATION
FOR GROUND ELECTRORIC EQUIPMENT
Dwighe Q. Beilinge
Gerald M. Pitcier
Robart E. Shelton
st el

 TR¥, inc., TRW Sysiwms Grovp

TECHNICAL SEPORT HO. RADC-TR-£3-780
Rorember 1968

Thic £ocuaca? is wesjost to Special
exgort coptrols asd sack Uasenital
10 ioreign povarzmeats, {oreign aa-
tionsis or stprescatslives thereto may
be sade oaly =itk price sppooyal of
RADC (ERERR). CAVFR, ».Y.

Rome Air Development Conter
Ajr Force Systems Commond
Griffies Air Force Base, Kew Yok

e i et S50t Ay

rann Ko o 2 akats ma e &

i



e e T e L T T

FEEATIN LU LR

N

b e

SRR I -, -

¥ien US Govempenz drawings, specifications, or other da:a sre used for say purpose other
than a definitely rejated EOTEMEDL proCures at operation, the goverament therehy incurs
eo responsibility nor aay obligation whatsoever; 2ad the fact that the govercment zay hase
formulated, furished, or ig 3y wey supplied the said deawings, specifications, or gther
dex2 is oot to be regazded, Ly implicatiog of ot-erwise, 2s in 20y maaner licepsicg the
holder or 20y other persen or corporation, of conveying any rights or pemmissica o mang-
factuce, use, of sell acy pareated invention thar may ic azy way be relared therets.

XY 20000

Do aot retuen this copy. Retain or destroy,

3
<
' M »
Sji'
!
»
P -

A ‘

, . \

PR ww,ynwfmgm
aaaline 1%t matia 2 Rodid it R

\
- »
vy A
Ty N L TP T T ST T

Ty}

Al

177
E, ~h ed B
Rt st SOG BNCEN




|
|
E
:
:
;
£
%
§

T RSP T RO TR N A AT T P SO IO SN P KV

-

w -s«mwmmnm%%
e e . PN | Calbe

[gB T

"

RELIABILITY PREDICTION AND DEMONSTRATION :
FOR GROUND ELECTRON:C EQUIPMENT -
Dwight Q. Beliinger '
Geraid #. Piitler :

Rober: E. Shalion .
2t of :

TRY, inc., TRW Systemns Group

This documeat is subject to special
expwt controis and each transmitta] i
to foreign governments, foreiga na-
tionals or representatives thereto may
be made only with prioc approval of
RADC (EMERK), GAFB. N.Y. 13440,

MAINLINE, MOORESTOWN, N...
12712768 177 COPIES




PR

————— -~ n

FOREWORD

This technical report presents the results of 2 study conductad by (Fl
Systems, One Space Park, Redendo Beach, Caiifornia urder Contract F20602-67-
C-0247, Project 551%, Task 551902, with Rome Afr Cevelopment Center, Griffiss
Afr Force Base, New York. TRW Task Ko. i3 6232, Report No. fs 68.6373.3-146,

This project, performed between 24 April 1967 and 24 May 1968 was under
th2 guidance of Harry S. Powell of the System Engineering and Integration
Civision and study efforts were supervised bv Dwight Q. Bellinger, Head of
ihe Systems Analysfs Section. Principal authors of the report are Dwight
7. Bellinger, Gerald M. Pittler, and Robert E. Shelton, with technical con-

:ibutfons by Harold J. Bafley, Franz N. Kanaga, and Gene A. Spears,

Acknowiedgement s made of techniczl information and data supplied by
the following 2gencies: ESD Field Office, Bedford, Massz.husetts; HQ, ADC,
Colorado Springs, Colorado; Burroughs Corporation, Paoli, Pennsylvania;:
Mitre Corporation, Colorade Springs, Colorado; Philco-Ford Corporation, Willow
Grove, Pennsylvania; and Radio Corporation of America in Cocoa Beach, Flarida,
Cinnaminson, New Jersey, and Moorestown, New Jersey.

TRM Systems wishes to express appreciazfon for the cooperative assistance,
guidance, and techrical reviews of the RADC Prograx Monitor, Anthony J.
Feduccifa, EMERR, and of Lester J. Gubbins, also of EMERR,

Distribution of this report is restricted under the provisionc of the
U.S. Mutual Security Acts of 7949,

This Technical Report has been reviewed and {s asproved.

7 '/;yy/ )
Asproved: £ 7‘,\/- T N —

ANTHONY J. FEDUCCIA
Reliasbility Engineering Section
Reliabiliy Branch

;31; {144&%?,—
h BETHKE
£, nee

ineering Division

FOR THE COMMANDER: ~7eé 9 ﬂv @rrimall

// IRVING 1. GABELMAN
Chief, Advenced Studies Group

11

sttt ekt had

[EUPRRPRGIPIPLY Y Y




[T

S TN

ABSTRACT

This study evaluates the accu:acy of established reliability preciction tech-
niques applied to a cross section of ground electronic equipment. Fre-¢~sign
and stress analysis prediction methods were evzluated, including those o the
revised RADC Reiiability Notebuok, Volume II, dated September 1967.

The study obiectives were to measure and improve the accuracy of existing pre-
design and stress analysis reliability prediction technicues, and to apply

the resuits to the Gevelopment of a recommended reliability demonstration
approach.

Prediction accuracy was determimed by obtaining measured reliability data from
field experience for comparison with new reliabiiity predictions prepared for
the same equipment in accordance with the established prediction techniques.
Special studies and correiation analyses were performed to identify and esta-
blish relationships significant tc the identification and correction of fac-
tors respensible for inaccuracies in the prediction techniques. Program-
related factors were evaluated and 3 gquantitative program rating system was
developed for correlation with prediction accuracy values.

Sensitivity studies were performed to determire the degree to which stress,
temperature, and quality grade factors influence the stress analysis reli-
ability predictions for a variety of eguipment types. The behavior of equip-
ment failure rates during extended field operations was determined and eval-
uated for a variety of equipment funciional types. Design approach categories,
and functional categories, were established and applied to identirfy equipment
groups having common characteristics resulting in distinct ranges of predic-
tion accuracy.

Reliability demonstration technigues for ground e1ectronic§ equipment were re-
viewed and a recommended demonstraiion approach was established.
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EVALARTION

1. The oujectives of tniz study were to measure and improve e
gccuracy of existin: pre-design end stress anzlysis prediciion
ec.aniques on ground electronic ecuipmeat. Tne study z@lso ecallec
o= a review of relievility dezonstration tecnniques anc tae
<eveloprmat of a recomeenced demonstrst_on approach, weic.: utisizes
¢ rior .:reaiction, for ground equipment.

«. Taese oulcctives were satislactorily accompliisne .. lModifiers,
¥ilen e.azace t e acscuracy and rrecision of presext prediction
2ethods, were uevelopen, &n. 8 prooosed teuctsira.ion approaca, using
t:e reliavility prediciion as & tageline, is presented. Scctlion vI

is of gpecial intereczt pecsuse it iancludwes a compre.ensive cnelyzis of
integrated circuit iailure rate data and an evaluation of tne relative
accuracy ¢i the BADC and EIA integrated circuit preciction mecels.

_. Altuougn toe prediction modiriers developed ia tnis study improve
ihe accuracy oi existing tecaniques. tne resuits of tnis study also
¢learly irdicate tne need for wajor improvements in tic prediction
process. For example, it is evident tnat separate techniques are
required for digital and aualog equipuents, snd toat ccnsideration
snould e given to items sucn as multilayer priated circuit ovoards
w.iich are not included in present gredictions. ruiure RAIC studies
in reijsbiiity prediction will be Girectea tovards the elizination or
tnese deficiencies and otners wnich were disccvered in tnis effort.

M‘\/M
ANDTEONY J. FEDUCCIA
Reiiability Engineering Section
Reliapility Branch
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SECTION I
. INTRODUCTION
This study had the primary objective of evaluating and improving the accuracy

. of pre-design and stress analysis reliabiiity prediction techniques applfed
to a variety of functional types of ground electronic equipment.

Emphasis was placed upon the recently revised (September 1967) stress analysis
prediction technique of the RADC Reliability Notebook, Volume II, RADC TR-67-
108.

d A secondary objective was to develop 2 reiiability demoastration approach.

g This invalved the investigation of demonstration methods, reliability assur-

: ance technigques, and program characteristics which can serve to diminish or

: eliminate the need for formal demonstration testing. Also included were

' the investigation of reliability program attributes, reliability program
ratings, and other program variables which are known tc contribute to the

' control and elimination of design weaknesses and part failures, thereby

d increasing confidence in the achievement of reliability cbjectives.

The technical approach employed and the tasks performed to achieve these
; objectives are described in Section II, "Summary,” which follows.

. .w.g,-,‘,@.‘.,,{M,,‘.,«,MMM,M;;wg,wwwmmmmwmmmw_
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SECTION II
SUMMARY *
This section supplements the information presented in the “Abstract" in order
to provids a more detailed description of the technical approach and the tasks -
performed during the study. The principal tasks included the following: 3
o Collection of observéd reliability data, and equipment baseline configura- '
tion data for the preparation of reifability predictions.
o Preparation and avaluation of stress analysis and pre-design reliabiiity i
prediction techniques. :
o Improvement of reliability prediction techniques.
o Collectfon and analysis of integrated circuit design, operation, and v
failure data. o
o Performance of special studies to investigate significant areas pertinent i
to the evaluation and improvement of stress analysis and pre-design i
reliability prediction techniques. "
] o Evaluation of reliability test and demonstration approaches for ground j
electronics equipment. i
The technical zpproach emphasized the comparative analysis of predicted and ’
observed failure rates, using a variety of fixed ground eiectronics equip- ] |
ment representing a cross section ot the types currently in the Air Force i
inventory. Statistical analyses were performed at all indenture levels of
equipment, from the system through the part level, to evaluate relationships
between prediction accuracy and such factors as: (
;
o Strength of reljability program
o Design approach ;
o Function e
o Prediction method
0 Stress, temperature, and part grade
o Parts technology ;
o Design compiexity v
This report presents the results of these tasks and analyses in the sections §
which follow. Each analytical section ic introduced by a subsection pre-
senting the objectives of the analysis. Conclusions are presented in the i
summary portion in each sectiocn. !
2
|
\ i
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SECTION III
DATA USED IN STUDY
1. INTRODUCTION

This section presents a tabulation of the data employed in performing

this study. The data tabulated under III 2 “Candidate Equipments® were
used throughout the study except for Special Studies No. 7 and No. 5 of
Section VIII. The data utilized in Section VIII, Special Studies No. 1

and No. 5 are tabulated under III-3 "Data for Special Studies Xo. 1 and
‘ No. 5."

i 2. CANDIDATE EQUIPMENTS

The data from thirty-seven pieces of electronic equipment, operating in a
fixed-ground environment, were selected for utilization in this study
(except for Section VIII, Special Study No. 1 and Special Study No. 5).
The selected equipments encompass the full spectrum of ground electronic
: equipment types (e.g., radars, receivers, displays, computers, etc.).

: The design dates of the eguipment vary from 1959 through 1967 ard include
! all types of electronic components (e.g., tubes, transistors, and inte-

’ grated circuits). The selection of these equipments was made considering
the following criteria, but not necessarily in the order of listing:

: o Availability of equipment parts lists
: o0 Availability of contractor prediction on equipment
' | o Availability of operating failure data on the mature equipment

o Established failure reporting system (e.q.. AF66-1, contractor
reporting, etc.)

o Validity of data for desired analysis techi.iques. .
In Table 1 “Ground Electronics Study Equipment Parts Ekreakdown," the equip-
ments are listed by code numbers, total parts, and percentage of total parts

for each part type. This table is very useful in reflecting the distribution
(i.e., parts mixg of parts in ground electronic equipments.

3 3, DATA FOR SPECIAL STUDIES NO. 1 AND NO. 5
a. Summary

} The data tabulated in this section is used in Special Studies No. 1 and
No. 5. The data are field data on ground electronic equipment taken over

a calendar period of seven years, ending in 1965. The equipments are

broadly categorized as either transmitter type, receiver type, computer

1 type, or dispiay type equipment. The equipment was maintained by contrac-
tor personnel and USAF agencies and exhibited a censtant duty cycle.
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The failure definition used in this study includes all failures that
caused a downtime o~ interruptiun tc the operational performance of
the equipent exclucing externally cauyseag faiiures, such as power
outages. Therefore, removal and replacement actions were not associ-
ated with ali failure events. All equipment was in tie steady-
state operating portion of the eguipment life cycie {i.e., all
equipment had accumslated apprcximateiy 8-10,000 hours of operating
time). Thus, the data excludes the debugging an¢ installation phases
of tne eguipment 1ife cycle. A suwwmary of the accumulated enit
cperating hours included within each equipment type, is given be ow.

Tyse tguipeent Operating Hours
¢ Transzitter 527,060
o0 Receiver 1,792,535
o Cispiay 543,544
¢ Computer 887,003

Quslitative Discussion of the Field Data

A1l the data analyzed in this section of the report were obtained
from summarized field reliabitlity reperts on the particular equip-
ne*nts. The reports discusses the causes sf some cf the failures that
cecurrad, including failures due to the following causes:

(1} Design inadequacies

Even during this period of maturity in the life cycle a number
of gesign inadeauacies became svident during the operation of
the equipment. After recommended corrective action was taken,
the equipment failure rate shcwed a decrease, in some cases,
which might be attributed to the action taken.

(2) Parts Deficiencies

Deficiencies in some parts characteristics are indicated to have
contributed to equipment faiiure rates in several instances.
However, the extent of the contribution could not e quantita-
tively estabiished, and could not always be ciearly distinguished
from the category of design inadequacies. Examples of the types
of parts deficiencies which are known to be present in all
fielded systems include: quality control deficiencies, defici-
encies due to shipping and handling, 2nd deficiencies caused by
stresses incurrad during installation and checkout activities.
This category alsc inciudes part failures due to configuration
control probiems.
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{3) mainterance and Operational Policies and Practices

Like all other systems, these equipments were subject to the
influence of changing maintenance and operational policies and
practices. These changes result in both increased and reduced
downtime and part replacement. To the extent that changes are
sade, equipment failure rates are indicated to be a function of
these changes.

(4) Part Wearout Failures

Certain parts, such as tubes, relays, motors and certain moving
mechanical components, have known wearout mechanisms. When these
parts wear out, they are reported as field failures and are
included in the equipment failure rate.

(5) Catastrophic Failures

The above four categories described failures, both catastrophic
and non-cctastrophic which are traceatle tc the effects of time
and/or causes. This category differs from the above in that the
failures are randcs in time and may be considered random in cause.
These €ailures are mot attributed to a design deficiency, part
deficiency or maintenance or operating policy.

It is recognized that all of these failure categories are represented
in all field data covering extended time periods. However, current
prediction techniques are primarily based on catastrophic failures,
although wearout failures are recognized in the RADC stress analysis
method. The other failure classes are not represented in the predic-
tion techriques. However, for some equipments during selected periods,
failures in these other classes can represent the bulk of the tctal

equipment failures.

As discussed, the prediction techniques generally yield higher than
observed failure rates. This inaccuracy is accentuated for those
equipments whose failure rate is decreasing with time. The predic-
tions would appear even more inaccurate if the failures due to causes
nct included in the prediction process could be deleted from the
obsarved data.

The contribution teo prediction inaccuracy of failure classes nct
represented ir the prediction techniques could be assessed if it were
possible to determine the extent to which these failures contribute

to the total equipment failure rate. To accomplisn this requires more
information and analysis than is currently available from any field
reporting system. Therefore, all of the reported failures nave been
accepted as representative reliability statistics, appiicable to the
purposes of this study.
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tquipment Analyzed

Tables II through V 1ist the equipment which forms the baseline for
this study. £ach tabie lists the number of equipments ir each cate-
gory, total operating hours, total equipment hours, and the total
number of failures. It will be noted from the tables that all equ’p-
ments were placed into one of four broad functional categories, based
upon their Tunctional application. Within each category, eguipments
were divided into subgroups having identic.al characteristics.

The transmitter type eguipment included 28 individual equipments
(e.g., transmitters) grouped into four subgroups (T-1 throuch T-4).

in each subgroup, the individual equipments each operated for a period
of from 17,640 nours to 19,310 hours.

The receiver-type equipment comprised 92 distinct operational
equipments (e.g., receivers, local oscillators, intermediate frequency
equipment, active filters, etc.). These were grouped into eight
subgroups {R-1 througn R-8), in each of which the individual equipments
operated for an average of from 19,340 hours to 19,530 hours.

The computer equipment consists of two complete computer equipment
groups including core memory (C-2 and C-7), a total of four computers,
an individua! central processor (C-13), its associated memory core
(C-12} and a set of magnetic tape units (C-15). Additional computer
type equipment consisted of computer interface units (C-1, C-3, C-6,
(-8, C-14}, a display console controller (C-13) and four master
timing units (C-4, C-5, C-9, C-i0). The failures cf the magnetic

tape units are classified as electrical and mechanical since these

two general classes of failures are expected to exhibit different
failure rate versus time characteristics.

The display equipment consists exclusively of display consoles (D-1
thru D-7) and camera projection equipment (D-8, D-9). The latter
equipment was used to provide a large screen dynamic display for one
of the systems analyzed. Only 5,994 hours were reported on this equip-
ment, representing a small segment of*“he equipment life. The ‘
remaining 34 display consoles accumuiated 537,550 hours, an average of
15,800 hours per display unit. )

This data is analyzed in detail in Special Studies No. 1 and No. 5.
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TABLE il

TRANSHITTER TYPE EQUIPHENT

- e e b S L PSP VRS

) ] Total Operating Total Equipment Total
Equipment Quartity Hours (Per Equipment) Hours Failures
T-1 6 17,640 105,840 2179
T-2 10 19,310 193,100 3126
T1-3 4 18,750 75,000 1470
T-4 8 19,140 153,120 2365
JOTAL - 28 ) 9140
- TABLE III
RECEIVER TYPE EQUIPMENT
Equipment Quantity Total Operating Total Equipment Total
Hours (Per Equipment) Hours Failures
R-1 18 19,530 351,540 37
R-2 16 19,530 312,480 247
R-3 13 19,530 253,890 37
R-4 14 19,500 273,000 3N
R-5 1 19,370 213,070 327
R-6 10 19,340 193,400 23
R-7 6 19,530 117,180 8
R-8 4 12,530 78,120 14
TOTAL 92 1,792,680 1398
10
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TABLE 1V
COMPUTER TYPE EQUIPMENT

Total Operating Total Equipment{ Total
Equipment Quantity Hours {Per Equipment} Hours Failures
-1 14 19,530 273,820 100
c-2 2 19,530 39,060 295
C-3 2 19,530 39,060 167
c-4 2 19,430 38,860 13
C-5 3 19,530 58,590 21
C-6 11 19,440 213,840 86
c-7 2 19,530 39,060 210
c-8 2 19,530 39,069 29
C-§ 2 19,530 39,060 4
€-10 2 19,530 39,060 43
c-11 1 11,158 11,158 16
c-12 1 11,158 11,158 36
C-13 1 11,912 11,912 9
c-14 1 11,389 11,389 27
C-15(Elec} 14 -- 11,158 97
C-15(Mech) 14 -- 11,158 130
TOTAL 50 887,003 1283
N
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TABLE V

DISPLAY TYPE EQUIPMENT

T UV SR AR

) ] Total Operating Total Equipment Total
Equipment Quantity Hours (Per Equipment) Hours Failures
D-1 6 19,480 116,880 40
D-2 4 19,530 78,120 55
D-3 3 17,360 52,080 5
D-4 4 19,530 78,12¢ 37
D-5 3 19,530 58,590 74
D-8 3 10,850 32,550 1
D-7 i 11,110 122,210 370
D-8 1 1,830 1,830 28
D-9 1 3,164 3,164 9
TOTAL 36 543,544 619
12

o S Ao et b R F

T L L T

e

Lt

Catda

L

PSR ™ " PO,




1.

SECTIOR IV
IMPROVEMENT OF STRESS ARALYSIS PREDICTION TECHNIQUES

OBJECTIVES

The primary objectives of this section are the assessment of the accuracy
of the different stress analysis prediction techniques, and the develop-
ment of a more accurate prediction method for ground electronic equipment.

SUMMARY

The development of an improved stress anaiysis prediction technique is
predicated cn the conclusions fvom this investigation. That is, 2 defi-
nite difference exists between digital and analog egquipments. A modifier

to the RADC Volume II Stress Analysis prediction technique could enhance
the accuracy of the preciction.

The improved prediction technique is the application of a modifier to the
RADC, Volume I Reliability Prediction. A separate modifier was developed
for both digital equipments and analog equipments. The modifiers were
deveioped by eliminating, from the analog and digital equipments, those
equipments with tube components and determining a least-squares curve fit

to the remaining equipment. The least-squares fit detemined that a linear
curve of the type

y = a+ BX, (1)

where

y the observed MTBF,

X

the RADC Volume II Predicted MTBF, and
a, 8, are regression coefficients,
sufficiently models the data for both types of equipments.
The regression coefficients determined for the digital equipments are
3.14
0.14

a

s}

Hence, to obtain an adjusted prediction for digital equipments the follow-
ing linear expression was used:

y = 3.4+ 0.14x,

where

13
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y the adjusted prediction, and

A

the original RADC, Volume II prediction.

Teble VI “Adjusted Prediction Accuracy Patios vs RADC, Volume II Pre-
diction Accuracy Ratios-Digital Equipmeats” compares the accuracy of the
two prediction techniques for each equipment utilized in establishing the
modifier.

TABLE ¥I
ADJUSTED PREDICTION ACCURACY RATIOS VS RADC VOLUME II
PREDICTION ACCURACY RATIOS - DIGITAL EQUIPMENTS

Equipment RADC Adjusted
Code No. Ratio Ratic
1 1.7 0.4
5 6.1 ' 2.8
6 3.8 1.1
7 7.0 3.7
8 3.8 1.7
10 2.1 1.0
29 1.3 0.8
32 1.4 0.9
F 37 7.1 1.0

The mean for the RADC Volume II prediction accuracy ratios is 4.9 and the
mean for the adjusted prediction accuracy ratios is 1.6 (i.e., a reduction
of more than 200 percent in the inaccuracy). The standard deviation for
the RADC Volume II prediction accuracy ratios is 3.54 and the standard
deviation for the adjusted prediction accuracy ratios is 1.36 (i.e., a
reduction of 160 percent in the imprecision). Hence, the adjusted predic-
ticn technique will not only result in more accurate predictions, but will
also result in more precise predictions.

The analog equipments inciuded eleven equipments. The least-square curve
fit produced the following correlation coefficients for these equipments,.

a = 1,2
B = 0.42

14
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The adjusted predictions were obtained from
y = 1.2+0.42 X,

vhere

y the adjusted MTBF, and

X

Sopaa

the original RADC Predicted MTBF.

RISyt

Table VII, "Adjusted Prediction Accuracy Ratios vs RADC Volume II Predic-

tion Accuracy Ratios - Analeg Equipments" shows a comparison between the
two prediction techniques.

-da

PN I/R.T 4

TABLE VII

ADJUSTED PREDICTION ACCURACY RATIOS VS RADC VOLUME II 3
| PREDICTION ACCURACY RATIOS - ANALOG EQUIPMENTS !
: 3
|
! Equipment RADC Adjusted F
; €ode No. Ratio Ratio K
2 26.5 12.5
f 3 13.4 7.1
! 4 0.8 0.5

N 3.8 2.3
25 0.5 4.2
26 10.2 7.0
27 0.5 0.3
28 0.9 0.5
30 1.5 1.0
31 0.9 11
34 2.3 1.0

The mean for the RADC Volume II prediction is 5.6 with a standard devia-
tion of 8.2. The mean for the adjusted prediction is 3.5 with a standard
deviation of 3.9. Thus, the adjusted predictions represent a 60 percent
increase in accuracy and a 110 percent improvement in precision for the
b analog equipments.
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In summary, the rasults of this study have shown that:

0

The various prediction techniques have a high degree of linear
correlation.

The prediction techniques, generally, do not correlate with the .
observed data.

The prediction techniques indicated good correlation with the
observed data for digital equipments.

The MTBF ratios exhibit 2 log-normal distribuiion.

The different prediction techniques resulted in equal variances but
different meai.s which indicates that a difference in accuracy exists
between techniques but there is ny difference in precision.

The analog and digital equipmerts were not of the same log-normal popu-
lation (i.e., the means and variances were not equal).

The t.chnique for predicting digital equipment reliability should be
different trom the technique used for predicting analog equipment
reliability.

Stress analysis predictions produce lower-than-cbserved MIBF’s for
almost all eguipments in the digital desian approach category.

Power equipment demonstrated characteristically a higher than desired
{i.e., >1.0) prediction accuracy ratio.

Control equipment exhibited the widest range of prediction accuracy
ratios.

Vacuum tube equipments were characterized by a lower than desired (i.e.,
<1.0) prediction accuracy ratio.

A relationship was irndicated to exist between the accuracy of reliabil-
ity predictions for large systems, and the effects of program factors
{e.g., strength of veliability programs). System prediction modifiers
and program rating criteria were established.

A linear function provides the modifiers to improve the RADC VYolume I

predictions for both digital and analog equipments. These modifiers
improve both the accuracy and the precision of the predictions.

16
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3. DETAILS

a. Technicai Approach

This portior of the study is an attempt to assess the accuracy of the
stress analysis prediction techriques, isolate the factors which contri-
bute to the inaccuracies of tre technique, and develop & more acrurate i
predict®~n technique.

et bl TN o N AL 2 AN
-

The solution to the prediction inaccuracy problem was approached by se-
lecting a group of electronic equipment, operating in a fixed ground
environment and establishing predicted reliability values (i.e., RADC
VYolume II, upper and lower grade parts, MIL HDBK 217A, and Original Lon-
tractor predictions) for each of the selectec equipments.

PRNE PRL T A VT LY T

b, Dasa:

The stress analysis prediction techniques were evaluated to determine
their correlation with each other and with the observed data, the degree
of accuracy of the individual techniques, and the probability distribu-
tions formed by the +atio of chserved mear-time-between failure (MIBF)

to the predicted me.n-time-between failure {MTBF,) for each equipment.

The new prediction technique was validated by cogparison of prediction
accuracy ratios between the new technique and the RADC Volume II tachnique.

P L

Pyny

The evaluation of stress analysis prediction techniques required the es-
tablishment of predictions which utilized the techniques. Theietore,
predictions were prepared for thirty-eight equipments using both the
methods of the RADC Reliability Notebook, Volume II and MiL-HDBK-217A.
The stress analysis prediction techniques require a knowiedge of numerous {
design and operating factors which infiuence the failure rates of parts
within the equipment (e.g., temperature, stress, environment, part juality,
etc.). Therefore, information relative to the operating characteristics
of the equipment were obtained from the following sources:

o System Envircnmental Specifications

o Environmental Control System Project Engineers

o Equipment Designers

¢ Contractor Reliability Prediction Reports

Utilizing the above information, a standard set of prediction factors and
operating conditions was established for use in preparing ail RAGC Volume
11 type stress analysis predictions as listed below.

o The equipment operates in a fixed ground environment.

o The part quality level is consistent throughout the equipment (i.e.,
upper grade or lower grade).

17
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The general equation used for establishing a part failure rate for the
RADC Volume II predictien is

A T Ry XMy T I (2)
where
Ap = the part failure rate,
Ay = the base failure rate established for temperature,
stress, and part quality,
My S the application modifiers, and
I ® tne environment modifiers.

b. Correlation Analysis

This study evaluated the correlation of Mean-Time-Between-Failure (MTBF)
values predicted by each of the stress analysis prediction techniques with
observed values and each other. The purpose of this study was to statisti-
cally evaluate the relationships of prediction techniques for a variety of
equipment, and to determine if any combinations of techniques and equipment
exhibited relationships significant to the evaluation and improvement of
prediction accuracy, precision, or repeatability. The study also attempted
to identify and isolate any significant statistical differences which might
exist,

The test for simple linear correlation was performed for three equipment
categories:

o All equipments {34 equipments),

¢ Analog equipments (20 equipments), and

o Digital equipments (14 equipments).

The correlation coefficients obtained for the different prediction tech-

niques are shown in Table VIII, "Simple Linear Correlation Coefficients
Between Stress Analysis Prediction Techniques."
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TABLE VIII
SIMPLE LINEAR CORRELATION COEFFICIENTS

BETWEEN STRESS ANALYSIS PREDICTION TECHMIQUES

; RADC |  RADC MIL-
' ) Upper Lower HDBK-~
: Equipment Type Grade Grade 217A
RADC Upper Gragde -- 0.913 0.89%6
All
RADC Lower Grade 0.913 -- £.909
RADC Upper Grade == 0.923 0.986
Analog
RADC Lower Grade 0.9z3 ~- 0.917
f’ RADC Upper Grade - 0.958 0.722
§ Digital
§ RADC Lower Grade 0.958 - 0.&29

i The foregoing table shows relatively high degree of linear correlaticn

; between the stress analysis prediction techniques (i.e., the resuits of
all stress analysis predicticn techniques are quite similar). Although
this correlation provides no insight into tne accuracy of the technigues,
it shows that the precision of the individual techniques is essentially
the same for all.

The correlation analyses conducted between the observed data and the
several stress analysis predicticn techniques are illustrated in Table IX,
“Correlation Coefficients Between Observed Data and Stress Analysis Pre-
diction Techniques."

The table shows a significant correlation between predicted and ob-
- served vaiues for cigital equipment, but very little correlatior
between the predicted and cbserved values for analog equipments.
This implies that a significant difference exists between gna@og and
i digital equipment which is not compensated for in the prediction
| techniques.

19
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TABLE IX

CORRELATION COEFFICIENTS BEYNTER OBSERVED DATA
& STRESS ANALYS]S PREDICTION TECHMIQUES

Equipnent Categories RADC RADC MIL-
Upper Lower HOBK i
Srade Erade 217A i
ﬁ.:
A1l Equipments 0.520 0.336 0.208 |
| Analog Ecuipments 0.269 £.192 ! 0.132 i
i
Digital Equipments L 0.963 : 0.868 : 0.604 i
] }

n,8 =

The high correlation {0.963) between the RADC Volume 11 upper grade

the observed data for ihe digital eguipment precipi-
squares curve fit to determine what curve wculd best

fit the observed data. The curves used in the least-squares curve

prediction and

tated 2 least-

fit are:

0 y=at+tBgx,

o y-= aesx,

o y= uas,

0 Yy =at g,

0 ¥= a + BY

c y= X ’
a + 8%

where

y = the observed MIBF,

£z the predicted MTBF, and

the least-squares ccefficients.

20
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The results of the least-squares curve fit are shown ir Table ¥, "Least

Squares Cerve Fit, Digital Equipment™.

curve is the best fit (i.e., the linear curve has the highest index of

determination).

However, the negative vaiue of o is undesirable.

The

This Table shows that the linear

curve where y is a power function (i.e., y = ayB) is the second best fit.
In fact, this curve indicates that a multiplier of abproximately 0.32
would make the RADC Volume II upper grade prediction very close for digi-

tal equipments.

TABLE X

LEAST-SQUARES CURVE FIT
DIGITAL EQUIPMENTS

H

———— ot o S m——

Curve Inder Of a 8
Determination ;
_i
y = a4 8x 6.93 -14684.9 7.09 |
L 5X
y = ae 0.59 1937.7 0.0001
y = ax’ 0.90 0.32 1.25
y = a+8/x 0.13 66144.8 -2.0 x 1077
¥ = 1/abex 0.15 ! 0.0014 5.0 x 1078
o ] | 5
y = x/atix 0.89 { 0.84 -6.2 x 10 7
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Using the least-squares curve fi . fficients from Table X for the
power function curve, new predict.ons were made for the fourteen
digital equipments. The ecuatic~ fur the new prediction is:

y= axf,
where
y= the new prediction value,

x= the old RADC Volume II upper grade prediction value, and

¢,B= the least-squares coefficients (Table X).

Table XI, *Digital Equipwent Prediction From Least-Squares Coeffi-
cients™, shows the results of predicticns for the digital equipments
utilizing the least-squares curve fit coefficients.
TABLE X1
DIGITAL EQUIPHMENT PREDICTIONS

FROM LEAST-SQUARES COEFFICIENTS

quipment : Predictjon | Observed ,  Observed
Ho. & (y = ax") | L.S. Pred. ;| RADC Pred.
} i
: |
37 | 254.8 4.2 ; 7.1
20 389.3 0.5 c.9
32 432.5 4.2 1.4
3 ; 654.3 0.9 1.8
19 i 1510.3 0.2 0.7 :
18 3164.5 0.3 1.7 *
] 6854.5 i 0.7 1.7
6 7632.1 1.6 3.8
8 24207.8 1.2 3.8 ;
10 32493.1 0.6 2.1 |
7 37906.6 2.1 7.0 i
5 46071.6 1.7 6.1 ;
29 51808. 3 0.4 1.3 ;
9 230061.0 : 1.5 7.3 i
| x = 1.4 x = 4.0
]

o e

|
|
:
|
|
l
{

The ratios of the observed MTBF to the new predicted MIBF were ob-
tained. These ratios indicate, when compared with the ratios of
observed MTBF to RADC Volume II upper grade predicted MTBF, that the
least-squares coefficients give a more accurate digital equipment
prediction (i.e., x is closer to one) but do not improve upon the
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precision of the prediction (i.e., the range of variability between the
ratios for all equipments is essentiallv the same).

c.

Analysis of MIBF Ratios

(1) Introduction

The ratios of observed MTBF to predicted MTBF were calculated for
thirty-four equipments using various stress anaiyses prediction

techniques. These ratios are shown, by equipment rumbers, in Table
XII, "Ratio of Observed MIBF to Predicted MiBF."

It is desirable to know the underlying probability distribution of
the ratios of observed MTBF to predicted MIBF.

If the probability distribution can be determined, then it becomes
possible to:

o determine if the prediction techniques produce equal means and
variances. That is, is any one prediction technique either mere
accurate or more precise than any othe: technigue?

0 determine if 211 types of equipment can utilize the same predic-
tion technique. That is, do all types of equipment have thea
same type of probability distribution and if so, are they the
same distribution?

Thus, the analysis of the MTBF ratios is accomplished in the following

manner:

o Determine the underlying probability distributions for the differ-
ent types of equipments (i.e., digital, analog, and aii equipments)

via "goodness of fit" tests.

o Determine, for the different equipment types whose ratios have the

same type of probability distribution, if they are, indeed, from
the same distribution via tests for equal means and equal vari-
ances. That is, the MIBF ratios from two or more equipment ¢:pes
might exhibit a normal distribution, but also have different
means and variances and hence, would not be members of the same
normal distribution.

{2) Goodness of Fit Tests

These tests are performed to determine the underlying probability
distributions of the MTBF ratios.

The categories cf equipment considered in the MIBF ratio analysis are:

o Digital (14 equipments)
o Analog (20 equipments)

23
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16
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¢ All equipments (34 equipments).

Having prior knowledge that these ratios might be either normally or
log-normally distributed, Chi-Square and Kolmogorov-Smirnov "Goodness-
of-F1t" teste can be applied to the data to determine the underlying
probability distributions. Therefore, 2 chi-square goodness-of-fit
test is first applied to the ratios.

The hypothesis to be tested, at the £.05 sicanificance level, is
w@ether the ratios of observed MTBF to predicted MTBF for any or all
of the three equipment categeries have an underlying probabil{ ty
distridbution which ic either normal (Gaussian) or log-normal.

Table XIII, "Chi-Square Goodness of Fit Test for Normal Distrihu-
tien", shews the results of the Chi-Square test for a normal distri-
' butica of the ratios.

! TABLE XIII
n CHI-SQUARE GOODNESS OF FIT TEST
FOR NORMAL DISTRIBUTION

T Mo e e e na el i xkat SRS Jesb e U )

. Equipnent | Samplet v= ZHIL{HEB K—znéigni— Rlzmc : b Gr??gm-
; Lategory Size | D.F. | xg Ixgs , | ficant] X0 | %05, |Ficant
: A1 Equip. 38 | 6 |12.7 1782 | yes | 271 [7.82 | no
- Analog Equip. 20 ] 5.95|3.64 yes 9.29 |3.84 yes
£ [Digital Equip.f 14 1 4.67 | 3.84 i yes | 0.330}3.84 | no

From Table XIII, we reject the hypothesis that the ratios of ob-
served MIBF to predicted MIBF are normaily distributed when the pre-
diction is made via the MIL-HDBK-217A technique. Also, we reject
the hypothesis for the analog equipments when tha prediction is
formed via the RADC VYolume II technique. We are unabte to state
that the ratios for digital and ail equipment categories are not
normally distributed for the RADC predictions. However, it is ob-
viously the strong influence of tne digital equipment which prevents
the "ajl1 equipments” category from being significant (i.e., re-
jected) at the 0.05 ievel.

Tabte XIY, *Chi-Square Gocdness of Fit Test for Log-Normal Distribu-
tion", il'ustrates the resuits of the Chi-Square test for a log-
normal distribution of the ratios.
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TABLe XiV
CHI-SQUARE SOODNESS OF FIT TEST FOR
LOG-MORMAL DISTRIBUTION

s | on [ o [ % [

X05,v | ficant] X0 § X05,v | ficant
A1l Equip. 34 6 4.59 }|7.82 no | 2.47 |7.82 no
Anclog Equip.| 20 | 4 1.53 | 3.84 no | 1.02 {3.84 | no
Digital Equip] 14 4 |0.084]3.84 no | 0.32313.84 | no

In Table XIV it is shown that we cannot reject the hypothesi: that
the ratios of any of the equipment categories (i.e., all, analog,
or digital) are log-normally distributed whether the prediction
utilizes the MIL-HDBK-217A or the RADC technique.

The Kolmogorov-Smirnov goodness of fit test was applied to the
ratfos of the same equipment categories as the Chi-Square test to
ascertain whether the ratios by equipment categories were normally

or log-normally distributed. The Kolmogorov-Smirnov Test is given
by the expression

Da,v =MAX|JF_ - S |;1=1,2,....,n = number of cells, (3)
o; ~ my

where

Fo z the theoretical cumulative frequency distribution up
i  to and including the ith cell,

Sn = the observed cumulative frequency distribution up to
i and including the ith cell,

a = the significance level,

v = the degrezs of freedom, and equai to the %otal number
of cobservatiorns,

Table XV, "Kolmogorov-Smirnov 7est For Normal Distribution,"
i1lustrates the results of this test by equipment categories.
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| TABLE XV
KOLOMDGOROV-SMIRNDV TEST

. FOR NORMAL DISTRIBUTIOCR

{ !

Equipment |S.mle| w MIL-HDBK-217A RADC Upper Grade ;
Category Size {D.F. Do POS,v significany D, P05,v Significant %
A1l Equipments| 34 34 {0.254}0.23 yes E 0.261}0.23 . yes %
ﬁnalog Equip. | 20 20 10,361|0.294 yes E 0.31910.294 yes %
Digital Equip.| 14 14 10.187;0.349 no é 0.094(0.18} no
.

From Table XV we can reject the hypcthesis that either of the
categories of "all equipment" and "analoy equipment” are normally
distributed regardless of the prediction technigue. However, we
cannot reject the hypothesis that the digital equipment is normally
distributed.

The results of the Kolmogorov-Smirnov test for the log-normal dis-
i tribution are shown in Table XVI, “"Kolmogorov-Smirnov Test For
. Log-Normal Distribution”.

é TABLE XVI ”

KOLMOGORQV-SMIRNOY TEST FOR
LOG-NORMAL DISTRIBUTION

Equipment Sample| v = MIL-HDBK-217A RADC Upper Grade

Category Size |D.F. D0 ‘POS,v Signiticant Dy POS,V Significant
A11 Equipments| 34 34 10.079} 0.23 no 0.091} 0.23 no
Pnalog Equip. | 20 20 10.09%1 0.294 no 0.085] 0.294 no
Digital Equip.| 14 14 10.054| 0.343 no ‘0.109 0.349 no

From Table XVI, we can observe that we cannot reject tne hypothe-
sis that the ratios for equipment.categories have Tog-normal dis-
tributions regardless of the prediction technique.
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It 2ppears from both the Chi-Square and the Kolmogorov-Smirnov test
that the log-normal distribution is the better fit for the ratios of .
cbserved MTBF to predicted MTRF.

(3) Tests for Equal Variances and Means

Since there appears to be a difference between the digital and analog
equipments which may require different prediction techniques for the
two equipment types, further tests were employed to determine if the

equipments were part of the same log-normal distribution. These tests
are:

0 Bartletc's Number (a test for the equality of variances).
0 "F" Ratio Test (a tast for the equality of means).
0 "t" test (a test for the equaiity of means).

Prerequisites for the analog and digital equipments to be members of
the same log-normal population, are that their means and variances
be equal. Hence, the first step was to determine if the variances
are equal. A yseful test for determining if the variances are equal,
especially when more than two variances are involved, js the
"Bartlett's Test". The Bartiett's test is a comparisor between the
arithmetic average of the sample variances and the geometric aver-
age of those variances. The geometric average ijs less sensitive

to extreme values than is the arithmetic average. Hence, a ratic of
the arithmetic average to the geometric average produces a large
valuc when the variance is non-tniform, and conversely, the ratio
produces a small value when the variances are uniform.

The computed Bartlett's number is compared, at the appropriate con-
fidence level (1), with the Chi-Square variate whose degrees of
freedom are the number of sample variances less one. If the com-
puted Bartlett's number exceeds the Chi-Square variate, then one
myy conclude that the variances are not equal.

The standard deviations were determined and used to compute the
Bartiett's number for six cases. These six cases were designed to
test between the variances of the ratios within the three 2quipment
categories, and also test between the variances of the ratios batween
equipment categories. The six cases and the results of these tests

are presented in Table XVII, “Bartlett's Test for Equality of
Variances.”
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. TABLE XVII
BARTLETT's TEST
FOR EQUALITY OF VARIANCES

' ‘ 1 :
} Equipment No. of Bartlett's| l Test Significant
| Category Sample Number XG5, k-1 | Case
Variances (k) T ; Pumber
A1} Equipment 4 5.26 7.82 3 1 No
Analog Equipment 4 2.41 7.82 | 2 No
Digital Equipment 4 5.65 782 | 3 | Ko :
A1l vs Analog 8 | 783 [ 14.07 .4 No
A1l vs Digital 8 30.72 14.07 5 Yes
i
Analog vs ‘ ;
Digital 8 28.35 | 14.07 6 | Yes

From the above table, it is evident that the variances within the
three equipment categories may be considered equal. In addition,
the variances between the all eguipment category and the analog
equipment category may be considered equal. However, the variance
associated with the digital equipment category is different from the
variances of the cther equipment categories.

The next step in determining if the log-normal popuiations are one
and the same for analog and digital equipments, is to determine if
the means of the populations are equal. The test foi the equality
of population means is based on the analyses of variance techniqua.
This technique (the F ratio test) is based on the assumption that

the papulation variances are equal.

The vajue of F which is calculated is tested against a tabular value
of F with K-1 and N-K degrees of freedom (K is the number of means
under test and N is the sum of the observation for each sample.) and
at the desired confidence level. If the calculated value exceeds the
tabular value of F, one may conclude with (1-a) percent confidence
that the means are unequal.
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The F ratio test was performed on the three equipment categories !
where tne variances within equipments were equal. The results of i
the F ratio test are shown in Table XVIII,"F Ratio Test For The -
Equality of Means".

TABLE XVIII :
F RATIO TEST
FOR THE EQUALITY OF MEANS

1 H
Equipment F Significant FO];K-],N-K Significant

Fos.
Category 0 G5;K-1,N-K

PRSP

AN 10.47 2.68 Yes 3.94 Yes
Equipments i
Analog % !
Equipments 3.66 2.73 Yes 4.06 No

Digital
Equipments 21.21

[AN )
foc]
N

Yes 4.25 Yes ;

From the above Table, we recognize that we can reject the hypethe-
sis of equal means for all three equipment categories with gg per- '
cent confidence. Also, the hypothesis of equal means within the :
equipment categories can be rejected with 99 percent confidence for

all categories except the analog equipment category. This indicates

that different log-normal distributions exist in each case.

Since the test for equal variances between equipment categories

: showed a definite difference between the analog equipment variance
: and the digital equipment variance, the F ratio test could not be
ttilized to determine the equality of the means between these two
equipment categories. Hence, a Student's "t" test was used to test
tive hypothesis of equal means between analog equipment and digital
equipment,

e gean

¢ The computed value of "t" is compared with a tabular value of “t"
¢ at the desired confidence level and the appropriate degrees of
freedom. There were four comparison cases determined between the
means of analog and digital equipments (i.e., MIL-HDBK-217A, RADC
Volume II Upper Grade, RADC Volume II Lower Grade, and Origiral
Contractor predictions). The results of these tests are shown in
Table XIX, ' "t" Test For The Equality of Means.'

~ e

30

St S s 12

et e i e et e o o i e 8




TABLE XIX
"t" - TEST FOR
EQUALITY OF MEANRS

Prodiction D.F, to t.O! Significant t.OS Significant
MIL-HDBK-Z17A 32 14.49 [2.75 Yes 2.04 Yes
RADC Upper Grade 29 3.00 {2.76 Yes 2.05 Yes
RADC Lower Grade 28 5.35 | 2.76 Yes 2.05 Yes
Original Contractor {22 2.37 |2.82 No 2.07 Yes

From the above table, it can be noted that we reject the hypothesis
of equal means between analog and digital equipment ratios for all
prediction techniques with 35 percent confidence. However, we can-
nct reject the hypothesis of egua! means between analog and digital
equipment ratios for the original contractor predicticn with 99 per-
cent confidence. The above inaicates that in all cases the analog
and digital equipments are frem different log-normal distributions.
Thus, if accuracy is to be increased in prediction techniques,then
analog and digital equipments reguire different techniques.

Tha reljability prediction (i.e., RADC Volume II upper grade parts)
were divided into categories {i.e., high MIBF, Tow MTBF, close
agreement to observed MIBF, and those for which insufficient ob-
served data are available). The following tabulations evaluate

the divisions of the equipments. (See Table XX - Table XXII)
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TABLE XX
EQUIPHEN:S
WITH HIGH MTBF RATIOS

]
Equipment Ratio Analog or Function Percent
Code Number HTBFO/HTBFp Digital Active Elements
2 26.5 Anzlog : ?ower 43.0
3 13.4 Analog : Power 29.6
5 6.1 Digital . Control ' 23.4
& 3.8 Digital i Computer 61.2
7 7.0 Digitail Amplifier 37.8
8 3.8 Digital Control 55.1
9 7.3 Digital Control 35.2
10 2.1 Digital Computer 53.3
1 3.8 Analog Power 28.9
26 30.2 Analog Power 32.2
3 11.4 Digital Computer 36.5
34 2.2 Analog Display 30.2
37 7.1 Digital Computer 41.2

Tarne m

There were eight digital equipments and five analog equipments whose
MTBF ratios were high (i.e., »>2.0). The five analog equipments con-
tain four equipments whose function is power (e.g., power supply)

and of these four power equipments there were three equipments wich
extremely high raties (i.e. »>10.0). In fact, these three equip-
merits were on the extreme end of the high MIBF scale. Also, the
table indicates that more digital equipment predictions under-esti-
mate the equipment MTBF's than analog equipment predictions. Pre-
dominant functional groups are computers and control equipments (seven
of the eight digital equipments). There is no evident relationship
between the percent of active elements and the MTBF ratios.

There were nine equipments whose MTBF ratios were low (i.e., <0.5)
These nine equipments were all analeg equipments. Table XXI "Analog
Equipments with Low MTBF Ratios," lists these nine equipments, their
MTBF ratio, function, and percent of active elements.
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TABLE XXI
ANALCG EQUIPMENTS
WITH LOW MTBF RATIOS

Equipment MTBF Function Percent

Ccde Number Ratio Active Elements
12 0.07 Control 17.2*
13 0.09 Receiver 15.2*
15 C.40 Control 3.2
16 0.06 Control ! 7.0*%
17 0.06 Test | 29.3%
22 0.40 Control 31.0
25 0.50 Control 34.2
27 0.46 Control 41.8
36 0.08 Test 31.2

* Approximately 5 Perceat Tubes

The above table indicates a gross relationship between the inci-
dence of active elements (tubes) and the very low {i.e., <0.1)
MTBF Ratio. The four tube type equipments have the lowest ratios
and the lowest percent active elements. However, because of the
small sample, a definite conclusion on the relationships could not
be established. From Table XX, "Equipments with High MTBF Ratios",
and Table XXI above, it is evident that the MIBF ratios for equip-
ments with the control function vary across the spectrum of vari-
ability. This indicates that the prediction technique for control
equipment exhibits a wide range of variation.

Table XXII, "Equipmests with Accurate MTBF Ratio", show the twelve
equipments whose MIBF Ratios were accurate (i.e., close to the
observed value).
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T4BLE XXII
EGUIPMENTS WITH ACCURATE

MTBF RAT1O0S

Equipment MTBF Analog or Function Percent

Code Number Ratio Digital Active Elements
.71 Digital Computer 46.9
0.78 Analog Control 26.4
0.88 Analog Control 23.7
1.68 Digital Control 42.8
0.69 Digital Control 46.4
c.e8 Digital Control 47.7
0.92 Analog Cortrol 33.4
1.78 Digital Computer 36.7
0.93 Analog Display 33.3
1.34 Digital Power 44.0
1.47 Anzlog Power 40.0
0.94 l Analog Test 50.1

From Table XXII, it is again evident that no correlation exists
between MIBF ratio and percent of active elements. Also, the
digital and analog equipments are equally represented.

34

TSI et

S SAA I s e -




et B

SECTION V
IMPROVEMENT OF PRE-DESIGN PREDICTION TECHNIQUES

1. OBJECTIVES 1

The objectives of the study effort concerned with improvement of pre- 3
design predictien techniques are listed below:

0 Research existing pre-design prediction techniques to determine areas 3
wherein improvement should be made. :

0 Measure the accuracy of existing pre-design predicticn techniques.

o Through the use of operational data, develep functional modifiers which
can be used to provide a more accurate prediction.

2. SUMMARY

[ T T RO PP O F APR)
v

Two functions were developed, which will irprove the accuracy of pre-
design prediction techniques for analog pcwer and control equipments. No
function was found to have a sufficiently high corretation coefficient to
enable improved pre-design prediction techniques to be developed for
digital electronic equipment and display equipment.

The two techniques which were developed to improve the pre-design predic-
ticns are modifier functions to the MIL-STD-756A prediction, and are shown
: below for each category of analog equipment.

Power

MTBF = 1958 (Mr8F)0-73

: Control

MTBF = (MTBF)/(.0124 + .G0037 MTBF)

Where

~

MTBF = Modified MTBF prediction
MTBF = MIL-STD-756A Predicted MTBF

The percent difference of observed to improved MTBF predictions are shown
in Table XXIII. Al1 improved nredictions are considered better than the
original MIL-STD-756A prediction with one ex:eption; namely, equipment
number 16, where the modified prediction is comparable to the MIL-STD-756A
prediction, but less accurate. The predictions for power e.:uipment are
more accurate than those for the control equipment, with all predictions
within one hundred percent accuracy.
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TABLE XXIII

PERCENT DIFFERENCE OBSERVED TO IMPROVED
MYBF PREDICTION FOR ANALOG EQUIPMENT GROUPS

Type | 0% | MIL-sTD-756A
Power 2 - 3.7
3 - 19.8
1 15.3
26 56.3
30 - 30.5
Controi 4 353.4
12 6.3
15 1.8
16 - 66.6
21 23.4
: 22 - 0.4
25 696.C
27 399.9
; 36 60.7
36
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In summary, the following conclusions were made as a result of the analysis
of pre-design prediction techniques:

0

A1l pre-design techniques predict lower-than-cbserved MTBF values for
most electronic equipment.

Equipment in the digital and analog design agproach categories exhibited
distinctly different ranges of predicticn accuracy ratios.

The digitai design approach category exhibited a positive correlation

between prediction accuracy ratios based on the MIL-STD-756A, prediction
technique.

The analog design approach category failed to show any significant cor-
relation between the prediction accuracy ratios of the prediction
techniques.

Significant differences in the range of prediction accuracy ratios were
established between functional categories of analog equipment.

Prediction accuracy can be improved for the pre-design prediction
techniques for selected functional categories ¢f analog eouipment, by
the use of a functional modifier.

When the analog equipment is subdivided into power, control, and dis-
play groups, a positive correlation exists between the MIBF values

produced by the pre-design prediction technigues and measured values
for each group.
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DETAILS

a. Tecnnical Approach

The establishment of improvements in current predesign prediction
techniques for ground electronic equipment, involved an analysis of the
characteristics of the prediction techniques. This included investi-
gations of the areas where the techniques were valid, and an identi-
fication of the weaknesses of the techniques. MTBF predictions for the
candidate equipments were made, ucing the existing predesign prediction
techniques. The accuracy of the predictions was evaluated and compared
to the observed equipment MTBF, using the ratios of ocbserved MIBF's to
predicted MIBF's. To determine whether any technique could be improved
to more accurately predict the observed MTBF values,it was necessary to
determine whether or not the technigue prcduced values having a funda-
mental relationship to the observed values. For this purpose, a
regression analysis was performed on the predicted and observed MTBF
values to obtain a functional fit of the predicted tc observed MTBF
values. Six functions, listed below,were evaluated in making the best
fit. The correlation coefficient was used to indicate the goodness of
fit for each function.

o Y = A+BX o Y = A+ (B/X)
0 ¥ = poBX o Y = 1/(A+ BX)
e ¥ = AXB o Y = X/(A+BX)

The function identified as having the best fit was used to obtain new
predicted MIBF values for eazh equipment. The new MTBF values were
compared to the observed values and a distribution analysis of the ratios
of observed to predicted MIBF was performed. The analyses were used to
identify and isolate factors causing prediction inaccuracy, and to
determine distribution parameter values so that measures of the inaccuracy
of selected prediction techniquas could be determined.

b. Pre-Design Reliability Prodiction Technigques

(1) Introduction

Current reliability prediction techniques are used during the pre-
design phase of the develcpment cycle. These techniques are based
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upon estabiished relationships between equipment reliability values
(e.g., MTBF) and selected equipment characteristics such as:

(1) Equipment function,

{2) Active element group count,

(3) Power consumption, and

(4) Number of CRT tubes.

Each of the techriques evaluated is discussed in the sections below.
(2) Prediction by Function - Federal Electric Method

The prediction by function technique developed by the Federal Electric
Corporation was based upon radar, communication, and Electronic Data
Processing (EDP) central processing functions operating in a fixed
ground environmert,

The communication function is characterized in three separate sub-
functions as follows: ‘"receive,” “"transmit,” and "multiplex." For
these sub-functions, respectively, MTBF can be nredicted as a function

of Noise Figure (DB), Power Gain (DB) and the number of voice
channels utiiized, using the following expressions:

- -.136 N
MTBFreceive = (2889) e F
-.624
MTBFtransmit {6769) G
- -y -~-0178C
MTBqu]tip]ex = (783) e
Where,
Ng = Noise figure (in decibels) i.e.,
Signal-to-Noise power ratio of ideal receiver
Actual Signal-to-Noise power ratio of receiver output
G Power gain (in decibels) i.e.,
Typical average power output of final amplifier
Input power required to drive final amplifier
C = Number of Communication Channels
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The EDP central processor prediction technique predicts MTBF as a
function of the ratio of word size (in bits) to add time {in micro-

:econds). The equation for the EDP central processor MTBF prediction
s:

central processor

where,
W = Word size in bits
A = Add time ir microseconds
The radar function is characterized in twn separate sub-functicns:

*receiver,” and "transmitter." For these sub-furctions, failure rates
per active element are obtained through the followina functions:

r. = 4.7 ()%

r
re = 9.06 (P)%

where,
A, ® Receiver failure rate per active element group
Ay T Transmitter failure rate per active element group
P = Peak power in kilowatts.

An active element group is defined as a tube and associated circuitry,
or a transistor or diode and its associated circuitry. The FEC radar
prediciion by function has an alternate predictor which combines the
two sub-functions of receive and transmit into a single equation as

follows:
_ .3
Ar-t - 603(P)
where,
At © failure rate per active element group for the radar

receive-transmit function.
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For the range of parameter values represented for radar, communication
and central processor cquipment, the maxisum and minimum MTBF values
and their respective parameters for the six predictors are shown in
Tabie XXIV. The functional parameter values represent the range of

PrEpEpRS S S A

values for which the FEC predictors hold.

TABLE XXiV

MINIMUM AND MAXIMUM PREDICTION
PARAMETER AND MTBF VALUES

R ]

Predigtor Function Parameter Value MTBF Prediction
Function Parameter Mi nimum Maximm | Maximum | Mirimum
Communication | Noise Fig 1 db 1T db 2500 hrs | 60G hrs
Receive
Communication | Power Gain 15 db 75 db 1362 hrs | 500 hrs
Transmit
Communication | # Voice 5 45 750 hrs | 350 hre
Multiplex Channels
EDP Central Word Size .1 bit/uSec | G bit/uSec 580 hrs | 16C hrs
Processor Add Time
Radar Peak Power KW 5000 KW 240,000* | 13,000*
Receiver
Radar Peak Power 1 Ku 5000 KW 125,000* | 5,000*
Transmitter
%*
MIBF per active element
41
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Prediction by Function - ARINC Research Corporation Methods

The prediction by funciior developed by ARINC was develcped by
grouping all the data into one aroup, in contrast to the three
separate groups of the FEC technique, discussed previously. Three
separate functional relationships were developed, using functions
such as power, active element count, voltage, and the number of dis-
play tubes.
ment count)
ARINC study, is indicated to be the preferred technique. The second
and third equations are used for radiating or non-radiating systems,

respectively.

The first, {and oniy one that includes the active ele-
applicable to all equipments of the typ2 used ‘n the

The ARINC equations are given below for similar,

radfating, and non-radiating equipment, respectively.

o Ln
0 Ln

o Ln

where,

D > D > D>

=

8.6859 - 0.5632)(a - 0.2556Xb - U.OSSBXC
6.4408 - 0.2055Xb - 0.159?XC - 0.5120X
7.2612 - 0.5089X , - 0.1123Xe

d
d

Predicted MTBF in hours

Ln (Adjusted count of active elements)
tn (Power consumption in kw)

Number CRT's

Ln (Max dc veltane in kv)

Ln (highest frequency in mcs)

The major drawback of thiz technique, as with the FEC technigue, is
that there is a limited range of electronic equipment functions to
which the technique can be applied and the state of the art changes
in equipment design tend to make the data obsolete,

MIL-STD-756A

The MIL-STD-756A technique is a prediction by series active elements
through the use of a nomograph. The reliability values produced by
this method have been shown (referance 2) to be dependent upon the
functional block level to which the equipment reliability model is
subdivided.
electronic equipments, in Figure 1 "Ground Electronic MTBF Pre-
dictions - First and Second Indenture."

This dependency is illustrated, for some selected ground
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The dashed 1ine in Figure 1 represents the predicted MTIBF tp the first
indenture level for the selected equipments -.nile the circled points

are the predicted MiBF vzlues to the second indenture level. The second
indenture level predictions assumed a seriec relationship between the
functional black boxes, and were plotted in Figure 1 using the tota:
number of series active elements in the equipment so as to provide a
first indenture level comparison.
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Figure 1. Ground Electronics MTBF Predictions
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To apply the prediction technique, one must first break the system

yp into functional groups, count the number of series active elements
in each group, enter the relizbility nomograph and read off the func-
tional group MTBF. The system MIBF is determined through the system
relfability model. The active elements are defined as tubes, tran-
sistors, diodes and their acsoctiated circuitry, except that for a
digital computer application, one tenth the number of dicdes should
be uset. An ag- -tional indeature anomaly for an assembly which {s on
the border of being classed a computer arises when some of its sub-
assemblfes will not be so classified. In this case, & third predic-
tion would result. Since the MIL-STD-756A technique czn be applied
for 2al1 functional classes of electronic equipment, this is a tool
for providing & consistent set of predesign prediction techniques,
provided predictions are made to the same functional level.

c. Candidate ctguipments

The equipments in the predesign prediction analysis are the same equip-
ments as were used in Section IV, "Improvement of Stress Analysis
Prediction Techniques.” The selection criteria used for the stress analy-
sis were also used, as pertaining to predesign predictions 1in this
section, and augmented to include predesign prediction requirements. The
augmented 1ist is given below

o Availability of eguipment parts lists.
o ~vailability of predesign prediction parameters on equipment.
0 Availability of operating faflure data on the mature system,

0 Established failure reporting system (e.g., AF 66-1, contractor
reporting, etc.).

o Validity of data for desired analysis technigues.




d. Correlation With Observed Reliability

Comparisons of observed to predicted MTBF's were made, using predic-
tions formulated by each of the pre-design technifaues. Sf{nce the
prediction by function techniques are not applicable to the entire
class of ground electronic equipment, not all the equipment having
predictions formulated by the parts count prediction method were used
in the prediction by function analysis. Furtharmore, it was determined
that results having a more general application could be obtained from
the predesign prediction analysis, if ¢he bulk of the analysis were
performed by tne MIL-STD-756A Method, which is applicable to the
entire class of ground electronic equipment. Therefore, the ratios of
observed to predicted MTBF's for the ARINC and FEC predictions are
shown for information purposes in Table AXV, “Ratios of Observed to
Predicted MTBF for Seiected Ground tlectronic Equipment - Predictiin
by Function."

TABLE XXV

RATIOS OF OBSERVED YO PREGICTED MTBF FOR SELECTED
GROUND ELECTRONIC EQUIPMENT - PREDICTION BY FUNCTION

COBE #0. ARINC FEC
0 7.06 21.97

24 8.02 17.09
33 .97
35 .48

The ratios of observed to predicted MTBF's for MIL-3TD-756A are shown
in Table XXVI. The first thirteen equipments are in the digital
design approach category while the twenty remaining equipments are in
the analog design approach category. The MiL-STD-756A technique, in
a1l but one case, predicted MTBF values which are lower than the
observed, and in some cases predicted considerably Jower MTBF values.
When the equipments were divided into the two sub-sets of digital

and analog, the “IL-STD-7586A methoc axhibited more accurate predic-
tions for digital equipments than for analog.

Six functicnal relationships lisc:d in paragraph 3.a above, of pre-

dicted to observed MTBF were developed for each of the following three
equipment categories and subcategories:
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TABLE XXvI. RATIOS OF OBSERVED TO PREDICTED MTBF FOR GROUND
ELECTROMICS - OARTS COUNT PREDICTIONS
Digital Analog
Code Number MIL-STD-756A Codz Number MIL-STD-755A
] 138.0 2 1542.9
5 437.0 3 412.0
6 424.0 4 304.0
7 2003.6 il 1068.0
8 1629.0 12 2.6
9 112.0 13 2.9
10 621.9 14 45,1
18 129.0 15 95.0
19 302.0 16 .58
20 360.0 17 2.7
23 76.0 21 70.0
29 147.0 22 76.0
32 1998.0 25 71.06
26 625.0
27 31.7
28 32.8
30 416,0
31 199.0
33 147.0
36 6.5
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o All ground eiectronic equipment
o All analog electronic equipment

- Power

- Controls

- Display
¢ All digital electronic equipment
The correlation coefficients for each functional fit were calculated
to determine what, if any, functional relationships existed between
the predicted and observed MTBF's. From the correlation coefficients,

it was determired tnhat the best fit of the general categories was
provided by the function:

vo= oaf (4)
Where,

X = The Parts Count predicted MTBF

Y = Adjusted MTBF

A = Shaping parameter

B = Shaping parameter

This function, of all the general category functional relationships tested,
provided correlation coefficient values ranging from a low of .608 to a
high of .867.

The correiation coefficients for the functional relationship y = AXB are
Tisted in Table XXVII for ali general categories.
TABLE XXVII

CORRELATION COEFFICIENTS FOR THE FUNCTIONAL
RELATIONSHIP v = AXB - PREDICTED TO OBSERVED MTBF

Egg;gg;gt MIL-5TD-756A
A1l Equipwent .608
Analog Equipment .622
Digital Equipment .867
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For diﬁitﬂ e?uignent the correlation coefficient was not considered to
be sufficiently nigh to enable the development of sdjustment modifiers to

modi 'y MTBF predictions of digital equipment to be more in line with the
obrerved MYBF values. Further subdivision of the digital equipment was
not possibie, so no improved prediction technique for digital equipment
was developed.

for anslog equipment the correlation coefficient was not as high as for
the cigital, nowever, analog equipment could be subdivided into three
s:0categories of power, control, and display. For each subcategory the
six functions discussed in paragraph 3.& were again fitted. This pro-
duced a notficeable increase in the resultant correlation coefficients.
Table XXVIII lists the correlaticn coefficients, and the shaping para-
weters for those functions which were found to have sufficiently high
correlations, The power and control subcategories had a correlation
coefficient sufficiently high to use the fitted functfon in adjusting
predesign predictions.

TABLE XXYIIX SHAPING PARAMETERS AND CORRELATION COEFFICIENTS
FOR SELECTED PREDICTION MODIFIERS

- ANALOG EQUIPMENT
Equipment Tategory -
Prediction Techniqua A 8 ch:;e%zggggs l
titted Function
Power
MIL-STD-756A
v o= ad 1958.0 73 951
Control
HIL-STD-756A
Y = X/(A+BX) 0124 .00037 .986

i i
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SECTION VI _
INTEGRATED CIRCUIT FAILURE RATES

OBJECTIVES
The objectives of this portion of the study inciuded the following:

0 ®easure tue accuracy of existing techniques for predicting the relia-
bility of equipment using integrated circuits (IC's);

o Identify and evaluate major sources of prediction inaccuracy; ana,

o Establish failure rates and related data useful for improving the
accuracy of reliability predictions for equipment using IC's.

SUMMARY

The results of the investigation show that IC's generally exhibit failure
rates that are lower that those predizted by two different prediction
modeis. The low failure rates appear to be the result of increasing
achievement of production, design and “"Hi-Rel" requirements. These same
factnrs, when applied to discrete parts, also result in observed faiiure
rates which are lower than can possibly be predicted by the most optimis-
tic stress analysis prediction technique of the RADC Notebook Volume II.
The observed failure rates for discrete parts in general show more devia-
tion from the predicted rates than do IC's. This large deviation from
predicted to observed still exists at the equipment ilevel, even thcugh
parts such as multilayer printed circuit boards are not included in the
prediction and contribute up ta 20% of the observed failure rate. If
these parts were included in the prediction there would be a greater
difference between predicted and observed equipment failure rates.

Prediction techniques which have limiting factors, such as the I

modifier of the RADC Notebook, prevent predicted failure rates from
decreasing tc reflect improvements in producticn, design, or in the gen-
eral state of the art. The limiting factor for the part failure rate
shou'd be the inherent failure rate of the part, that is, the failure rate
associated with 2 part whicn has no gquality defects and is appiied within
the design limits.

"he quality modifier should be a continuous type of function instead of
establishing a few discrete points. This is alsu brought out by the
rating studies which show that the ratios of predicted and observed equip~
mant failure rates reflect definite differences between systems having
different quality programs. For the IC's, the Notebook uses four levels
of quality, as compared to two for other parts. This may he one reason
why the predictions for IC's are closer to the observed t'ian the other
parts.

49




3‘

DETAILS

Review of available literature shows that failure rates used in retia-
bility predictions for irtugrated circuits (IC's) can vary by a factor
of 100 - depending upon the manufacturer, the environment, and the
user., This wide range of variation in failure rates is due to the
fact that IC's are characterized by a very high inherent reliability
and a rapidly changing state of the art, both of which result in a
relative scarcity of starcardized failure data.

This section presents an analysis of failure rate data and evaluaticas
of the relative accuracy of several prediction techniques applied to

a va~iety of IC’s. Failure rate information is obtained from the
operition of these IC's in a fixed ground environment for a total of
nearly eight billion hours. Since IC's are always used in conjunction
with discrete parts, deta on the predicted and observed reliability of
these related items a~e also included 1n the analysis.

a. PAnalytical Tecnniques for IC Reliability Prediction

Table XXIX presents a summary of the techniques applicable to the pre-
diction and assessment of IC reliability, which were reviewed during
this phase of the study. The table also presents conclusions appli-
cable to each technique.

Since there are no pre-design techniques applicabie to the prediction
of IC reliabiiity at this time, stress analysis techniques were used
in developing reliability predictions for analysis and comparison with
observed data. Two different prediction methods were selected as
foliows:

(1) The RADC Reliability Notebock, Volume II Method; and,
(2) The EIA (Electronics Industry Association) Method.

The models used by these techniques are illustrated in Table XXX
Details on the RADC mathod are contained in the Notebook Volume II.
Details of the EIA model are discussed below.

The EIA prediction model referred to herein is the model developed by
the EIA microelectronic device group {MED 4.3). The EIA model assumes
the existence of a mixed IC population comprised of two (2) major
subsets. One subset contains potential failure modes related to
inherent (design-oriented) factors which are by definition non-
screenable. The other subset contains potential failure modes related
to quality assurance factors which are by definition controllable
and/or screenable. Thz basic prediction equation is of the form:

50




E SIS EYNELLENY-TT6)
{BO}3 14D 4O SBANSRAW
B4R §,3 3Yy3 pue sjuels

.A.U..vw
¢ {aAai 1ndino J4amed) SOt}

'S,73] 404 uOLIdUNG FLNDALD _ -sidajgoeseyd |euoljdund 2
03 UOLIR|B4UCD 3[3DL] u UGS 3de 5,y aly addym (*938 “u0IB[|1DSO ‘4dLy uoL3ound Aq
S33EOLpUL BIRP JUDSAAd | us< + Num< + _u_< = X °||] -tidwe) sse|d |euoljdung | uoL1o1padd
* X8| dwod
94® u0l33eUd3UL pue
SuQL j¢iba uagsuea} 3LNOALY 2
*auLiap *SUOL}LPUOD BSED 3ISAOM 30O uoijeoyjdde s1sA|euy
03 3{NJOLJJLp B4E eIRQ "l uOLIdunj e Se Y 3Lnddi)y | 30 {8A3| 8yl st JI ayp i 35e) 3S40M
{*o2
‘sun]lsSlsued]
*BUljap Gl JILNOLS4LP Bde fS403S15384
BIRP 355425 PUB UJABOUOD 30 *S3SSaU]S |PJuUBWUOULAUY  “p [Fra’ L - Sjuau
3iun ajetddouadde ue jou *$355343Ss |ewday; ¢ | -at8 3itnouLd
S1 5] 30 JuBWALD JLNOALY 2 *S, Y Fusauwd|s *S0130ed SS3aUIS |BDLAO81T "¢ uo paseq)
*UOL3ORUDIUL 30 uoLjeuwUNS Y} Se Y 31 ‘7 *UABIUO0D sisAjeuy
03 anp a|qeotiddeuy st *$3553415 40 40 sjiun 3ay3 aae JI 3y3 $S3U3S
[9POI AJL|1geiidt €3148S || uoijduni e se Y juswd|l 1| 3O Sjuswd|d JLNdALI BYp | [earssetn
SUOLSN|U0N Indang uoirjeol | ddy anbtuyduy

INFWSSISSY ANV NOILDIA3Wd ALIMIGYI™N
XIXX 378vi

"0°1 404 SINDINHIIL IWIILATUNY

N

4

e !

51




o paam « re
N

.
o~y ey

t

L e PR TY VYT IR LT

*53304 ANy iRy UL U@y
pue S3jed Jun| ik} UL
~3Sd}) UDAMIag Oj3Rd |:G
Sa3eI|puU} eIRp JUISAId

—

*( 1343}

A3pLenb) 4 = @aj4| [RuaOp
*2URISUOD = Y 3}}| |BWMON
. * (weaboud
Bujuaaads saan|jes Laqunu
‘awil) 4 = Y bupbbngag

*3wy3 |euopjedadp
*PadUNdII0 3ARY

P43 sauan|iey 3O saguny
*bujpysag pue bul

~UddULds u} papuadxa awy)

——

S19pOW
A3pLtqetay
Juapuadag
awti

.xmonwuoz

AWy WO} 4030wy U8, 3yl
‘+6°3 *|apow uop3dpaud i
ue U} 3sn 40y ALRSSAIIN

—

*(U0L30R FALFOAUL00 puv
sjsAieue Aq paAowsd Sa}d
~udia34ap) snupw (dnoub
Bupiraado ‘uojjonpouc
‘ubisap buyindioggaed yowra
Wod) UOLINGEAJUOY) = X

* (auuosxad uoLjeda3siujupe
pue 3dueuajujew *a03r43d0
30 s3najia bugpnyiouy

® Sadnpadoud buijeasdp
*SYSe3 UOLIINPOUY
*sjuawad ¢nbad uoLssiw
tenioe jo uojiviadduaaju}
‘YoM ubysap Bujpgeuab
~93Uf *SJURU L0 UOLIII(IS
buipniouy *sysel ubisag

sanbiuyoay
JuawsAoudu]
A3L11qe 3y

SUOLSN|IU0)

andang

uojjentddy

anbuyday

(PRpNU0)) NIWSSASSY OGNV NOTLIIO3Yd ALITISYITNIY "O°I1 ¥04 SINDINHIIL TWIILATWNY

(panujjuog) xixx 318vl

52

vk a o

s




TABLE XXX
COMPARISON OF FORMULAS FOR IC PREDICTION MODELS

3¢ RADL Xoteoock Yolume IR
)'U = (11 + PEPL‘;‘Q} Lﬁ(TXSK% A T }.b X 702 79 X 1z X rg
Ay = 25 +ln -- Design + Katerial By -t Base Failure Rate varies as
. Faiiure Rate -- Value .0Z temperature frox .O0% ¢ .0355
k F/% bours. Fixed: or use of F/%i1i bours.
S existing data.
; PEFU’Q - Added Failure Rates de | rp -~ Screening Factor
o to screen tests doth
o vendor and user.
. K, -- Handling Facter ¥ot Used
' .3 to 1 less at comr. grade
K; -- Temperature Factor {overed by base fziiure rate
!(S -- Stress Factor Mot Used
Assumed to be 1
; KA -- Environmental Factor 1. -- tnvironmentai Factor
: Kot considered T -T Complexity Factor
- Kot Considered rp -- Packaging ractor
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iy denotes the faiiure rate seen by the user

iy denotes inherent fafiures (non-screenable)

10 denotes Qh-related 7ailures {controilable/screenzbie)
9E i$ the probability of cscape past the screen

KA genotes application {(envirommental) factors

In theory, the term i, is a variabie Jdependent upon several desige
factars, including a Factor for device complexity. In practice,
however, the design factors cannot be isclated and guantifiad to dis-
tinguisk between design variatiors. Therefore, 2 coastanl i, failure
rate of _0G23/1000 hours is usad Tor predictions on standard’devices.
Also in theory, the terms P, and p are functions of indivicual pro-
ducers where the QA-related failurés are a function of the individuai
producer's process technoiogies, and the probability of escape {P.)
is a function of the effectiveness cf individual screening prograis.
In practice, however, the available data zliows oniy for 3 broad
classification which relates these factors to general classes of pro-
grams (i.e., commercial, military, and hi-rel). For 211 except the
mcst rigid high-reliability programs, the term D‘EQ is much larger

than the term AI.

Qwe “failing”™ of the EIA model is the assumption of a2 constant feiiure
rate. in practice, studies have demonstraled that the I{ systes
faijure rate initially decreases, due to continuaticn of screening at
the black box level {in-house oneration and checkout}, and due to
expending of failures in the CA related subset. in theory, the failure
rate then reaches a low stable level and jater increases as devices
age. Ir practice, however, the available data does not demr-rirrc
the aging effect. A comparison ¢f the effects caused by the mmeric
modifiers of the EIA and the Notebook Volume Il is presented in

Tabie XXXI,

b, Description of IC Data Sources

All IC data were obtained from devices operating in a fixed ground
envircnoent under controlled conditions cf tempereture and humidity.
Ambient temperature for all devices was contrclled witnin a range
which was not permitted te vary beyond 21°C to 37°L. Humidity for
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TABLE XXXI
) COMPARISON OF KUMERIC MODIFIERS L
FOR IC PREDICTION MODEL 3
T
1 tiA EIA RADC
§ Factor (vendor) | (Vendor % User) | Notebook
(Screens; (Screens) i Yolume Ii
: 1. Screening Factor Effect §
7 Cosmercie} 106 113
Military 4.9 17.2 * §
Hi-Re! 1 L : :
: 2. Temperatyre Factor Effect ‘f‘
= (75) 25°¢ 1 '- 1 :
i 50°C 2.2 2.2 1.8 i
L 75°C 3.8 3.8 3.¢2 s
: i 125°¢C i2.5 12.5 5.93 i
i
-
- 3. Basic Failure Rate Wit :
i Temperature (parts per ’
. willion hours)
a (T3} 25°¢C , 12 .045 .OGhE
o 50°¢ .2 .098 .0080 5
E 75°C .46 172 .0133 :
. 125°C 1.3 .563 .0305 ;
‘ 4. Envircnoeatal Factor .
Lab. 1.0
Sat. Crbit 0.7 G.7 1.5
6d. Fixed 1.0 1.0 2.0
6¢. Xobile 1.2 1.2 5.0
6d. Portabie 7.0 :
Airborne Inh. 1.7 to 3 1.7 to 3 5.0 :
Airborne Unn. 7.0 Z
Sat Launch 8.0 3
Missiie 10 19 16.0
;
* For the RADC Notebook, the values are: Lower Grade - 3G; Average - 15;
Upper - 2; and, Optimum - 1. :
£
b 55 £
- T T T e - = Wm :
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devices in an unsealed container was controlied with 2 maximm of 502
N 3t 27°C under normal conditions. The remainder were operated
within 2 hermeticaily sealed container.

These devices were operated in the following types of functicnal units:

contro} assesbly, amplifi:r assembly, computer, and a signal data
converter.

The circuits were of the ronclithic epitaxial construction. The
ceses were either Kovar gold or ceramic 1/8% by 1/2* fiatpacks with
up {0 fourteen extermal leads. The s2al con the metal package was
weld and the seal on the ceramic was giass frit. There were different
metalization intercomnects and interral wire systems with a predomin-
arce of gold-gold and aluwinum-aluminus. The internzl wire Lbonds
for the gold-gol¢ systems were “bali bends™ and on the alusinue-
aluwinum were “wedge bonds.™ Stress conditions were controlied at
less thar 503 ¢f maximum roted power and temperature. [Fach circuit
had a preseal visual inspection and a minimm electrical burn-in time
of 250 hoeurs. Many mangfacturers were represented. However, one
manufacturer supplied more than fifly per cent of the total parts.
Tnis exact amounnt was impossible to determine. A1l circuits were
mufa;:tmd uvnder similar specifications, processes, and quality
controls.

c. Mnalysis of Data

Jable XXXII 1ists the IC's used ir the equipment by device type. The
table includes for each device: the number of primary field faflures,
accumulated hours and the best estimate failure rate, using the ratio
of total failures to total hours. Table XXXIII includes the best
estimate feilure rate for each device type bv equipment.

To further analyze the failure rates in Table XXXII a distribution of
the failure modes was considered. This is shown in Table XXXI¥

which indicates that 73.4% of the fajlure modes could not be identi-
fied due to the fact that failure mode data were ro® avzilable. This
was due to causes such as: aishandiing, "retested good after removal,”
or electrical overst{resses. The indicated "handl‘ng problems”
accounted for aporoximately 25 per cent of the unknown failures., This
suggested that handling errors may be a major cause of iC faflures,
{.e., good IC's may be damaged while 2 faiiurz is being removed or
replaced. For those IC’s which were acceptable on retest, the possi-
bility of incorrect removal action in the field was indicated. If not
all of the listed IC failures were due to part defecis (as opposed to
other errors) the overall failure rate for I's in this system woulq
be much less than indicated.
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TABLE XXXII

INTEGRATED CIRCUITS
FIZLD OPERATION DATA

Best Ectimate]
Nuder Total s
of Acamulated | Ja1lure Rate
Davice Type Failures Hours 1/103 Hours *

1) Ftip Flop 41 07,737,130 00452
2}  Triple Nand Gate il 486,755,545 .00226
3} Clocked 7 Input Nand Gate 17 779,175,724 .00218
4) Clocked Dua’ Kand Gate 15 1,278,504,823 .00117
5) input Network 3 45,120,650 0665
6} Output Driver g 218,112,541 .00413
7} Matrix Switch ¢ 98,170,488 .00101
8} Low Level Switch 6 147,255,732 .0c407
3}  Read Prcamplifier 3 79,081,782 .00375
1C) Demodulater Chopper 4 84,535,698 50473
11) Power Switch 20 338,142,792 .00621
i2) Unclocked szl Nand Gate 28 2,376,656,832 06118
13} Triple Non-Resistive Nand Gate 1 28,177,412 00262
16) Imput Network Low Curient 4 183,308,153 .00218
15) One Shot Multivibrator 0 15,361,748 .00611
16) Level Detector 3 76,354,824 .00393
17} Write 3Switch No. 2 0 170,757 .908 .00059
18) General Purpose Amplifier #1 7 292,134,787 .0024
19; General Purpose Amplifier #2 3 122,713,110 .00244
20) General Purpose Amplifier 43 ¢ 5,453,516 .0183
21) Driver Switch 2 136,993,366 00146

177 7,881,505,565 .00225
*Assume one failure if none
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TABLE XXXIII
INTEGRATED CIRCUITS

OBSERVED FAILURE PATES BY EQUIPMENT ¢=

~ EQUIPMERT NUMBER _
Device Type 8 § 9 10 i 12 froTaL

1 risp Flop 00436 [0122*¢ L 00667 - .00295 . 006452
2 Triple Mand Gate .00130 10183+ - - .00404 |.00226
3 Clocked 7 input Mand Gate .00249 10122+ - - .00112%.00218
4 Clocked Dual Mand Gate .00101 109917 100816 - .00137 {.00117
S Input Network 0110 - - - .00560%. 00565
6 Output Driver .00180 - - .0116 {.00413
7 Matrix Switch .00162 - - - - 100101}
8 Low Level Switch .00407+ - - - - |.00407%
9 Read Preammplifier .00375 - - - - 100379
10 Demodulator Chogper - -} 00407 {.G0917 - |.00473
11 Power Switch 0200 100136 {00444 }.00407* - 100621
12 Unclocked Dual Mand Gate .00126 - }L00367* - .00082 {.00118
13 Triple Mon-Resistive |

Kand Gate .00262 - - - - 100262
14 Input Metwork Low Current .00179 [.0783* - - .00303 1.00218
15 One Shot Multivibrator .00611* - - - - 100611y
16 Level Deiector .00393 - - - - $00393
17 Mrite Switch No. 2 .0006214.0367* - - .0140* 1 00059%
18 Genersl Purpose :

Raplifier £1 - .000748*,00579, 00333 {.0033 [ 0024
19 General Purpose

Aplifier #2 - - 100147 |.00367 - |.00244
20 General Purpose

Moplifier #3 - - - .0183* - 0183~
27 Oriver Switch - .00153%.00349 - .007* 100146
*NO FAILURES
&

FAILURE RATES ARE %/1000 HOURS
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INTEGRATED CIRCUIT FAILURE MODES

TABLE XXXIV

S — N T 5 -

f b A NG

W

TOTAL NUMBER PER EQUIPMENT ‘

FATLURE MODE E 1 3 10 [V [TOMms
Kot Availatle 53 Z 5 1 81 .
Retest Good 23 0 2 ] 26 x
Analysis Pending 9 0 0 0 9
Electrical Overstress 10 0 7 1 18
Holes in Oxide 6 0 6 th 12
Oxide Defect 1 G 1 0 2
Surface Contamination 1 0 0 0 1 i
Kon-Hermetic Seal 1 0 0 ¢ 1
foreign Material 2 0 0 0 2
Cracked Cbie 4 0 1 0 5
Faulty Diffusion ) 0 0 0 1
Poor Adhesive i 0 0 0 1
Faulty Bond 0 0 1 0 1
Internal Lead Misrouted ] 0 0 g 1
Internal Lead Lagging 1 0 3 0 4
Internal Lead Damage 0 0 1 0 1
Poor Mask 1 0 0 0 1
Corrosion & 0 2 G 8

TOTALS 121 2 29 3 ] 1855 *

* FAILURE MODES FOR IC FAILURES OF EQUIPMENT

NUMBER 12 NOT AVAILABLE
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The fatlure modes which could de attributed to the IC are process-
oriented. A Tist of observed process-oriented failure zodes and
percentage distribution is given in the tabie below:

TALE XXXV

PROCESS-ORIENTED FAILURE MODES

(Total Number 41)

% of Tatal % of Total
Failure Mode Process Failure Mode Process
Failures Failures
Oxtde Defects 34.1 Poor Mztal Adhesion 2.4
Surface Contamination 2.4 Faulty Bond 2.4
! Non-tiermetic Seal 2.4 [internal Lead Misrouted 2.4
Foreign Materfal 4.9 Internal Lead Sagging 9.8
Cracked Die 12.2 Inteénal Lead Damage 2.4
Faulty Diffusion 2.4 Poor Mask 2.4
Corrosion 19.5

The table above indicates that gqualiity conircl factors play a very

important role in the failure rates of the IC's.

At one extreme, the

high relfability IC has a failure rate of about .002%/1000 hours. At
the other extreme, when all of the unknown failure modes represented
in the first four categories in Table XXXIY and 50 per cent of process
Q. C. errors are censored out, the achievable IC failure rate could

be less than .0005%/1000 hours.

The failure rate data presented in Table XXXIII was anaiyzed to deter-
mine if the faiiure rates of individual devices were considered
statistically different from the expected failure rate of 0.00225%/

1000 hours.
equivalence,

The chi-square test was used to determine statistical
For each device the observed number of failures per

billion part hours was compared to the expected number of failures per
billion part hours (22.5 failures per billion part hours) estimated
Devices where the failure expectation per cell was
less than five failures were grouped so that the assumptions under-

from the data.

lying the test were not violated.

test.

50

This resulted in 12 cells for the
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If the failure rates for all devices were determined to be statistically
equivalent, this would be significant to the validation of such elements
of the RADC Yolume ]I prediction method as the complexity factor. It
would also be significant Trom the standpoint of determining the sensi-

tivity of IC failure rates to ctircuit appiication and to equipeent
function,

The value of chi-square that was obtaired is 146.0, which is greater
than the value of chi-square in the statistical tables (10 degrees of
freedom, 99% confidence level). Thus, at a confidence level exceeding
99%, it is concluded that at least one of the devices in the table
exhibite a device failure rate which is not equal to .00225%/1000 hours.

d. Accuracy of IC Prediction Models

When using the two failure rate prediction methods, mejor considera-
tions are utilized; accuracy at tne part level, and the effect of the
prediction at the equipment level. Data which were used to verify
accuracy at the part level are the accumuiated resuits of Table XXXII
Table XXXVYI presents a comparison of the observed and predicted failure
rates for each device, based on predictions formulated by the Notebook
Yolume II and £IA prediction methods. To determine the accuracy of

the prediction methods, the following steps were taken:

(1) Predictions were prepared, usine two junction temperatures, 30°C
and 60°C. These terperatures rep -esent the maximum and minimum
junction temperaturss wnich the devices experienced in actual
operation. This given range of {wperature is a necessary
feature of the prediction, because the data concerning junction
temperature was avzilable only as a range.
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(2) 1f “he vuserved failure rate fell within the range of failure
rates established by the predictions from the ftwo junction tem-
peratures, *he prediction was considered reasonably accurate and
the errcr factor w2s equal to zero.

(37 1f the observed faiiure rate was greater than the predicted at
Ti max {underestimate), the error factor was formulated as
f5llows:

.0bs/,pred (T.max}
J

{8} If the observed faiiure rate was less than the predictec at 7.
in. (overestimate) the error factor was formuiated as fell
and identified in the tables by 2 minus sign (-).

-xpred (Timin)/lobs

he analysis of the error factor gives an insight irtc the accyracy
of the prediction models:

{1) The Notebock Voiume I! has seven vaiues of zero: the EIA has

Taree.

{2} The Rotebook Vclume I! overestimates ten times and underestimates
four times. The EIA overestimates severnieen <imes.

{3} The Notebook Volume II has an average error €actor for underesti-

mation of 1.32 and -3.73 for overestimation. The ElA.average for
overestimation is -2.70.

(4) The error factors of the Notebook Volume I1's prediction for
tinear circyits is significantiy different than those for ioasr
complexity. The EIA methods shew no significant difference.

There are five device types which have large error facters greater
than 2.0 when using the Notebcok Yolume Il model. They are the write
switcn, the matrix switch and three linear amplifiers. The reason
that the write and matrix switches have lower failure rates than
credicted is not discernible from analysis of availabie data. Tre
quality and complexity factor~ couid account for inaccuracy in the
predictions for these "Hi-Rel” parts. The reason for the aaplifiers’
high error factors is due to the influence of the complexicy facter

on the predicted values. HWith "Hi-Rel" screening, these linear
auplifiers did not show any significant increase in failure rate over
tie digital type of devices. This does not mean that linear amplificrs
which are manufactured under normal screening will exhibit the same
failure rate as digital devices which are screened in the same manner.
The ccmplexity modifier may need to be further developed as a

functicn of quality factors. Unfortunately, oniy one quality level is
represented in tne data. If the complexity factor For all devices
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with “Hi-Pel” screening had been equal to “one™, then there would de
only one ervor factor over 2.5. There would zlso be an equal distri-
butiocn between underestization and overestimation of the failure rates.
Bowever, when complexity reaches 2 aedium scale integration, i.e.,
around 30 gates, the 2ffect of complexity on the increase ir the
mapber of failure modes say not be offset by *Hi-Rel® gcreens.

The t1A mode] h2s the iargest error factcr and overestimates for 90%
of the devicas with = underestimation. The mcdel gives 3 range,
0 to -4.95, for the errcr factiors when owitting the one iarge factor.
This is less than the range of 1.55 io0 -6.78 for the NotebGok Yolume
II. Tmis indicates distribution of errcr is smiier for the ZiA
nodel. However, with the modifiers and base failure rates, the nodel
cannot predict less than _0023% ger 1030 hours for these devices.

e. Distributiocn of tquipment Prediction trrors

Ta identify the sources of prediction error for the equipments using
IC's, the coatributicn of the varicus paris io the predicted and
shserved failure rates ws studied. Tables JXIVI! throuch XLI present
the contribution of each generic part typs 0 the predicted from the
Noteboox (clume 11 and cbserved failure retec Sfor the five 2quipments
in terss of percent per 10083 rours and percent of the fotal faiiure
rate. T2 Notebook voiume ]I was used because other sredicticn
methods had less accuracy for these eguipments. Gbservation of ihe
tables showed that:

{1) The predictiom accuracy foer iC’'s and capacitors w2s better than
for re<sstors, diodes and transistors.

The rejative contribution to the observed faijure rate of I('s
258 capacitors is greater than predicted, and the relative con-
tribution is subsequentiy lower for diodes, transistors, and
resistors.

ey
~
[

{3} Tne influeace of muitilayer printed circuit bozrds is high
compared to the nunber of boards vsed. The best estimate observed
failure rate for the multilayer printed circuit boards is .058%/
1405 neurs. the Notebcok Yolume 11 does not, at present, include
3 metncd to make 3 prediction for printsd circuit boards. For
some systems, therefore, the Noteboock Yolume 17 wi®l not identify
a3 corponent which is one of the major sources of faiiure.

For four of the eguipmenis a further breakdown of specific parts
fatjures is possible. Tables XLII through XLV present the total
accumuiated hours, number of failures, and a best estimate failure
rate for specific parts by eguipment. (One failure is asswsmed if none
are cbserved. Tabie XLVI gives the best estimste failure rate for
specific parts, using the cosbined total frop the previpus four tables.
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TABLE XLII

FAILURE DISTRIBUTION OF DISCRETE PARTS
EQUIPMENT NUMBER 8

COMPUTER
NUMBER TOTAL BEST ESTIMATE
OF ACCUMULATED | FAILURE RATE
PART TYPE FAILURES HOURS %ZJ03 HOURS
Capacitor
Tantalum Foii 0 40,904,370 .00244
Tantalum Wet Slug 16 654,469,920 .00244
‘ Glass 0 43,631,328 .00229
; Ceramic 1 395,408,910 .000253
§ Resistor
Wirewound Accurate 2 349,050,624 .000573
Film-Precision 0 3,711,389,838 .0000269
Power Wirewound 0 1,565,273,892 .0000639
Diode
Silicon General Purpose 20 3,048,739,044 .000556
Silicon Power 1 409,043,700 .000244
Transistor
Silicon General NPN 17 719,916,912 .00236
Silicon General PNP 4 406,316,742 .000984
Silicon Power NPN 6 54,539,160 0110
Germanium General NPN 0 106,351,362 .000940
. Germanium General PNP 2 95,443,530 .0000210
* ASSUME ONE FAILURE IF NONE
i
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TABLE XLIII

FAILURE DISTRIBUTION OF DISCRETE PARTS
EQUIPMENT XUMBER 9
AMPLIFIER ASSEMBLY
i
NUMBER TOTAL BEST ESTIMATE
oF ACCUMULATED | FAILURE RATE
PART TYPE FAILURES HOURS %/10° HOURS*
]
i Capacitor
"Tantalum Foil 0 19,088,706 .0052
E Tantalum Wet Slug 29 46,358,285 .0626
] Ceramic 0 50,994,146 .00196
Polystyrene 1 19,088,706 .0C524
Resistor
Wirewound Accurate 0 730,824,744 .000136
Precision Film 0 1,783,430,532 .0000561
Power Wirewound 0 398,135,868 .000251
Diode
Silicon General 1 1,308,939,840 .0000764
Silicon Power 0 57,266,118 .00175
Transistor
Silfcon General NPN 1 302,692,338 .000330
Silicon Generai PNP 0 16,361,748 .00611
Silicon Power NPN 1 139,074,858 .000719
% * ASSUME ONE FAILURE IF NONE
i
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TABLE XLIV

FAILURE DISTRIBUT.OK OF DISCRETE PARTS

EQUIPMENT RUMBER 10
CONTROL UNIT

NUMBER TOTAL BEST ESTINATIT]
OF ACCUMULATED | FAILURE RATE
PART TYPE FAILURES HOURS %/103 HOURS *

Capacitor

Paper 0 19,088,706 .00524

Tantalum Wet Slug 24 886,261,35 .00271

Glass 0 62,720,034 .00159

Ceramic 1 662,650,794 .000157

Polystyrene 0 5,453,916 .0183
Resistor

Wirewound 1 13,634,79 .00733

Precision Film it 1,079,875,368 . 0000926

Power Wirewcund 0 474,490,692 .000211
Diode

Silicon General 18 2,094,303,748 .000859

Silicon Power 0 152,709,648 . 000655
Transistor

Silicon General NPK 6 67¢,831,668 .000894

Silicon General PNP 10 286,330,590 .00349

Silicon Power NPN 4 84,535,698 .00473

*ASCUME ONE FAILURE IF NONE
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TABLE XLV

FAILURE DISTRIBUTION OF DISCRETE PARTS

EQUIPMENT NUMBER 11
ACCESSORY ELECTRONICS

NUMBER TOTAL BEST ESTIMATE
OF ACCUMULATED § FAILURE RATE
; . 1IRS
PART TYPE FAILURES HOURS g /103 HOURS *
Capacitor
Tantalum Foil 0 81,808,740 .00122
Tantalum Wet Slug 3 122,712,116 .00244
6lass 0 10,907,832 .004917
Ceramic ] 234,518,388 .000426
Polystyrena 0 8,180,874 L0122
Resistor
Wirewound Accurate 0 19,088,706 .G0524
Precision Film 0 286,330,590 .000349
Powet Wirewound ] 109,078,320 .000817
Diode
Sijicon General 0 158,163,564 L0G0E 5.
Transistor
Silicon General RPN ] 111,895,278 .00CesL
$ilicon General FNP 1 76,081,782 .0012¢6
* ASSUME ONE FAILURE IF NONE
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TABLE XLVI i
. TOTAL ACCUMULATED DATA
FOR DISCRETE PARTS i
1
. 1
}; NUMBER TOTAL BEST ESTIMATE| '
OF ACCUMULATED ( FAILURE RATE ‘
1 PART TYPE FAILURES HOURS %/]03 HOURS £
1 LA
Capacitor :
Paper 9 19,088,706 . 00524 ‘
Tantalum Foil 0 141,801,816 . 000705 {
Tantalum Wet Slug 72 1,709,802,666 .00421 L
Glass c 117,259,194 .000653 i
: Ceramic 2 1,343,572,238 .000749 ;
{ Polystyrene 1 32,723,496 .00306 i
: Resistor i
4 Wirewound Accurate 3 1,112,598,864 .000270 :
Precision Film 0 6,861,026,328 .0000146 :
Power Wirewound 0 2,586,378,772 .0000383 ;
Diode ;
: Silicon General Purpose 39 6,610,14£,192 .0nN590
§ Silicen Power 1 619,019,466 .000162
: Transistor
; Silicon General NPN N 1,8C5,246,196 .00138
J Siliron General PNP 15 788,090,862 .00190
. Silicon Power NPN 11 278,149,716 .0039%
s Germanium Genural NPN 0 106,351,362 .000939
3 Germanium Ceneral PNP 2 95,443,530 .00210

*ASSUME ONE FAILURE IF NONE
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When cosparing the observed part failure rates with the Notebeok
Yolume 1] predictions, these "hi-Rel™ parts generally exparienced
Tower failure rates than the “upper quality grade” parts, except for
“he tintalum wet slug capacitor ard those parts without enough
accummiiated hours. Table XLVIII compares the observed failure rate
with the Hotebook Yolume 11 predictions. The table shows that:

{1} Almost all parts have a lower observed than predicted failure
rate.

(2) The germanium NPN transistor failure rate was less than that for
silicon transistors. This is contrary to the generally accepted
belief that silicon transistors exhibit failure rates lower than
germanium. The lower failure rates aro believed to be due to the
effects of “hi-Rel” screens and low power dissipation {lass
than 50% of maximum rated power capabilities).

oy ——t b bAae A SR

i (3) The tantalum wet slug capacitor is the only type of part which
: has a higher observed failure rate than the predicted. The high
failure rate is due tc an application problem.

(4) The observed resistor and diode failure rates are less than the

{ upper grade additive failure rate (ZE) derived from the Notepouk
volune II formula {ipart = ibase X i modifiers + zE). The o

factor, determined by environment and part quality grade, becomes

the limiting factor for the failure rate of these parts. In

other words, the predicted part failure rate cannot be less than

the I factor. Exampies are shown in Table XLVII below.

TABLE XLVII

COMPARISON OF OBSERVED FAILURE
RATES AND L FACTOR VALUES

. o i
Part Type Fasgggﬁvsgte ~/100?Egours

Resistor

Accurate Wirewound .00027 .002

Precision Film .0000146 Rii0)

Power Wirewound .0000393 .0015
Diodes

Silicon General Purpose .00059 .001

Silicon Power .000162 .o

* Derived from RADC Notebock Volume II using fixed
ground environment and upper grade quality
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L{OWPARISON OF GRSERVED
ARG pREDICTTD FRILIME ®ATES*
FOR DISCGET: PARCS

Part Type Coservad | * Predictad**
(APACITOR
Paper 00524 00565
Tantalum Foii 50765 003
Tantalur et Slug o821 062
class .000853 0961
{erazmic KLt HED G307
Pclys yrene 05306 028
RESISTOR
Accurate ¥Prewourd D0027¢ 597 2.9
Precision Film 0000145 000E 34.2
Power ¥ircwound 0500393 0054 138
2I0DE
Silicon Genmeral Purpose .00059C .005 8.47
Silicon Power 900162 007 43.2
TRANSISTOR
Silicon General XPR .00138 013 Q.42
Silicon General PKP .00199 07 8.95
Silicon Power NPX _0039%6 025 6.31
Ge General‘ RPN .050939 .0398 104.4
Ge General PNP 00210 .055 31.0

*  Failure Rates are %/100GD Hours.

** predicted for Notebonk Velume II,

*** No observed failures and insufficient data.
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SECTIoR Vil
RELIABILITY DEMASPATION APPROACH

OBXELTIES

S section preserts a comparisen of four generai Zpprozches to relizpil-
ity Zmmoestration for groexd eiectrozis smipment, 3s felioss:

o fForm} xeliabilily Demonstirztion
o Field Relizdbility Demstratise
o Reliabiiity ¥erificetiom Testizg
o Reliability Denoastration by Predicticsn

The advastages aod imitations of exch azproach are listed, and besed on
these comparisons, 2 susgested relizdility demcastraticn amproach, incor-
porating featur=s cf the 2bove approaches, is formulated.

Also izciuded are resylis of stodies and 2msivsis relating oo the guestion
of reiiability dewonstration. Specifically, tie results of Special Stuwdy
¥c. 5 and $pecial Study Wo. 1 of Section ¥I1I are included, as thest
studies bear directly cn the guestion of reliadility demcmstration.
Finaliy, a discussion of Biyes Theorsm is inciuded, descridbing a2 methosol-
ogy ¥hershy prior sibjective reiiability estizetes can be merced with test
dxta to oHtain reliadbility estinmates of assendiles and eqripnents.

SURRARY

The suggestad religbility demoestration approach conrsists of three parss,
as follows:

{1) Ieitially employ reliability predictions tn form an eguipment
reliability baseline.

(?) Develop ar< implement a reliability verification test program
designed to assure that Tailure mechanisms are identified and
corrective action is implementad.

(3) Perform a formal, in-service reliadility desonstratica test to
verify equipment reliebiiity under use conditions. Appiy a formal
accept/reject criteria to the test.

This suggested approach to reiiability desonstration is designed to gain
msximmm assurance that the eguipment does possess a reliabiiity level
whizh meets (or exceeds) devzloped equipment relisbility requirements.
Huwever, in performing a formal reliability demoastration test, zare
eust be exercised to assure that the basic statistical assumptions em-
ployed in formulating the test are not violated, specifically, the
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assumption 6f & constant failure rate. Special Study ¥o. 5, and Speciai
Study Xo. 1 of Section YIil indicate that the assumption of cosstent fail-
yre rate mey not be generzaily applicable, and that reliability predictien
technigues may not be suificiently zccurste such that meaningful desonstra-
tion requirements car be estzblished, based on these predictions.

Considering the equiprent represented 10 Table LXXVI, “Percentage Failure
Rate Change™ (Special Study ¥o. 5, Section YIII), 51.7% had a decreasing
failure rate vs time, 33.5% had a constant failurs rate vs time, and 13.8%
had 2n increa2sing failure rate vs time. Thus, £5.55 of the equipment hac
Tailure rate vs time charectericstics »ich were in variance with tha
statistical zodel 2ssuned. isions on whether the eguipment passed or
failed the test may not necessarily be veiid. For exanple, it is possibie
that 2n 2ouipment exhiditing an increasing fzilure rate vs tiEn Zouwld mss
3 Tixed time test simply because, during the test, the total mmber of
failures cbserved did not exceed the allowedle number of failures defined
by the statistics of the test. Ecuipment cperation for a slightly longer
period of time mey slter the comciusicn. Likewise, an ewippent which
exhidbits 2 decreasing failure rete vs time mey Teil the demonstration test,
byt may, in fact, have an agdeguate failure rate, 2s may nave been deson-
strated if the fest hzG not beean terwinated. OCniy if the eguipment failure
ra2te is 2ctzally constant c2n valid conclusions be drawe conceraing the
cemonstrzied failure rate and the y2lidity of the deronstration fest.

A secord imference that can be draen from the results of Speciai Study %o.
5, Secticn Yiil, is that decre2sing failure rates vs time can de expected
in, perhaps, o to 50X of the equipments. Tne implication is that, under
the exponential fziiure a2ssumpitions these equipments wiuld pass the test.
This wosld be true in general if the failure rate calcuiated during the
ez2riy part of the test egualed the expected valuz of the failure rate.

The demcnstrated 7ailure rate would then be greater than the actyal faijure
rz¢e of the equipment since the Tailure rate would be decreasing. Thus,
rzliz2bility camonstration fests would yield pessimistic estimates of the
reliabiiity of the eguipment. 1I¥ the failurz rate were increasing with
time, an optimistic estimate of the Tailure rate would result.

A third inference may be drawn from the results of Spscial Study Ko. 1.
Section Yiii. ¥hen early reiiability predictions are used as the basis
for estabiishing quantitative reliability deacnstration requirements, the
probability and range of possible error should be considered. Table LIY
“Comparisch of Predictad and CObserved Failure Rates® {Spzcial Study Ko. 1,
Section Y1il), shows that 84.6%1 of the observed failure rates differed
from the predicted failure rates by greater than plus or minus 100X. in
£5.4% of the cases, the predicted failure rate over-estimates the observed
feilure rate by a factor exceeding two. Therefore, in these cases it
would be expacted that the equipssnt would easily pass the reiiability
éemonstration.

3

Statistical reliability demonstration techriques would not be appropriate
for most of these eguipments bscause reiiability d=oonstration models assume
constant failure rates and, 72.9% o f the equipseni 2xhibit failure rates
which are not constant with time (See Table LXXY, ™Equipment Failure Rate
Characteristics vs Time,” Special Study No. 5, Section YIII).
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3. DETRNLS
2. Introdu-tion

This section of the study presents a brief review of the current deson-
stration approaches, theiv advantages and limitations, and a recosmended
appreach. For the purposes of this discussion, reliability desonstration
is viewes 25 2 means of obtaining assurance thzt Ge equipment will per-
fora the required functions in the specified enviromment without faiiure
for 2 specified period of time. Current approaches to reliability deson-
stration, under this defiaition, ficiude:

o Formal test of the equipaent for the purpose of deterwining whether
the equipment meets a specifiad relizbility requiresent. The test
resulis are analyzed employing statistical anmaiysis technigues.
This is generally accomplished at the contracror's faciiity.

o In-service equiprment desomstration iz the Ticld cnce the equip=ent
h2s been instailed and debugged. This type of testing results in
zn estimatizn of Tuvse™ reliadbility. Generally, the test results
are 2nziyzsd, employing statistical techniques, but the test may
luck the fermality o7 the formal damonstration test. The emphasis
is piaced upon measuring the 2chieved eguipment reliability rather
than formally demcnstrating a specified reliability reguiresent,
aithough fieid testing has been employed for formal demonstration
6f equipment reliability.

o Reliability verification tests, designed to gain 2ssurence that
the eguipment will operate as specified in 2 reiiable manmar.
This type of testing includes qualificaticn or envirommental
testing. This type of testing does not result in a formal
assasswent (in the statistical sense) of equipment reliability.

o Reiiability demonstration by predictien. The reliability predic-
tion s accepted as the demonstration of equipment reiiability.

fach of these desonstration technigues is discussed in more detajl in the

foliowing sections. The features of each type of test, the advantages,
and the limitations of each approach are presented.

b. Formal Demonstration Tests

The formal reliasbility desonstration test determines whether the equi

2ts a specified reliability requiresent by accumeiating operati:g\ltg;:nt
and failure data on one or more equipments under specified environental
#n¢ operational conditions in accordance with 2 statistical test plan.
The ?esuits of the test statistically determine whether, within stated
cenfidence limits, the required reliability was demonstrated. The under-
iying equipment failure model generaily assumed is the exponential time ‘o
failure distribution and the accept/reject criteria are baed upon the
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Peisson distribution. The demonstration test is usually conducted at the
contractor’s facility by contractor personnel under the cognizance of
CusTomRer representatives.

it S e MY, m«mummw

The desonstration test is a formal procedure characterized by strict opera-
tional rules, rigidly defined result statements, considerable expense, and
long ‘est times measured in multiples of the recuired MIBf. The demon-
straticn test plan consists of four parts:

¢ Procedure rules 5

o Decision rules

0 The experimental outcome

o Statexents of results

The procedure rules are a priori statements of the test procedure, and
include:

S G R s 2t

The type of test; fixed time, fixed rumber of failures, sequential
or other applicable testing approaches.

o

The specific decision rules, accept/reject criteria, and cefinitions
of failure and degradation.

The number o€ equipments to be employed during the test and the
test time for ezch eguipment.

Rules under which procedures for unforeseen circumstances or questions
will be cetermined.

The peralties if the equipment fails the test and the rewards if the
equipment passes the test.

The decision rules depend upon the type of test and the specific relia-
bility specification which is applied to the program, but in general will
be composed of an accept/reject criteria based upon the appropriate
statistics and statistical dictribution assumptions inherent in establish-
ing the test. The decision rule will associate the num er of failures,
test times, penalties and rewards with the decision to accept/reject.

The experimentai outcome is the set of data which becomes available as a
result of the test. These data are analyzed, using the decision rules and
employing suitable statistical analysis techriques. Determination is made
as to whether the aquipment has passed or failed the test. This determi-
nation is the statement of the results of the test, and once the results
ara verified, the test is completed. Further courses of action are then
pursued, based upon the procedure and decision rules estabiished prior to
the test, Advantages and iimitations are as follows:
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-ADYANTAGES-

Provides a formal demonstration of equipment reliability at a stated
confidence level.

Provides definite penalties and rewards, based upon the results‘of
the demonstration test, which act as powerful incentives to reli-
ability achievement.

Permits early assessment of reliability which allows the
identification and correction cf problems before equipment is

shipped to the field.

-LIMITATIONS-

The cost, test time, and number of equipments required to demonstrate
statistically a required reliability may be excessive.,

Since the formal demonstration caunot fully duplicate or simulate the
actual field environment, the results are questionable.

The statistical assumptions used to formulate the test may not be
valid; e.g., the exponential failure distribution modei is not
applicable. (See Special Study No. 5, Saction VIII)

The test articles often are not representative of the final product,
due to changes in production processes, design, and materials.

Difficulty is encountered determining courses of action under un-
foreseen circumstances, even though provision is made for these type
occurrences; 1.e., all failure and degradation modes cannot be de-
fined in advance,

It may not be feasible to perform a formal demonstration test, due
to the size of the equipment or the operations which are required
to be simulated.

Field Reliabjlity Demonstration

The field type of reliability demonstration has many features which are
similarto the formal demonstration test. The basic test also accumulates
operating hours and failure data on the equipment in accordance with a
statistical test plan. Statistical techniques are employed to analyze
the data. The underlying failure model that is assumed is exponential.

Vo et MM vasmuee At R

D L L U PP VOw Sy NP TAY PeRd NI

A wa dsewas 4




Procedure rules and decision rules are formulated for the test.
Generally, contractor personnel perform the test under the cognizance
of customer personnel.

However, despite these similarities there are substantial differences in
the field demonstration test and the formal demonstration test. The
major difference is that the equipment is tested in the actuai operating
enviromment. The actual stress and envircnmental conditions that will be
present during the life of the equipment are present during the demon-
stration test.

A second major difference is that the effects, on equipment reliability,
of the in-service operational and maintenanca policies and procedures
will influste the test results. For example, improper operational or
maintenance practices could be reflected by an increased equipment fail-
ure rate., Also, the effects of logistics support policies and diagnostic
techniques can be significant tc the results of this test. (These
policies and techniques will influence the mean time to repair (MTTR) of
the equipment rather than the mean time ts failure. On ground electronic
equipment, the MTTR is a significant parameter, contributing to system
availability.)

A third major difference that generally exists between the two testing
concepts is that a formail accept/reject criteria, including appropriate
penalties and rewards, is not established. Instead, the test is run to
determine the ilevel of reliability that is achieved and to pinpoint pro-
blem areas that require corrective action. The test then becomes an
assurance/corrective action test rather than an accept/reject test. If
the equipment reliability demonstrated is below a desired or required
level, the only recourse available toc the customer is to require fhat
corrective action be implemented on those areas where a high defect rate
was observed. But, on the other hand, if the equipment performs up to
or exceeding expectations, the customer has gained assurance that the
equipment performs reliably in the actval operating environment. This
assurance is gained without the requirement to pay an incentive fee.

Recently, field reliability demonstration tests with definite accept/
reject criteria and associated penalty and rewards, have been proposed,
and at least one such test is in progress today. This test requires the
demonstration of a specified minimum MTBF. If the MTBF is not achieved,
the contractor will incur a financial penalty. If the MTBF is achieved
or exceeded, the contractor will gain an incentive fee. Thus, this in-
service test is an in-service, formal demonstration test of the equipment.
Advantages and limitations are listed below.

-ADVANTAGES-

o The test eliminates the cost and inaccuracies which result, when the
environment is simulated, since it is conducted under the actual
operating environment of the equipment.
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0 The test cost is minimized by the use of existing operating per-
sonnel and facilities, in lieu of requiring special test personnel
and facilities solely for formal demonstration purposes.

o Earlier delivery schedules are achieved since no additional calendar
time need be expended after production acceptance tests for the pur-
pose of reliability demonstration.

0 The test may identify significant areas for the improvement of the -
effectiveness of the operational, maintenance, and logistic areas. .

-LIMITATICHS- ‘

o Field operatfonal and maintenance polictes and practices are beyond
the controt of the contractor and the customer. This can totally
invalidate the test results.

o If equipment fails, it may be too late to incorporate the necessary
changes to correct the fault, for economic or tactical reasons.

o It is simply not practical or feasible to mcnitor and measure the
reliability of many types oy equipments in the field (e.g., because
of short duty cycles, inaccessible points of use, delays in field
deployment schedules, etc.).

d. Reliability Verification Tests

Reliability verification testing represents a substantial departure from
the forwal or field approaches to demonstration testing. In this
approach, the emphasis is not on demonstrating a specific reliability
but to verify that thiere are no major sources of unreliability. Tests
are conducted both at the complete equipment level and the level of
individual parts or assemblies. The general procedure is to operate the
equipment at stress Yevels in excess of operating levels to induce de-
gradation in operating parameters, identify significant failure modes,
and pinpoint design features requiring optimization for the improvement
of reliability and/or operating characteristics.

The equipments to be tested, using the verification testing technique,
are selected by employing one of the following criteria:

0 High risk designs, either state-of-the-art assemblies or assemblies
which have a past history of & high failure rate.

;
§ o Items which possess known failure or wearout mechanisms. batteries,
! tube design, etc. ’

i
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o Items which, based on a failure mcdes and effects analysis, have
unresolved potential failure mechanisms which require i.ivestigation.

A sample of each of these equipments are placed on test for a period
sufficient to verify the existence or non-existence of the suspected
failure mechanisms. During the test, speciail subtests, such as tempera-
ture cycling, vibration, and shock would be performed to simulate
assembly stress under actual use conditions and to perhaps accelerate the
suspected failure mecnanism. The test would be concluded when sufficient
data was cbtained to verify the failure mechanism or to adequately de-
monstrate that the assembly was suitable {frow a reliabiiity and
performance standpoint) to incorporate on the final equipment. No
attempt is made, generally, to test a large sample for a long test time,
such that sufficient data suitable for statistical analysis would be
obtained. However, if the verification test required that a large

sampie be tested for a substantial period, statistical data analysis
would be possible. The analysis technique would not require the assump-
tion of exponentiai time to failure, particulariy when a wearout
mechanism was under investigation.

-ADYANTAGES-

o Relatively inexpensive to integrate within the standard qualification
test program. -

0 Less time-consuming than eifher of the previously desc:ibed
approaches.

o Designed to pinpoint failure mechanisms and design inadeguacies
for early corrective action. The emphasis is placed upon elimina-
tion of potential failure mechanisms and upon understanding of other
failure causes (such as wearout).

o When statistical data analysis is possible it allows freedom in
selection of the most appropriate failure distribution which mere
accurately describes phenomena under study.

o Aimad at buiiding reliability into the equipment. Other testing
apprcaches only identify weak areas in the equipment. This
approach requires corrective action to be incorporated in the
design.

-LIMITATIONS-

0 Requires considerable engineering manhours, scheduling
and funding to support program.

o Provides no accept/reject criteria.

o Does not test the complete equigment for a period of time
sufficient to demonstrate reliability.
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¢ Does not simulate the actual operating envircnment.

e. Demonstration 3y Prediction

Equipment demonstration by prediction siwply means that the reliability
prediction is accepted as verification that the equipment possesses a
satisfactory reliability level. This technique does nst require any
testing, either at the equipment or assembly level, but may use data
obtained from such testing to validate predictions.

The procedure for performing this type of demonstraticn is t. fo.sulate

@ reliability prediction in the accepted manner. The tontractor develcps
a mathematical model representing the reliability characteristics of the
equipment. The model divides the eguipment into assembiies or sub-
assemblies. Next a reliadility estimate is generated for each of the
assemblies and subassemblies, using any cne of several acceptable pre-
diction techniques. These include stress analysis prediction technigues,
prediction by similarity or other appropriate methods. The reliability
of each of *he assemblies is combined by use of the appropriate mathemati-
cul expressions and an estimate of the equipment reliability is generated.
The entire process is mohitored and subject to approval by the customer
to insure adequate consideration is given to all facters which influence
the equipment reliability. The applicabiiity and acceptability of fail-
ure rate data incorporated in the predictior is the key issue.

~-ADYANTAGES-

© HMajer program cost reductions are achieved by eliminating test
requiresents.

o Immeciate corrective action response capability is achieved.
o Program delivery schedules are shortened.
~LIMITATIONS-
o Estabiished prediction inaccuracies introduce large risk factors.

0 Accept/reject criteria for the predictics procedure are difficult
to establish and may require extensive negotiation.

o The effects of the field environments-including operational and
maintenance factors-cannot be measured.

o The prediction employs & model which is only an approximation of
actual eguipinent operational conditions
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f. Bayesian Approach to Reliability Asses;;ment {References 3, 4, and 5)
(1) Introduction

can be applied to reiiability demonstration, since it attemgts to
incorporate all information that is avzilable to develop 2r -stimat>
of the reliability of tne equipment under analysis. This infoimation
includes engineering astimates (predictions) made early in the d2sign
¢,.1e and test data or operational data collected during the test or
operation of the equipment. The predictions are sometimes labeled
“subjective prior estimates” as they cannot be expressed in relative
frequency terms (e.g., ratio of tccal successes to total trials). The
test data are termed “objective dzta" as they are expressed in rela-
tive frequency terms. The Bayesian approach to reliability assessment
develops 2 rationale which permits the incorporation of subjective
pricr estimates with objective test data to obtain an estimate of the
;€1iabi]ity of the equipment, at appropriate statistical confidence
evels.

i The Bayesian approach to reliability assessment is an approach which

The Bayesian amproach combines the sarly reliability assessment with
test data to cevelop early sstimates of equipment reiiability. Early
in a development program, wnen fest data are not available on a parti-
cular design, the major assessment tool is the reliability prediction.
As the program continues, sufficient test data may be accumulated such
[ that an accurate estimate of equipment reliability can be obtained
based solely on the test data. This point usually occurs late in the
development cycle. Therefore, it is nratural to develop a method where
, poth the prediction (subjective estimates) and objective data (test

] resuits) can be combined in a common framework. This can be accom-
plished using the Bayesian approach. The following discussion wilil
cgevelop the Bayesian approach, with no attempt to advocate superiority
of the approach to classical techniques. Also, a discussior of the
soundness of combining subjective and objective information will not
be included. Final proof of the applicability of the Bayesian
approach will be obtained through field experience.

it

AP

(2) Bayes Theorem

a PN

Bayes Theorem is an analysis technique designed to bridge the gap
between prior knowledge and statistically conclusive data. The

b approach permits combination of prior knowledge with test data making
use of all the available information in arriving at an estimate of
equipment reliability. The application of Bayes to reliabiiity

: assessment is generalized by considering the following quantities.

The total estimate of the reliability
The reliability of the equipment based on test data
A1l prior information concerning the equipment reliability

[v 72 - T
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Using these terms, Bayes theorem can be written:

P (vap) = ZLyBLE(AE) (6)

Probabiiity that the equipment reliability is v,
pased on prior estimates and test data. This is the
desired result.

Probability that the equipment reliability is v,
based on all prior information.

F {v/AB)

P (v/8B)

Probability of duplicating the test data when the
equipment reliability is known, along with prior
information. This term is the estimate of equipment
reliability based on assumption of an underiying
statistical distribution, (the underlying distribu-
tion which is assumed is typically Poisson or
Binomial).

r Pla/,B) . P(y/B) d
Ay Y R

P (A8)

P (A/B)

= Probability of duplicating test data when equipment
reliability is unknown.

Bay2s Theorem is then:

All y

The next step in the formulation process is to select suitable prior
distributions. There exist no explicit rules for selecting a speci-
fic prior distribution [P (y/B)]. The following criteria can be
estabiished.

o The prior distribution must adequately reflect what is known before
test data is available.

o The prior distribution should not imply any assumptions about
unknown information concerning the reliability of the component.

o The prior distribution should "go together" with the existing data
but aliow sufficient variety of choice so that any reasonable
prior belief can be represented by the prior distribution.

o Tne resulting expression should be mathematically tractable.
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Although the above criteria are general, tws cases of specific interest
to reliability analysis techniques are being considered.

o If the sample test data is Poisson distributed, a Gamma distribution
is a convenient prior. A Garmma distribution will be obtained as a
posterior distributien.

o If the sample data is binomially distributed, a Beta distribution
is most conveniently selected as a prior. A Beta Distribution will
result as a posterior distribution.

Both cf these situations will be discussed in the analysis.

Bavesian Approach - Gamma Prior Distribution

The Gamma distribution is used as a prior distribution when the test
data is considered to be Poisson distributed. The Gamma prior is:

-vr é-1
P (Y;IB) = I8 (4(,3(%! dv (81

The test data is Poisson distributed:

~ot iy f (s}

P (A/vB) = £

o YT =1 _~Yt vy, f
p(ve) = mrelule (8 g (10)

* After suitable mathematical manipulation P (y/AB), the estimate of the

equipment reliability considering all information is:

t = Accumulated test time
1 = Pseudo test time

f = Actual failures

¢ = Pseudo failures
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The pseudo test time and pseudo failures can de considered parameters
of the prior Gasma distribution.

The postericr distribution has the same form as the prior distribution.
The initial parameters, ¢ and t are replaced by ¢+f and t#t. The
mean and stancard deviations of the distributicns are given by:

Prier Posterior

- 4 (B84

o 3 o T TEt
oly) = =+ o) = B2

The resulting posterior Gasma distribution includes the test data

(t and f) and the initial estimate {¢ and r). The Comma distribution
can be used ty obtain confidence limits for vy, based on prior esti-
mates and test data.

Savesfan Approach - Beta Prior Distribution

The Bata Distribution is us2d as a prior distribution vhen the test
data is considered to be Binomial distributed. The Beta prior is
based on a probabiiity P

~1 v=p=1
2 e = Lol LRy (2l

O<p <1

vs 0 > 0 where o is pseudo successes and v is pseudo trials.

The test data is based on s successes in n trials, and is biromialiy
distributed.

1 p° (1-p)"S (13)
P (wpB) = LBy
P (A/B = f: (V-])! n! p+S-] (]- )w-p+n-S°1 d
(VB) o) Hwen-1)? 81 (mos)t P (:4)
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This toc is & Beta distribuytion. The me3n and variance are-
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The . -ta distribution can be used to determire confidence level for p,
based ~n prior estimates and test data.

tect on of Pseudo Test Time and Failures

The previous discussion demonstrated the procedure by which prior
estimates of equipment reiiability can be combined with test datz to
estimate the reliability of the equipment. These subjective e.:imates
were called pseudo failures and test time (o and -). It is nececsary
to assign values to each of these gquantities and care must be exercised
when this is done. IT s/: = .1 and vaives of ¢ = 10 and - = 1000,
were used, the subsequent test data mav not be sufficient to minimize
the effects of the prior. This would be particuiarly undesirabie if
the prior estimates and the test data lead to different estimates of
the true failure rate., In this case, it is desirable that the orior
estimate is eliminated or "washed out” by the actual test data.

It is desired then to establish pricr estimates that «re "washed out"
by the test data as mcre data is accumulated, particularly if the test
data and prior estimates lead to substantially different estimates of
the failure rate. One procedure is to establish an uncertainty
factor. U:

~nN
|
d
.
)
no

(16)
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The astzblishment of U fixes ;, which then fixes ¢, since 2 srier
estimte of v iz assumed.

A sacond agproach would be to select < such that it recresested a
fractioa of the zctiml fest time thaet is expected ic be accumaiated.
Then, as the test time is acoummiated, the prior estimate, if different
from the test results, will “eash out®™. IT the prior estimte 2nd
test datz are compatibie then this will lead more guickly to an
estimate of the failure rete. If 3 Zetz distridbution w2s assuzed as

a prior distritut‘on, then v would be selectad as a fraction of the
tota] mmber of the expected test trials. As test datz is acamulated
e sstimte is either reinforced or “washed out™ depending on the
accurecy of the prior estimate and the test results.

(6) Conciusions

The Bayesian approach is designed to suopiement early test datz o
d-eelop estimates of equipment reiiabiiity. Later in the program,
wten sufficient test data are avaiizble, the test dat2 will provide
the necessary means by which the equipment reliabiiity can be estimeted.
The initial estimates, if in error, wili be “washed cut® by the tect
data and the reiiabiiity estimtes will be based upen the test data
alone. To be assured of this situation the estimtes of pseudo tim
(<) 2nd pseude failures (3) should te selected such that ; is selected
tc be only 2 fraction of the expected test data. Thus, ¢ is salected
in terms of assurance that it will not be 2 factor in the estimate of
eqguipment reliability, if the prior estimate preves to be in variance
with the test data.

Tha advyantages of the Bayesian approach are as follows. In the early
stages of a test program, many cozponents have few test hours and nc
failures. By using the prior estimate of the component relisbility,
it is possible to develop reiiability estimates on each compenent.
Each of the estimates, if no failures were cbservec, would result in
reduction of the equipment fziiure rate, in terms of both the predic-
tion and the test data. As the test progrea centinues and more data
is accumulated, the weight of the test data will be the determining
factor in predicting the equipment reiiability. If the prior ectimate
is cozpatible with the test data, the effect would be to more quickly
obtain failure rate estimates, as each type of information contributes
to the total tailure rate estimate. If the prior estimate is in
variance with the test data, the prior estimate would “wash out,” by
virtus of the procedure used to determine the prior estimate. Thus,
early estimates, which may be incorrect, will not be a significant
factor in determining the final component failure rates.
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The degree which the early predictions or pricr estimates are “washed

out® is a function of the accuracy of the early prodictions and the

degree which they duplicate the test data. If the predictions favor-

ably compare with the ultimate test results, the Bayesian zpproach

. will allow wore rapid estimates of the reliability to be developed.
If the predicticns and the ultimate test data are in variance, the

! prior wiil 2lmost “wash out® completely and the final reliability

i estimates will be based on the test data.

: g. Xatrix Comparison of Four Demonstration Techniaues

; Tris section presents a comparison in ma.rix form, (Table XLIX) of the
: fcur ¢emonstration tecnhniques discussed in the previcus section. The four
technigques 2re gualitatively rated in accordance with:

6‘0

o st - {ost of running the test,
o Timeiiness - when & program test is performed and whether
increase in schedule is regquired, and

G Assurance Bained - Degree of assurance that resulis of test accurately
depict equipment religbility under service
conditions.

These parameters are considered the most significant, from a comparison

standpoint. Since tne Bayesiar approach involves all techniques, it is
not included in the matricses.

h. Proposed Demonstration Approach

Based upon the demonstration technique matrix and the preceding discussion,
the following reliability demonstration approach is suggested:

o Employ reliability precictions to form an equipment reliability base-
iine. Continually update the predictions as new data becomes avail-
able from the predesign phase through the period of field cperation
and maintenance,

o Develop a reliability verification test program. Define assemblies
which require reliability verification testing. Impiement this testing
- te minimize and eliminate failure mechanisms. In the cases where com-
pcnents exhibit known mechanisms which limit the life of the compcnent,
test the component to better understand the particular mechanisms

invelved.

o Perform a formal in-service reliability demonstration to determine
reliability under use conditions, inciuding the effects of maintenance
policies and logistics support. Include formal accept/reject criteria
and associated penalties and rewards.
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The suggested reliability demonstration approach incorporates features of
the demonstration by prediction, verification testing, and in-service
testing techniques, but does not include the formal in-plant demonstration
technique. The formal in-plant demonstratio: technique is excluded
because it will generally be the most costly approach, requive a longer
schedule, and the results will have dubious correlation with the actual
in-service measured reliability.

In the suggested approach, the reliability prediction is used as a base-
line to establish the initial estimate of the equipment reliability. This
estimate is performed at the system level - ic defines the expected level
of reliability. This estimate is ~oct -ccepted as proof of r2liability,
but only servas as a starting point in the demonstration process. As the
program progresses, the prediction will be continually updated, incorpora-
ting design and testing infermation that is generated, thereby increasing
confidence in the prediction.

Concurrent with the equipment prediction, a list of components and assem-
blies is identified containing candidates for verification testing. For
each comporent, the quantity to be tested, test conditions and test time
is determined. These components will be selected based on at least one
of the following criteria:

o High design risk

State of the art design
Known history of high failure rate on similar designs

o Known failure mechanisms
o Known wearcut mechanisms which are imperfectly understocd

0 Designs which, based on a failure modes and effects analysis,
possess critical failure mechanisms

Tests will be conducted on each of the selected components and assemblies
aimed at determining and eliminating the failure mechanisms. In the
situations where the components exhibit known wearout mechanisms, these
components will be tested to obtain a better understanding of these
mechanisms. The tests will be conducted under varying degrees of stwasses,
to more accurately simulate the actval operating environment. If a suffi-
cient sample and test time is required for the tests, statistically
meaningful data will be generated. This data will be reduced and updated
estimates of component and assembly failure rates will be obtained. These
will be incorporated in the updated predictions.

After the equipment is installed and debugged in the field, the formal
in-service demonstration test will commence. This test would be performed
concurrently with performance and evaluation tests. The test would be
performed under the cognizance of contractor and customer personnel and

95




i tr— o o

would be designed to formally establish the achieved reliability of the
equipment, including the effects of environment, operation, maintenance,
and logistic policies. The results of the test will provide a formal
proof of equipment reliability under use conditions.
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SECTION VIII
SPECIAL STUDIES

INTRQSUCTION

The prediction-by-function technique established that relationships exist
between observed reliability and selected functicnai parameters for a
number of types of electronic equipment. In addition, studies (1) have
shown that prediction accuracy varies between functional types of equip-
ment. Therefore, classification and qgrouping of equipment, in accordance
with its function, was a necessary consideration in the study of relia-
bility prediction techniques.

In addition, it was observed that, when equipments are divided into
functional groupings, they can exhibit a wide range of possible design
approaches to a given function. Also, within any cne design approach, a
wide variety of part technologies can be represented (e.g., CRT tubes,
integrated circuits, solid state devices, and conventional electronic
parts). Therefore, it was also necessary to establish design apprcach
categories and par: technology groupings for consideration.

Equipments were divided into broad functional categories (e.y., receiver,
transmitter, display, and computer typesj. These categories proved useful
for such purposes as analyzing the distribution of equipment failure rates
over long periods of time, and for comparing observed and predicted
failure rates for functional types. (See Special Study No. 1.) In
addition to broad classifications, categorization by sub-functions {e.g.,
control, power supply, synchronizer) was also found to be a necessary and
useful method of analysis (see Special Study No. 2).

Several methods for categorization of design approaches wer2 investigated.
The initial method attempted to align design approach categoi-ies with
equipment functions, since some functions {e.g., digital computers and
pulse-doppler radar transmitters) impiy established cesign charzcteris-
tics. However, because so many functions can be accomplished through the
use of a wide variety of designs and basic nardware, this method was not
used. Furthermore, many functions involve a hybrid structure in terms of
the variocus part technologies which are used in the design.

Therefore, a second method considered for the categorizatior of design
approaches was based upon the predominant part technology usad for the
design, (e.g., solid state, vacuum tube, intecrated circuit, electro-
mechanical, magnetic, etc.). Hcwever, correlation analyses faiied to
estabiish the general utility of these categories. Nevertheless, it was
indicated that they are useful as sub-categories.
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Evaluation of prediction accuracy, measured in terms of the ratio of the
observed to predicted MTBF values (using stress anzlysis grediction tech-
niques) showed two distinct groupings of eguipment. One group exhibited
3 predominant number of high raties, while the other showed a predominant
number of low ratios. The design approach categories which characterized
these grouns represented “digitzl and analog” equipments. Within the
analog group, the power equipments constituted 2 distinct subset, i.e.,
five out of the six high-ratic equipments were power types. Fowever,
within the digitai and analog groups, there were no other distinct sub-
sets. Further araiysis of przdiction inaccuracy factors failed to
indicate any further relationchips traceable to design approach. There-
fore, the categories of digitai and analog were established as the only
design approach categories.

The Special Studies also were concerned with the evaluation of many other
factors pertinent to the accuracy of the reliability prediction process.
These included, but were not limited to, the following:

o The ispact of major prediction method variables such as stress,
temperature, and part jrade (see Special Study No. 3);

¢ The impact of program-related factors and the rating of these factors
(see Special Study No. 4);

0 The effects of time and field operations upon egquipment relijability
{see Special Study Ne. 5).

SPECIAL STUDY RO. 1: “COMPARISOH OF OBSERVED AND PREDICTED FAILURE RATES®

a. Objectives
The sbiectives of this Special Study are:

o Determine if th) ratio of predicted to observed failure rate (i /1 )
could be categorized for particular types of eguipment (i.e., o
transmitter, receiver, computer and display type equipment). That is,
does the ratio x_/x_ for a particular type eSuipment possess any _peci-
fic, distinguish?ngocharacteristic?

¢ Define a possible statistical distribution of xp/xo.

o Determine a method that could be employed, using the data, to improve
the accuracy of predictions. The technique used in this Special Study
was to determine a division factor for )., such that the ratio of i

would be either within plus or minus 1007% of /3y = 1, or

o

0.5 < Ap/ko < 2.0
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The division factor (or factors) which resulted in the maximum number of

- equipment failure rate ratios lying in this range would be selected as
representing factors, by which the predicted failure rate could be
divided, resulting in “more accurate” equipment predictions.

b. £ ry

In summary, the salient results of this Special Study are:

o The failure rate ratios for transmitter equipmenis analyzed in this

; study /2,/x_.) are all less than 0.5. A possible implication is that
E predictignsofor transmitter equipment tend to be optimistic. Failure
f rate ratios for the remaining equipment types show that, generally,

: predictions are pessimistic.

o The probability plot of failure rate ratios is not log normally distri-
buted. A normal distribution more closely fits the data.

o If the predicted failure rates were divided by a constant factor in
the range of 2.0 to 4.5, {excluding the transmitter and camera display
equipmenis), a more accurate prediction would have resulted. Accuracy
is defined as the predicted failure rate deviating from the observed
failure rate by no more than plus or minus 100 percent, which can b2
expressed in the following form:

0.5 < Ap/ko < 2.0

o Specifically, if a factor of 4.0 were used as a divisor of the
predicted feilure rate, 81 percent of the failure rate ratios lie
within 0.5 < 3y/Ag < 2.0 (The transmitter and camera equipment
are excluded. In fact, a muitiplying facter of 4.0 would be appro-
priate for these equipments.)

c. Details

(1) Comparison uf Observed and Predicted Failure Rate - Data
Presentation

The predicted failure rate for each equipment was obtained from field
reports and ganerally represents the early contractor's pr:dictions.
The prediction techniques used by the contractors include srediction
by similarity and prediction by parts count. The predictions employed
in the study varied and did not all empioy the same techniques (i.e.;
not all predicticns used the stress analysis methods described in
MIL-HDBK-217A). The observed failure rate was obtained from field
data taken after the equipment had been in operation in the field
approximately one year.
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Tables L through LIII present a comparison of contractors' predicied
failure rates to observed failure rates. The comparison is made at
twe points in time: (1) at the end of a 12 month period; and, (2)
at the end of 27 months (except where otherwi~e indicated). Al
comparisons are made on the basis of failures per 1000 hours per
equipment type. Failure rates are avecage faiiure rates for an indi-
vidual unit per equipment type. That {is, for T-1 the failure rate

1isted is tha average failure rate of the six transmitter units of
that equirment type.

TABLE L
TRAHSMITTER TYPE EQUIPMENT - FAILURE RATE COMPARISON

Predicted Failure Rate|Observed Failure |Observed Failure | Ratio

Equipment Rate at 12 MonthsjRate at 27 Months
(371000 hours) »p | (1/1000 hours) |(1/1000 hours) g | *p/*c
3.4 28.2 20.5 0.46
5.4 24.0 16.2 0.33
9.4 16.2 19.4 0.48
5.4 19.2 15.5 0.35

Table L shows that all four of the observed failure rates exceed tne

precicted faiiure rete by substantial margins. These four equipments
are h1gh power transmitters and the primary contributors to the trans-
mitter failure rate are the power tubes used in the transmitter.
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TABLE LI

RECEIVER TYPE EQUIPMENT - FAILURE RATE COMPARISON

Predicted Failure RatejObserved Failure [Ooserved Failure | Ratio
Equipment Rate at 12 Mcnths|{Rate at 27 Months

(1/1000 hours) p | (/1000 hours) |{3/100G hours) Aq| *p’*o

R-1 7.6 1.4 1.1 6.9
R-2 3.2 0.8 0.8 4.0
R-3 0.6 0.15 0.i5 4.0
R-4 7.6 ‘ 1.5 1.4 5.4
R-5 3.2 1.4 1.5 2.1
R-6 0.6 0.1 0.12 5.0
R-7 1.9 2.4 0.4 4.7
R-8 1.9 0.6 0.7 2.7

The comparison between the observed and predicted failure rate shows
that the predicted failure rate exceeds the observed failure rate in
all cases. The ratios of predicted failure rate to observed failure

rate range between Z.1 and 6.9, with an average of 4.35.

shows these results.
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TABLE LII

COMPUTER TYPE EQUIPRENT - FAILURE RATE COMPARISON

Predicted Faiiure RatejObserved Failure |Observed Failure |Ratio
Equipment _ A Rate at 12 Months |Rate at 27 Wonths | A
{*»/1000 hours) “p (A/1000 hours} |(1/1000 hours) *o | “p’ "o
C-1 Not Available G.35 0.36 --
C-2 18.2 7.5 7.6 2.40
£-3 Het Available 5.6 4.3 --
C-4 Not Available 0.5 0.34 --
C-5 1.8 0.5 0.4 4.5
c-6 Not Available 0.5 0.4 --
C-7 18.2 5.2 5.4 2.37
c-8 Not Available 1.5 0.75 -
C-9 Not Available 0.12 6.10 --
c-10 1.8 1.8 1.1 1.64
c-11 Not Available 1.4 1.5 " -
c-12 Not Available 2.3 3.2 " --
¢-13 5.0 1 0.9 " 5.5
c-i4 2.5 3.1 2.5 " 1.0
C-15 Not Available
Elec 0.6 0.6 "
Mech 0.6 0.6
c-16 91 2.5 21.5 4.2
* 18 months

A C-16 = C-11 + C-12 + 14 (C-15) ; whore there are 14 units of
equipment C-15.
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The predicted failure rate was only availabie for six of the fifteen

. computer type equipments, which represent approximately 20% of the
computer equipment hours accumulated, but approximately 45% of the
total failures accumulated. In all the cases, the predicted failure
rate was greater than the observed, by a factor that rangss from 2
to approximately 5.

A prediction was performed by the centractor for the computer complex
which includes C-11, C-12 and C-15. This is shown as C-16. This
predicted failure rate is considerably higher than the observed, after
combining the appropriate data. Table LII,"Computer Type Equipment -~
Failure Rate Comparison,” presents the data on all the computer

E equipment.
TABLE LIII
: 5
. DISPLAY TYPE EQUIPMENT - FAILURE RATE COMPARISON §
é
é Predicted Failure Rate|Observed Failure |Observed Failure | Ratio :
! Equipment| \ Rate at 12 MonthsjRate at 27 Months| , ,, 'y
] {1/1000 hours) “p (1/1000 hours) | (»/1000 hours) *of “p’"o §
D-1 1.75 0.53 0.34 5.15 i
D D-2 4.65 1.3 0.70 6.65
. ; *
! D-3 Not Availabie 0.15 0.10 -
D-4 1.75 0.35 0.50 3.50
t
: D-5 4.65 2.0 1.3 3.57
' ok
% D-€ Not, Available 0.04 0.03 -
; ek
| D-7 5.70 3.1 3.0 1.90 ,
D-8 1.15 15.6 .- 0.07 }
, D-9 7.40 4.2 - 1.76°
* 24 months @ Calculated using failure rate ;
** 15 months at end of 12 months.
*%% 18 months :
The observed failure ra‘e, in every case but one, was less than the ;
p;gd;c;eg failure Eate° hThis case was D-8, the camera equipment
which had components with known reliabili imitati is i
houn i the gbove Sain n jability Timitations. This is
103
]




ey

(2) Failure Rate Comparison - Predicted vs. Observed - Results

Table LIV presents the results of the failure rate comparisons by
eguipment type as shown in the four preceding tables. [t was possible
to obtain predicted failure ratas on 26 of the 36 equipments. These
predictions were performed by contractor early in the dsvelnprent
cycle. Therefore, they represent the initial estimates of the equip-
ment failure rate. The prediction methods included a prediction by
similarity method and a parts count methcd. The observed failure

rate included failures due to all causes inciuding design anomalies,
wearout, maintenance policies and rardom failures in time.

TABLE L1V

COMPARISON OF PREDICTED AND OBSERVED FAILURE RATES

TIC OF PREDICTED FAILURE RATE TO OBSERVED FAILURE
RATE _lp_
Ao
EQETPHENT 0.05- 0.5"" 1-0]" 2.0]" 5-01- >~!0 01
TYPE 0.5 1.00 2.00 5.00 10.00 j="'"'"'
Transmitter 4 0 0 0 1] 0
Receivyer 0 0 0 6 2 0
Computer 9 1 1 4 1 ]
Dispiay. _ _ ___._.Jd.. . 1.0 _L_2_3_ .2 _|.2_4g_.0._
TOTALS _ _ . . _.J.. IR IR N IR S (O Y-SR MR
PERCENTAGE OF TOTAL 19.2 3.8 11.6 46.2 16.2 0
26 Equipments)
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The tabie presents the ratic of the predictad failure rate to the
observed faijure rate for the 26 equipments per eauipment type. The
table further subdivides the ratio into six groups, ranging from
predictions which were one-twentieth of the observed failure rate to
predictions which were ten times the observed 7. ilure rate. Consider-
ing the equipment types as one group, 15.4% o° tne ratios fall between
plus and minus 100% of the observed failure rate. The remaining

84.6% are z2ither less than 0.5 {1 _/x_< 0.5) or are greater than 2.0
(A /x_ >2.0). None of the ratiof elceeded 10.0. Figure 2 shows

thB cBmiative plot of the ratio on log probability paper. If the
distribution of ) predicted/x observed were jog normal, this plot
could be fitted by a straight line. tHowever, as zan be seen, a
straight 1ine would be a poor fit.

The chi-square gocdness of fit test was applied to the logarithme of

the data to determine if the hypothesis that the data could be fitted
with a Tog normal distribution could be accepted. Chi-square calculated
to te 8.56 with one degree of freedom. The value of chi-square at one
degree of freedom at the 99% confidence level is 6.635. The calculated
value of chi-squere exceeds this valie and it can be concluded that the
data points do not fit a log normal distribution. Hence the hypothesis
that the log nomal distribution is an adequate fit fcr these points is
rejected.

The chi-square test was then applied to the actual ratios to test the
hypothesis that the ratios could be fitted by a normal distribution.
A1l data were included except the camera eguipment. The value of chi-
square calculated from the data, with one degree of freedom is 1.25.
This does not exceed the value of chi-square in the table, 3.84, at 95%
confidence and one degree of freedom. Thus, the normal distribution
cannct be rejected as a fit for the data. Figure 3  plots the data on
normal probability paper.

Table LIV shows that the observed failure rates for all four high
power transmitters were greater than the predicted fai?ure rates by
more than 100%. Only one other equipment displayed this behavior,

a camera projection equipment in the disp]gy group. For the receiver
type equipment, all the equipment had predicted failure rates that
exceedad the observed failure rates by a factor of at least two, and
33.5% of the equipment had predicted failure rates that exceeded the
observed failure rates by a factor of at least five. For the
computer equipment, 71.4% of this group had predicted failure rates
which exceeded the observed failure rates by a factor of at least
two times the observed failure rate. For the display equipment,
discounting the camera projector, 67% of the equipment had predicted
failure rates which exceeded the observeu failure rates by a factor

of two (Ap/x0 > 2.0).
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Table LIV shows that 46.2 per cent of the equipment v:ilure rate ratios
(a5/2,) 1e in the range of 2.01 to 5.00. This suggests that a factor
coeld be applied to the predicted failure rate such that the predic-
tion would better appreoximate the observed results, To determine the
acceptability of this factor,an acceptability criteria is required.

In this study, the acceptability criteria is established as follows:

If the ratio A,/x, is between .5 and 2.0, the prediction is defined

as an acceptable estimate of the true failure rate. Mathematically:

5 < )\p/ko <2.0

The technique employed in the study is to divide the predicted fail-
ure rate by a constant and recompute ig/A,. As 2 larger number of
these ratios fall within the acceptab]g' range defined above, the pre-
dictien is judged to be more acceptable. Figure 4 shows the relation-
ship between the division factors, ranging from 2.0 to 7.0, and the
number of equipment failure rate ratios which fall within the defined
acceptable range.

Discounting the four transmitter and the camera display equipments,
(since division of A, by a constant would result in a more erroneous
ratio) 85.6 percent gf the equipment failure rate ratios lie within
0.5 to 2.0 when division factors of 3.0 or 3.5 are applied. If a divi-
sion factor of 4.0 is used, then 81.0 percent of the equipment failure
rate ratios 1ie within the range defined above. If a division factor
of 4.5 is used, 76.4 percent of the equipment failure rate ratiocs lie
within this range. Thus, the prediction accuracy for this equipment
could be improved if a division factor between 3.0 and 4.5 were used
as a divisor for the predicted failure rate originally developed.

Table LY is developed using a dividing factor of 4.0. ATl the
failure rate ratios now 7ie between 0.02 and 2.00. Discounting the
transmitter and camera eguipments, all failure rate ratios lie between
0.25 and 2.0.
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Figure 4, Number of Equipment Groups Falling in Failure Rate Ratio

Range of 0,5 _5Ap/ko <2,0
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SPECIAL STUDY RO. 2: "“ANALYSIS OF PREDICTION INACCURACY FACTORS"

a.

Objectives

The objectives of this study were the identitication ard analysis of
prediction inaccyracy factors inherent to the following cateyories:

0

0

o

0

0

b.

Design Aporoach

tquipment Function
Program ~ R2lated Factors
Parts - Nix

Prediction Method

Summary

The analysis uf the prediction iaaccuracy factors resulted in the
following observations:

Y

The design approach categories (i.e., digitai and analog) exhibit
different prediction accuracy ratios and pert of this difference can
be ascribed to design characteristics.

The equipment function categories (i.e., power,test and display, con-
troi, and computers) have different prediction accuracy ratios,and
part of these differences can be attributed to function and active
element content.

The reliability program factors cannct be isolated as contributions to
individual equipment prediction accuracy.

The prediction accuracy ratio of an equipment is infiuenced by the
types of parts predominant in the design.

An error in selecting either stress, temperature, or part quality
values in the prediction process could contribute significantly to
prediction inaccuracies.

The semicenductor application factor (ﬂA) is a significant contributor
to prediction inaccuracy.
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Details
{1) Introducticn

The anaiysis of prediction inaccuracy factors was performed for each
of the following categories:

o Desiyn Approach
0 Equipment Function

9 Program - Related Faciors
o Parts-Mix Factors
o Prediction Method Factors

For purposes of this study, prediction accuracy is cefined as the
ratio of the observed MTBF to the RADC Volume II upper grade part
predicted ¥TBF. Obviously, the most desirable prediction accuracy
value is 1.0, The analysis performed on the above factors and the
results of the analyses are contained in the following subsections.

(2) Design Approach Categories

The design approach analysis considered variations in prediction
accuracies which exist between the two design approach categories
discussed in VIII 1, above, {.e., digital and analog ecuipments. The
distributions of prediction accuracy ratiocs for the 14 digitai and 20
anaiog equipments, which were utilized, are shown in Figwe 5,
“prediction Accuricy Ratio Distributions for Analog and Digital
Equipment.”

For the digital equipment group, the mean of all the prediction
accuracy raties is 4.1, with a standard deviation of 3.2. The range
of the digital prediction acéuracy ratios is from 0.7 to 11.4 (i.e.,
about 16.5 to 13. There are only two digital ratios below the desired
1.0 value (i.e., G.7 and 0.9). A1l other digital ratios exceed the

desired 1.C value.

The anzlog sGuipment group p-ediction accuracy ratios have a mean of
3.2, a standard deviation of 6.5, and range from 0.06 to 26.5 (i.e.,
about 442 to 1). Fourteen analog equipments ratios were iess than the
desired 1.0.

From the above it is concluded that digital 2quinments predominantly
have low predicted MTBF's when compared with tha observed values, and
analog equipments pradominantly exhibit high predicted MIBF's when
compared with the observed values. Some of the design characteristics
which account for these anomalies are:

o Digital equipments operate on a low power requirement while analog
equipment power requirements extend over a large range,

112




Distributions for Andlog
and Digital Equipment

g
g
[ §
1000
: i
: iqid M
! LoLe Digitial
| :
= = .
= o 10.0 =
i 5 "
{ &
> : i
<
! 2 . Anal ‘
: *
(%3 Ced
g ~ ‘
- 1.0 - G
.2 e -
FS ] o~ po—
U [
© .
[
|
[«
0.1 -
1 )
|
E ——
j !
| 0.91 l
i
|
f Figure 5. Fredicticn Accuracy tatio
|
i
E

113

ced AR L, At




PLINIGVENEL SN+ X SR S

¢ Digital equipments are bi-stable, 1.e., operate at one of two
levels or states,

0 Analog equipments operate continuously over an infinite range
and are thus susceptible tc additional failure modes, e.g.,
drift sensitivity, etc.

(3) Equipme~t Function

In assessing the relationship of functional characteristics to pre-
diction accuracy, the equipments were divided into four groups:
power, corntroi, computer, and test and dispiay. There were six
power equipments, seventeen control equipments, five computer equip-
ment.. and six test and display equipments.

The six power equipments have prediction accuracy ratios ranging
from 1.3 to 26.5. That is, all the MIBF predictions are low when
compared to the observed values. The six pover equipments are,
basically, all power supplies. However, two equipments have test
functions as part of their operation. These two equipments also
have the best prediction accuracy values {i.e., 1.3 and 1.5).

The mean of the prediction accuracy ratios for all the equipments is
3.5, whereas the mean for the six power equipments is significantly
higher, 9.5 (i.e., almost 1000 percent above the dasired value).
However, there is no evidence that the high predicticn accuracy ratios
c&n be ascribed to other factors such as: parts count, active ele-
ments, or derating. Therefore, in these cases the prediction
inaccuracy was ascribed to unidentified factors associated with the
configuration of power function equipment.

The seventeen control equipments have prediction accuracy ratios
ranging from .06 to 11.4 with a mean of 2.8. Although this mean is
closer to the desired prediction accuracy of 1.0 than the mean for all
equipments (3.5), eleven of the control equipments have prediction
accuracy values of less than 1,0. In fact, only four of the seventeen
equipments are close (0.7, 0.7, 0.8, and 0.9) to the desired value.
Four of the equipments exhibited extreme inaccuracies of 1000 percent
or better (i.e., 0.07, 0.09, 0.09, and 11.4). The eleven control
equipments vhich have prediction accuracy values less than the desired
value of 1.0, and the six which hkad ratios above 1.0, were investi-
gated separately and collectively to determine if such factors as part
count, active element count, and soiid state part count contributed to
their inaccuracy. No significant ccrrelation was found between any of
the above factors and the prediction accuracy ratios. However, it was
noted that all 3 equipments using integrated circuits had high
ratios whereas all 5 equipments using vacuum tubes had low ratios.
Thus, 2pproximately ~alf - the control function equipment inaccuracy
was detemmined to be part-related. The remainder was attributed to
other unidentified factors associated with the control equipments,
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The five computer type equipments have prediction accuracy values of
1.7, 1.7, 1.8, 2.1, and 3.8, The equipment with the highest predic-
tion accuracy ratio (3.8) includes a parts complement of 33 percent
integrated circuits and 27 percent other octive element devices.

Also, the equipment with the prediction accuracy value of 2.1 includes
a parts complement of over 50 percent active element devices. The
other three equipments contain less than 50 percent active element
devices. Hence, there is an evident relationship between high pre-
diction accuracy ratios and the active element content of computer
type equipments.

The six test &nd display equipments have prediction accuracy ratios of
0.06, 0.09, 0.09, 0.9, 0.9, and 2.2. The three equipments with the
extremely low prediction accuracy ratics have a lower acti/e element
mix than the other three equipments, The active elements in the three
lowest valued equipments include vacuum tube components. Thus, iow
active element ratios were significant contributors to prediction in-
accuracies for the test and display functional types.

(4) Program-Related Factors

The investigation of inaccuracies in the prediction techniques which
are program-related is contained in the rating studies in Special
Study No. 4, Section VIII. The rating studies indicated that the pro-
grams with rating values higher than 3.55 had system prediction
accuracy ratios greater than 1.0. Hence, if all the program factors
were maximized, the prediction techniques would result in & higher
prediction accuracy ratio. Hovsver, it w.s aiso shown in the rating
studies that a prediction modifier could be established which would
improve the accuracy of a system p-ediction but would not improve the
accuracy for the individ..l equipme-t, Therefore, the effects of
program-related factors aie not discernible in the znzlysis uf
individual prediction accuracy ratios,

(5) Parts-Mix Factors

The inaccuracies of the prediction technique vereanalyzed to determine
if relationships existed with respect to:

o Part Count

Active Element Count

[}

Part Type Factors

(]

The active element count expressed as the ratio of total tramsistors,
diowes, and vacuum tubes tn total part count, was correlated with pre-
diction accuracy ratios. The correlation analysis was performed for
three equipment categories {(i.e., all 34 equipments, digital equipment
and analog equipmentg. The results of this anaiysis is shown in

Table LVI, "Correlation of Active Elements versus the Prediction
Accuracy Values.™
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TABLE LVI CORRELATION OF ACTIYE ELEMENTS
VS PREDICTION ACCURACY YALUYES

Category COZ?KE’;?’EP, Seternination (R2) l
A1l Equipment 0.48 0.232
Digital 0.56 G.314
Analog ! 0.43 5.186

The table shows that meaningful correlation does not exist hetween the
active eiement components and the prediction accuracy ratios  Hence,
it is concluded that all the prediction inaccuracies sre not assigna-
ble to tne active element components.

Similarly, correlation analyses were conducted for the same three
equipment categories between the equipment part count and the predic-

tion accuracy ratios. The results indicated that 1o reiationships
existad (i.e., less than 0.Z for ali three caiégories).

Tne part tvpz analysis attempted to relate the inaccuracies of the
predictior technigue to the types of part predom.rant in the design.
The following types of parts were investigated:

¢ Tubes

o Capacitors

& PRecistors

¢ Diodes

0 Transistors

0 Integrated Circuits

The equipments were ordered by prediction accuracy ratios (highest
order first), and by content of the individual part types. The order
of the prediction accuracy ratios was compared with the ¢rder of the
part type content. From this comparison the following conclusions
were established:

o Tube type devices contribute significantly to a lower-than-
desired prediction accuracy ratio.
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o Capacitors do not contribute significantly to any variation
of the pradiction accuracy ratios.

o [Diodes and resistors contribute to lower-than-desired prediction
accuracy ratios.

0 Transistors and integrated circuits contribute to a higher-
than-desired predictior accuracy ratio.

(6) Prediction Method Factors

Factors in the RADC stress analysis prediction technique were
evaluated to determine if the accuracy of predictions for indi-
vidual equipments could be related to:

o Part quality grade

0 Stress effects

o Temperature effects

0 FfFailure rate modifiers

" Special Study No. 3. Section VIII evaluated the effects of

stress, temperature, and part quality by creating prediction
variability envelopes representing a range of influence for these
factors on the variability of prediction techniques. By com-
paring the data with these envelopes, it was determined that 19
of the 34 equipmants had observed values which were within the
range of their variability envelopes. Fifteen observed values
were outside the range. However, if new variability envelopes
are prepared, using the extreme values of stress and temperature
from the RADC Notebook, Volume II, the observed values for 29

of the 34 equipments will fall within the range of the prediction
technique. Therefore, under worst-case and best-case conditicns,
it would be possibie for the prediction technique to encompass
the observed values for all but five equipments.

However, since these extremes of stress and temperatuve are
definitely not present in the eguipments, only the original
variability envelopes warrant consideration. Thus, based on the
sensitivity study, it is possible that the predictior inaccura-
cies associated with 19 aquipments could be due to the effects
of errors in estimating stress, temperature, and part quality
grade,

However, other factors in the prediction techaique must also be
considered. The effects of the application factor (nn) on transistor
and diode failure rates in digital and analog equipment were
evaiuated tc determine their contribution to the total equipment
failure rates. The effect of this factor on digital equipment

is to cause a decrease in the total equipment failure rate by an
amount to be determined by the quantity of semiconductors of =ack
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type and the ratio of their failu e contribution to the total
equipment failure rate. Predicti-ns for samples representing

2 range of analog and digital equ.pments were evaluated to
determine the impact of this factor upon the total equipment
failure rate. The results are s:mmarized - the following Table
LYII, "Impact of Semiconcuctor Applicatior factor (nA) on Equip-
ment Predictions."

TABLE LVIi

IMPACT OF SEMICONDUCTOR APPLfCATION
FACTOR (nA) ON EQUIPMENT PREDICTIONS

Equipment = oipment Total Per Cent Per Cent
Code "; pme Part Semicon- Increase {+)
Number | ype Count ductors or
{1000's) Decrease (-)
in
Failure Rate
3 Analog .3 30.0 -39
11 Analog 3.8 28.9 -29
22 Analog 28.0 30.8 -75
37 Digital 35.0 41.2 +106
1 Digital 4.3 46.0 +109
16 Digital 2.1 53.3 + 92

The table shows that the failure rates of analog equipment would
decrease by from 29 to 75 percent if this factor was applied.
However, the prediction accuracy ratios indicate the predicted
fajlure rates ave generally too low without this factor. The
digital equipment failure rates weculd approximately double if
this factor was not applied. However, the prediction accuracy
ratics indicate that the predicted digital equipment failure
rates are already too high in almost all cases - i.e., the
application factors are also too high. Therefore, it was con-
cluded that the application factor was a significant scrrce of
prediction inaccuracy for digital equipment. For analog equip-
ment, an application factor which increases the failure rate
would offer 2 potential for improvement in prediction accuracy.
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SPLlA STIDY NO. 3@ “"SENSITIVITY ¢rudy"

a. Objectives

This stidy was performed to evaluate the relative impact of major elements
of the RADC Reliability Notebook., Volume II stress analysis prediction
technique upon the variability of reliability predictions for a variety of
equipment types. Principal objectives were:

0 Deternine the amount of variation in predicted failure rates contri-
buted by the prediction elements of stress, temperature, and part grade.

o Determine if the differences between gbserved equipment failure rates
and predicted failure rates fall within a range of variation in pre-
dicted velues resulting from the effects of stress, temperature and

part grade.
b. Summary

The study showed that the prediction £iement, part quality grade, provided
the most significant singie contribution to prediction varization. For

both digital and analog equipments. this factor could account for approxi-
mately 30 percent of tne total range of prediction variation. In addition,
the study also showed that the part grade factor can affect the combined
effects of both temperature and stress in a prediction. That is, the use
of the upper grade narts - even under the worst-case corditions of stress
and tenperature - produces a lower predicted cquipment failure rate then

is achieved using the lower grade parts under the test-case conditions of

stress and temperature.

At the equipment level, the difference in predicted failure rates bLetween
lower and upper grade parts was observed to be approximately ten to one,
over the range of temperature and stress values studied.

The distribution of observed failure rates for the 34 equipments was
examined with respect to the total range of variability in predicted
failure rates due to temperature, stress, anc part grade for each equip-
ment. This comparison indicated that, for the sample studied, the predic-
tion technique is toc sensitive (i.e., predicts too high a failure rate)
to the effects of temperature, stress, and part grade for all digital
equipment and most analog equipment. This conclusion is based upon the
following observations:

o Only 19 equipments had obseryv.d failure rates within the range of
prediction variability. A1l but one of these fell near the lower limit

of the range,
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0o Almost all observed failurz rates {30 cut of 34) fell either near, or

below, the lower limit of the iange.

o Only the analog equipment {four cf 139) shcwed observed failure rates

near, or above, the upper range of predicted failure rates.

The sensitivity of individual equipment failure rates to part guaiity,
stress, and temperature was markedly different between equipments within
both the analog and digital design approach categories. However, the sen-
sitivity to part qualitv generally increased as temperature and stress
values increased.

¢. Details

This study exercised the latest RADC stress analysis prediction technique
(RADC Reliability Notebook, Volume 11) on 34 ground electronic ecuipments
to develop a range of reliability predictions (prediction variability
envelopes) for selected levels of stress, temperature, and part quality
grade. These leveis were selecied to represent a range of temperature and

stress values exfending beyond the Timits of most ground electronic equip-
ment design criteria.

The pre@iction variabi]@ty envelcpes were constricted from predicted equip-
ment failure rates obtained for seven points on the applicable part failure
rate temperature/stress curves. Upper and Tower grade parts, per RADC
Volume II, were represerted in separate prediction envelopes. The seven
points used te develop the failure rates are:

0 0.1 Stress, 60°C Temperature

o 0.3 Stress, 60°C Temperature

0 0.6 Stress, 60°C Temperature

o 0.3 Stress, 40°C Tempurature

0 0.1 Stress, 20°C Temperature

o 0.3 Stress, 20°C Temperature

o 0.6 Stress, 20°C Temperature

The T¢ and I values for a fixed ground environment were utilized for each

part.  The v&lues used for the longevity factor and gy (secondary electri-
cal stress) were 1.0 in all cases. The above Jata were processed by a
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computer program (PRG-i, Appendix II) which utilized the folluwing (qua-
tion to oustain the prediction variability envelupes:

Ay = go(xb 2 Tp .+ Mg +Ic, (n
where,

Ay E the failure rate prediction for an eguipment at a specified
temperature/stress level,

N = the number of part types,

Q = the quantity of 2 part type,

xb = the basic failure rate at the selecied temperature/stress
level,

np z the product of the application factors, excluding HE’

fp = an environmental factor, and

Ip = an additional environmental factor.

The equipment level failure rate data outputs from the computer program
were used to plot the prediction variability envelopes for each equip-
ment. Since the shapes of the envelopes vere essentially the same for
all 34 equipments, individual charts are not included. A typical ex-
ample of the prediction variabilitv envelopes is shown in Figure 6,
"Prediction Variability Envelope (Typical)."

To evaluate the effects of temperature, stress, and part quaiity, the

total variability for each equipment was ectablished (i.s., the difference
between the failure rate for upper grade parts at 20°C and 0.1 stress and
the failure rate for lower grade parts at 60°C and 0.6 stress). The total
variability for each equipment was used as an index of variability for

that equipment. That is, the total varijability was considered to include
100 percent of the prediction variability inherent to that equipment due

to stress, temperature, and part quality. The index was used to measure
the change, in percent, due to a change in part quality at selected levels
of temperature (20°C, 40°C, 600C) and stress (0.1, 0.3, 0.6). For example,
for equipment No. 2 at 200C temperature and 0.1 stress, the difference in
failure rates between upper grade parts and lower grade parts 1s 83.2,

and the total variability is 1382.0; therefore, the percent or failure

rate change due to part quality for equipment No. 2 is 6.0. These calcu-
lations were performed for all 34 equipments and these data are shown in
TablesLVIII and LIX , "Percent of Failure Rate Change Due to Part Quality"
for digital and analog equipments respectively.
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Tabies like the foreccing were preparsd for siress and temperature
failure rate changes. From t-ese tabies it was noted that at the upper
limit {i.e., 0.6 stress and o0°C temperature), part quaiity could account
for approximatly90 percent of the total inkerent wariability of the
prediction.

The observed reliability values for all the equipments were compared with
their prediction variability envelopes to determine if the variability
inherent in the prediction technigue could account for the inaccuracy of
the predictions. Tables LX and LXI “Yariability £nvelope Extrewes
yersus Cbserved Failure Rates,” for analog and sigital equipments,
respectively, were made for ccaparison of the observed data with the pre-
diction variability envelopes. These tables illustrate the equinments'’
predicted failure rates at the lowest and highest poinis on the envelopes
(i.e., 0.1 stress, Z0°C temperature, upper grade parts anc¢ 0.6 stress,
£6°C tesperature, lower grade p -ts, respectively) and the obcerved fail-
ure rates for each equipment.

The tables show that for the znalog eguipments, 8 cut of 20 fell outside
the prediction variability enveiope and for the digital equimment, 7 out
of 14 fell outside tne prediction variability envelopes.

The prediction variability lixits were estabiished for upper and iower
grade parts. analog 2ard digital equipments. The P¥L's were estabiisied,
in each case, as follows:

¢ The upper PYL is the maximur quotient of the ratine of maximum
predicted failure rate to ridpcint predicted failure rate.

¢ The lower PYL is the minioes guotient of the ratios ¢f minims pre-
dicted failure rate to aidpoint predicted failure rate.

As shown in figure 7, “Prediction Yariability Limits, Digital Egquip-
wer:ts,* the PYL's fur both upper and lower grade parts are (.4 for the
lower iimit and 7.1 for the upper limit. The ratios of predicted failure
rates lupper ani lower grade parts) toc the cbserved failure rates for all
equipments were plotted to ascertain if the variability of the prediction
teciinique could acccut for inaccuracies which exist between the predicted
and otserved values. For the upper grace part predictions on digital
equipment, eleven of the fourteen ratio vaiuves lay within the PVL's; for
the lower grade parts, two of the fourteen values iay within the PYL's.

Figure 8, "Predictiun Varialility Limits, Analog tquipments,” is a

plat of the P¥YL's and the ratios of predicted failu~e rates to observed
failure rates for the 20 analog equipments. The upper grade PVL's are

0.5 and 6.6, lower and upper respectively. The lower grade PYL's are 0.5
and 6.7, lower and upper, respectively. For the upper grade part predic-
tions, ten out of twenty of the ratio values lay within the P¥L's, and for
the lower grade part predictions, seven ocut of twenty of the ratio values
lay within the P¥L's.
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TABLE LX VARIARILITY tKVELOPE EXTREMES YERSUS
OBSERVED FAILURE RATES - ANALOG EQUIPMENTS

™D
O

‘ . Lower A r . . ]
R | W | Mt | S
2 10.0 1332.1 0.81
3 i.8 305. & 0.7
s 5.9 185.8 3.8
11 1.7 02.4 4.93
12 27.1 125.2 498.0
13 65.9 501.9 1242.0
14 406.1 14087.7 633.0
| 15 35.3 3914.3 172.0
16 5.3 26.4 114.0
17 17.5 532.2 37.6 |
21 36.9 3176.6 N6
22 158.5 16651.2 873.0
25 1.5 £2.3 5,25
26 2.9 58.5 0.40
i 27 2.7 33.2 . 8.08
28 2.8 65.1 10.51
30 2.4 76.5 2.83
3] 1.0 23.9 1.62
34 14,7 5724.6 48.73
37 297.3 43615.6 92.61
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VARIABILITY ENVELOPE EXTREMES YERSUS OBSERYED
FAILURE RATES - DIGITAL EQUIPMENTS

v S prwaa e Ao i b e

> Lower ) Upper -
9.1, 20°C, UG | 0.6S, 60°C, LF (§/$35§’::irs)
(%/1000 Kours) (%/1000 Hours) !
14.6 £91.8 20.72
3.3 1956 1.27
17.2 1065.3 8.43
5.7 151.5 1.28
7.0 279.3 3,41
1.2 £6.0 0.29
10 5.8 216.4 4.5
18 51.4 5963.9 70.42
19 109.4 14346.7 331.0
20 227.7 31587.4 556.0
23 3255 13946.2 179.5
29 4.9 76.9 5.25
32 163.7 22297.7 5.6
36 7.7 43615.6 92.6
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5. SPECIAL STUCY NO. 4: “PROGRMM FACTOR RATING STUDIES®

8. Objectives

The rating studies were designed to determin2 if statisticcl relationships
could be established between prediction accuracy, using the RADC Relia-
bflity Notebook, Yolume II, stress analysis prediction method, and program
factors which are iikely to influence tne level of achieved reliability.
The major objectives of this special study were:

0 Determine if statistical correlations exist between prediction
accuracy and the quantitative ratings of the program factors.

¢ identily program factors which are significant to reiiability
achisvement.

o Establish modifiers for use in prediction models, based on the
rating criteria and establisihed coefficients, to increase predic-
tion accuracy.

o Obtain irformation for use in other greas of this study.

b. Suamary

The program factor rating studies developed the use of a program rating
grade which can be used with the RADC Reliability Notebook, Volume II,
stress analysis prediction to ascertain the expected MTBF that will be
observed or a particular program with a particular rating grade.

c. Details

A set of 50 program-related factors which were believed to be significant
to relfability was developed and grouped into eight categories. These are
shown in Tables LXII through LXIX. A rating scale, based on the rela-

i tive strength of the factors, was employed to quantify the strength of
each factor {e.g., strong = 5, average = 3, and weak = 1).

The programs utilized in the rating studies were chosen on the basis of
available knowledge concerning the 50 program factors, availability of
observed reliability data and availability of parts information suffi-
cient for making a stress analysis prediction. All equipments for each
program were rated for each of the program factors. Individual equip-
ment characteristics were not perinitted to influence the ratings since-
the primary purpose of the study was to establish whether or not pro-
gram-related factors infiuence the level of achieved reliability. There
were three programs, containing thirty equipments, with sufficient in-
formation for rating evaluation. Table LXX, “"Program Reliability
Measurements" shows the program rating grades established, range of dis-
persion ana the mean of the ratios of observed MTBF to RADC, Volume iI,
predicted MIBF (i, e., the prediction accuracy ratios) for each of the
three programs. i
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TASLE LXI1 PROGRAM-RELATES FACTORS:

QUALITATIVE

VARIABLES STRONS

Jdegree of Standard Parts of stenderd, proven design are selected. 8¢
Parts Usage ™
b2
Complexity Hosy parts require a single action-reaction to provide a cdesired S
sirgle function, such as voltege build-up on a capacitor in s

response to a charging currenc.
DM eflculty of Function] Parts encompassing routinely achievgble functions are selected, S
N el
a‘
[
Sensitivity Part functions are schieved by & relatively wide range of S

stimuli, such a»s a wide rasnge of currents to actuate a relay.




§ FACYORS: PARTS MIX AND SENSITIVITY

LITATIVE CATEGORY

AYERAGE

Some parts are relatively nev versgions of standard ifteas.
The nev versions provide enhanced performance of selected

parameters, such as greater gaip or lower leakage.

ired Some parts require complex action to provide a functionm,
8 such as svitching through 2 stepping switch.

d. Some parts, such as potentiometers and connectors,
encompast functions which are relatively difficult to
achizve (electrical continuity through low pressure
contacts)

% Some parts, such as microwave elements, operate at
£ i lov signal levels.

WEAK

Some parts utilize nev and
unproven design coocepts.

Many complex parts.

Many parts encompass functions

vhich are difficuit to achieve.

Many parts operate at low
signal levels.
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TABLE LXIII PROGRAM-PELAT

Worst Case Analysis Anslysis methods {BC4P, ete.) indicate that circuits will
| function with worst case cosbinations of part parameters.

Monte Carlc Analysis Permissable circuit outputs (high and low) encompass + 4
sigmas of the calculated output distributiom.

fumber of Adjustments J Use of trimmer circuit elements (potestiometers, etc.) 1s
evoided. Tempersturez compensating circuitry and Tfeedback
(stabilization) loops are employed.

Test Points | Test points.provide for monitoring of all eriticel civcuitry.

- o -
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PELATED FACTORS:

QUALITATIVE  CATEGORY

fio analysis performed. 3Sope circuits woqld probebly fail
8 vorst csse test.

Eo anelytis perfurmed. Puxissable cireuit aatputs wox:lid
j R probably eocompass ¢ 3 sigees of ° calculated distribution.

Trimmer elements ace commonly esployed as “factary
sdjustaentz

ry- Test points grovide for monitoring of critical portions
of output circuitry.

i - - PO
e _- - R e - e denasi et~ o b S

b snalysis perfu=ed. Xost
circuits voc)éd pootedly fail a
vorst cacve test.

¥o maiysis performed. Pernissatis
octpats world prodasly eocompass
+ 2 sigms o & c2icuisted

digtritstice.
Trimmer eieawnts ere ~omeely

exployed as fleli allugimesty!

Pev test poirts are empicyed.
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TABLE LXIV PROCRAM-RELATED FAC

Booss case eleziricsl siresses ave less ign 0K of satings

ZeTel is less tign pact retivgs.

Tohermal psins grotide for iow temperelinre mlee 2t past
lereic eren iy worsi tase ocnEiliome.

Pt 0f seals gl ocalings ervert amistore ian &
oensitiTe raTis eTen cfer wersl case ociticns.

4y

¥ 4




YOS s

Boximl vilralion at part Iewd i3 2ess timn pact
retings. ¥Foret case vilreticn cfter: exceeds ratings.

Thersal patks are zizimal, aliowirg scme pacts Lo
overbsst under worst case conditiors.

Sensitive mris are partiaily proierted 37 aseais and
costings, xt are affected by lorg duration exposures
under Xgh bwidity conditions.
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TABLE LXY PROGRAM-PELATED FACTORS: D

|

ﬁﬂlllﬂﬂ\

STRORS

|

N
.

\a}

\n
.

V‘

Irviszments

Sariwmre Levels

Zovirormertal

Prremeters

Procexres, detall datz recording, findirgs factored inte higher
tier tests a3 wmil a3 design. Farsmeters tc be tested are de-
tecxised in mart by paper amlysis activities 3uch ss worst csee
aelysis

Tests to al@ envircomests Sudged to be critical to syste
perlormmnce.

Inginesring xodel through pre-production, prototype bardoare.

Grester than spec. requiremerts with assurence that individual
camponent lixitatior:s zre not exceeded for ail significant en-
viroomerts.

M:itiple wrisbles mearured and recorded, “.s., outpct
peasured Wtk sdnimos, saximm, and nomingl irputs applisd, and
ottt lced variatiors.

i0C % of sub-aasemblies tested, or lot samples selectsd to sn
equivalent level c¢2 confidence for production uaits throughout
the perisd of marufscturs.

411 levels, caomprehensive test cherecteristics at each level

tolerance

Attribate #
testing

provides an

A1l s
at esch
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LATED FACTORS: DEVELOPMENT TEST PROGRAN

SALITATIVE CATEGORY

AVERASE

04

WEAK

Haximns spec. requizeamis tested at lmst for most critfical en-
-« viroraents.
. re § Attridute typs testing, (i.e., nomirzal pilns or minas specified
, and tolsrunce with o xinal inmpot.) scopleasnted v lixited wariadloes
Ltesting
o an Sexpling, or 100K testing for limited characteristics, which

provides sn intermediate lsvei of coafidencs.

k1) systems and most sublassemblies or principal cherscteristics
at each level

Informal urocedures.

Yest <riroment oo criticsl
mrepeters aily.

Bo pre-production test.

Maximm sprc. requirements con
fex critical eavirowmerts.

Attribate testing only.

Insufficient iesting <o assure
conformence to wrinciml spsci
ficstion requirements.

System and limited testing at
other levels - Do=s not invinde
al} principel charactaristics.
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TABLE LXY! PROGRAM-RELATED FACTORS: FPROD

s T T S e

f A12 production processes, tooling, Jigs, fixtures, and
mchinery have proven capadilities, demonstrate repexi-
adbility, and sre subject t0 scientifically established
process coatrois, calidbration, an? asintenance -
schedales. AlLl changes in processes and equipment are

§ caref:lly proven ous prior to bresk-in to production
and cloeely monitored after bresk-in. Process and
equipment capability studles are conducted and statis- |
tical/engineering analyszs are contimuelly performed
to ersure and imprcye process capability and assure
relisbilicy. Periodic calibration and inspections are
verforsed. Responsibility and anthority for process
cootrol are firmly established.

i Operstors are skilied, well-truined, have above-
aversge understanding of vork instructiopns and work-
sanshipy standards. Plant werking conditions and
facilities gre designed to provide optimm cperator
perforsance. Work instructicns are explicit, current,
and pruvided vith each order. Quality and quantity o7
work are traceable to tbhe individumal production opera-
tor and strong emphasis i3 pisced by managesent on
Emaintaining & high level of individuel cperator perfor- §
mance.

'

quality, design, and p

f Operator training, sikil
standards are gverage.
facilities are average.
are not usually tracealb
Mansgewent places a2 ©0d

performance.

R




s and equipment are gentrally of proven
ty, but changes are no: full ewalusted or
1y controlled. Normal conircls are established,
wt,towrmtmm.mfro-tbe
proeeu Reliability is pot & zignificant
Beru in procsss control. Foomal controls
.cblnhedby the Quality Coatrol organizetiom,
on experience tc date. Respoasidilities for
control are divided betveen manufacturing,
; design, ard production engineering.

T training, skill, and knowiedge of vorimenship ]
prds ars aversge. ¥orking conditions and '
3tins are aversge. Quality and quantity of work
pt usually traceable to the individuasl operstor.
lemeat places s moderate emphasis on individusl

Fmance.

B TP AN AT s TP S B TR XN v e e o

 FAGTORS: PRODUCTION RELIABILITY CONTROL

No adequate process control program exists.

B O B i iatn i e ST

controls center on the product.

Operators may

A |

their own tools. Calibration snd service

supply
cycles are informslly estabiished.Changes in

processes are incorporated ou an uncoatrolled

basis.

Below-average operator training and skill levels.}
Working conditions and facilities contribute to

& reductios in tha quality or quantity of work
perforwed by opersiors. Management does not .
motivate operators to stress quality of work for §
the individual and quality of work is seldom
traceable to the operator.
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| VARIABLES

3. Contrcl of Incoaing
Parte and Msterials

L. Control of
Product Quality

§ instructions and controlled equipment.

| established thru engineering analysis.

jfor reliability purposes.

g strategic points in the production process.

TABLE LXVI

STROUS

Inspection and test of incoming perts and materisls
are accomplished in sccordance with curreat formal
These instruc-
tions focus attention upon the criticsl characteristice
vhich are significant to the reliability and quality
of the item during the productica and use cycles, as
Most fesatures
of the Q.C. prograa in this area are at optimum levels
Iaboratory analyses are
performed periodically to verify the counformance of

jmaterials.,

Inaspection and test operations are established at all
They
exercise complete control of all production factors

g significant to product quality and reliability.

Characteristics to be inspected and tested, related

§ procedures, tools, and equipment are selected, deve-
§ loped and controlled within a wnified quality program

which ig based upon a detalled engineering knowledge,

# analysis, and evalustion of the sensitivity of the pro-
f duct to the production process,and all applicable

product specirications and requirementa. Complete

program documentation, records, and procedures exist andy
i arc kept current.
R are enforced. ‘
f defect rates and distributions of defect types for each §
% product type, production depertment, and inspection

Effective change control procedures
Statistical analyses of quality trends,

operation are continually performed with feedback to

cognizant manufacturing and engineering areas to initi- |}

ate corrective/preventive action. Failure analyses

fare performed and heavy emphesis is placed on defect
B prevention and optinization of the total Q.C. program.

| using & nixed syst

g acteristics inspec
§ to the reliability

| levels for reliabd

Inspection and te

| tested and inapec
| are generslly ade

! planning or opera

{CONTINUED) PROGRAM-RELATEDL FACT(

ALy

Ingpection and teg
and/o» the discret

production and use
program in this a1

insure that produ
by the production
the contract snd
besis for selecti

is not incorporat




B-RELATED FACTORS:

fi/or the discretion of inspection persoanel.

QUALITATIVE CATEGORY

g & nixed systes, besed upon formal procedures
Char-
ice ingpected are not necessarily significant

j the reliability and quality of the item during the

b e s A

duction and use cycles.

ion and test operations are established o

ssure that product quality is not adversely affected }
j the production process.

Specifications governing
contract and the product are used as the primary

sis for selection o the charscteristica to be
isted and inspected.

Documentation aad records
generally sdequate. A dynamic "systems approach”
not incorporsted in the total quality program
nning or operation.

PROCUCTION RELIABILITY CONTROL

Most features of the Q c.

Inspection and test operations have a limited
gcope and esmploy procsdures and records wvhich

are generally inadequate to insure the relia-
bm‘cy and quality of the item during the
production and use cycle. Some: features of
tbhe Q.C. program in this ares exhitit signifi-
cant deficiencies.

Limited inspection and test operations are per-
formed to achieve & minimm (or lesser) coepli-
ance with contrectual quality control require-
ments. The quality program is "inspection-
oriented,” with little or no emphasis on defect

prevention and no adequate racognition of the
need for quality engineering.

C e ts o




TASLE LXVI

YARIABLES

{ A comprehensive system of product {dentification or

I marking is estadlished toc accomplish traceability of

| production units in s unique mapner 4o reflect all

i significant factors in the production process (e.g.,
order cf production, production line, material lot,

§ orocess changes, date of production, serial number, etc
The system extends to all significant indenture levels.

| 5. Lot Control

jMaterial is carefully handled frow points of receiving
jinspection through final packaging. Material Is pro-
jtected from damage by well.-designed conveyors, Jigs,
containers, fixtures, etc. Storage conditions prevent
Rcontamination, deterioration, and damage. Packaging for
storage and shipment insures serviceability and preser~
vation. Standards and procedures to insure full
gcompliance with all safeguards necessary to prevent
fCamage or deterioratiocn are enforced,and verified by

sts and engineering analyses.

Procedures and practices insure that a1l defective
material is promptly identified, segregated, and that
2isposition is accomplished in accordsnce vith reviev
procedures. These provide for escalation of analyses
and corrective action in response to the significance
of the defect(s). Procedures for processing and
controlling varistions are effective, and docu-
mentation is current and complete. The backlog f
corrzctive action, and the quantity aund type of
deficiencies, give evidence of an optimum system
which insures follc r-up on all mejor problems.

T. Material Review

(CONCLUDED) PROGRAM-RELATED FACTOR!

" AT

f Production units a
asgocigted peaperwori

8 systes of lot contro
significant factors
major process

N include a1l signifi

AR C

| Material handling, s
and procedures equal
g tices, and usually o
N invoked by contract.
§ equipment, and con :
S production workers oc
40 equipment. Iittle
 effectiveness uf thes
faccomplished.

Geperally good cont
accomplished, using
practices. Enginee
and disposition ins
do not always escala
i or potential impact
adequate, repetitive
¥ incomplete correctiv
an adequate system t
§ problem areas.
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RELATED FACTORS: PRODUCTION RELIABILITY CONTROL

~ QGALTATIVE CATEGORY S ]

AVERARE

ion units are serisliczed, date coded-or I Seriglization or lot identification may exist,
2d paperwork ic identified~under a limited | but is pot seaningful or useful in most cases,
of lot coutrol vhich does not include all (e.g.; lot sizes are toc large, identification
icant factors in the production process (e.g., J§ iz not chenged to reflect significant varia-
or process charges are not reflected) and does not tions in processes, materials, etc.).
melnde all significant indenture levels.
hapdling, storsge, and packaging stendardas B Material is not carefully handled at some
nd procedures egqual or exceed good commercial prac- 8 voints in the production process. Froductiun
s, aod usually comply with the applicable MYL-3TD's headiing couipment, jigs, storage facilities,
ed by contrect. Design of production herdling packaging methods, and/or containers subject

guipment ard containers, and handling practicee of | the equipment to adverse conditions or hazards
dnetion workers occasiooally present some hazarde to an extent which reflec’s significant

D equipment. Little or no verification of the deficiencies in design, plarping, or managesent.j
ffectiveness of thess ctandards and procedures is )
ccomplished,

rally good control over defective material is R Procedures and practices loossly control
complisinsd, using adequate procedures axd standard R dafective material. They do not insure that
ices. Ergineering review, corrective actiom, the disposition, analysis, and corrective
4 dispositioe instructions are usually good, but action will be commensurste wvith the signi-
do not always escalate in respense to the megnitude ficance of the defect. Documentation review
jor potential impact cf the deficiency. Records are | gives evidence of an inadequate system. There
quate, repetitive deficiencies and a batklog of is no evidence of follow-up on mejor problems.

incowpiete corrective sction exist. There is not
fan adequate system to ingure follcw-up on all major
Eproblem arees.
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TABLE LXVII PROGRAM-RELATED FACTORS: CESISN

¥ 1. Simpliecity of ' Relatively few building blocks (amplifying stages, Af
Design Logic electromechanical items, etc.) are employed to conf:
achieve required functions. istig

2. Circuit Sensitivity] Significant circuit designs will tolerate failure or 3 Signi
to Part Failure/ B  degradation of principel parts (e.g. through built-in degrd
Degradation redundancy or added capacity at the part level} without

significant failure or degradation of circuit perfourmance.

3. Unit Sensitivity Significant unit designs will tolerate failure or Simi
to Circuit Failure/ degradation of principal circuits {e.g. Through buili-in : degrd
Degradation redundancy or safety margin on input/output values)

withcut loss of rimary fraction.
j 4. System Sensitivity Ko limited-life items are used in any function necessary Limt
to Degredation ani for system performance. i
Wearout sysY

5. Deaign vs State of All functlons are easily achleved nsing established, proven Most

The Art {30A) technology throughout the design, with capability  and
performsnte well above standards. g "r““
use ¢

P T e




DESIGN FEATURES AMD DEGRADATION

;cwlnihﬂngtﬂodastnra&kd-u:thelnsxc(anﬂe;
'cncsﬁynttiunix;cnhtnec:udscted verformance character-
istizs, crin:tdd,supplulnﬁaxy-ﬁmxfinns

Lanstad e rmagdnte il AL AN

Significant cireuit designs will tolerate faiiure or
dezredation of principel parts to 2 limiled extext.

L4

Significant unit Gesigos wiil tolerste fadiure or
degradetion of princiml mrts to & linX ed axtent.

T ST T TRTST T VIO

Y

YTy

Linttad 1ife {tex wesge does not significantly affect
systom reliabdltty, dut say cemse some fciluvres.

E

ﬁ"‘ Most functicns sre readily achievesble within the
] current 304, but some decignz sxe close to mxrginal
froa 8 performsice standpoint, or invulve limited
use of nev technology not yet proven in service.

fur payt fxilure or
degredation in any wxit
design.

Limited 1ife itess so= =

principel source of system
faflure.

VYery difficult for the
design to achieve all
functions within SOA.
Neu, untried tecmology
msy be used extensively,
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k {Soxrer or Proc=xizp
1 Acrivizy)

Screeaing ‘Sura~-22/TL
FrogrIn

Acceprance Testing
{Source or Procuricyg
ipency)

Estadlished Parts
22Y4zditiry

Quzlificarico Testizg

TASLE WXVl PROSRAN-SELRTED FA(

The procsring acrivity seiztazing 2 stvong compomez's stasdsxds
ocrgairetion wich exercises effeztive corzrcl over axts
specificazicn. stxuiznds, procurenest. Gralificariom,
zcoeEnce, secTe selectioz ant agpiizatica. Parrs speciziiste
rep=iaxTiy coostit with Jesigoers oo jarts applicaticn, and work
cioseiy ik pr T, gualiry exgiseerizg, reliadiliey, and
srodurizaa o inswre ocpizawm paris sscageaess. Formel procedsTes
effectively lizit /comrzcl the wee cf rac-stendard pasis.

Procaring igency estzdlishes zoid oostrois sarl and test
specificetices i excess of ¥HI reguivenwzes specif,cazioms.

3y &= izpastizl sclextific process wich Sarrres selectism of
& reliadble sozwoe.

A compres evsive quaiffizziion test progiam, reguirirg proof
of pazr acceptadility. is grovided with Tespect to x31
xissice exvircaaests. Ferfudic retestisg i3 accompiished.
Test lzveis are fregueniiy Ligher thas wissiom reguiresesrs.

Parts screeced for parzmezer Srift or ssdiect to 10X
coaditisaizng or Swra-iz prior o acceplance iad assent:ly.

Parts are tested 1006 with yespec 1o TImMEIOUS FATIDETLTS 24
levels vhick exceed YIi-SFIL reguiremezts.

2f rart reliadilicy 5 oot estadlished by =se of ZR Specs tren
critadble éata in large samples are vred to demomsirale part
failure rates.




T

THT T RYTT

PV PTRTTRITY

Paxts of staizrd groven design ave gesersily selected.
Dusiga rtandzris exist bet the iadividesi desigmer

exxcises isdependent courrl ower zarts selectiaz, sabject
t5 1inited ssrveillersce by ctz. 7 exgisesrirg 2isciziines.

Miivary specifications oad test sTequiTemeats zoe seed.
2y a2 process whick someTines Mt 3o sisays imssTes
(e.g. QFL 1isting; reliadilivy of soumces.

Qualification testing per MNIL-STH-207 L5 acconplished.
Ietesting is occasicmally perforaed.

2art bura-iz is accomplished Sxrirg assewkiy or =it fosz.

Acceptance teits, ger military specificatfons, and
sample tests of critics® paramecers.

~iinited 11fe tests are perforsed.

)
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TABLE LXVIII (CONCLUDED) PROGRAM-ZELATED

QUALITATIVE (HE

STIIIE

Sooe is needed (Or: ae effecrive prozraz was provided).

Scazce Serveillamci mwmmm,avmmhﬁa
mwu&em,n‘m‘amm
maqdulmfmofzmmmlyd&

Yzndor sust sciwit ané procuring agency mest approve major
f process avd drawing changes.




Yailere modes are ideatified, evalwuated, and mimiwized
te 8 sodsrate Zegree.

Feeded but noz provided or »o
part failsze apalysis program

%0 awdits, aoc feedback other
then Tejection reports.

Periodic sedits per MUI-Q-9058A are performed.

Ckeeges are ciutroliled only when part intercassgeatilicy 5o control over part wvendor
3 § is affected or vhes Procuring Agency discovers problem.
o]
4
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TABLE LXIX PROGRAM-RELATED FACTORS:

QUALITAT

STRENG

Prograa Mznagewment Reports to Vice-President Reports
{Reifadiiity Msneger) cr Generel Maneger

VAKIABLE

1.

2. Procuring Agency Moothly, vith specific task status review ' Qarter}
- Frogram Beviev

} 3. Religdhility Math
¥ocdels, Predictines
ard Estimates

Paper

4. Yuilure Mode Anslysis Comprehensive failure aode, effects, and criticality saalysis i Provide |

by Reliability Engineers $ ability)

5. Reliadbllity Trade.0ff Relfability is mmjor trade-off factor Reiiabild
Analysis .

6. Reliabdility Design Reliavility department stipulates and enfcrces design constraints Reliabild

Requirements in the areas of derating, envirommental requirements, redundancy, enforce 4

parts/material spplication. Worst case design, etc.
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RELATED FALTORS: RELIABILITY PROCRAM

QUALITATIVE CATEGORY

Reports to (hief Engineer

Reports to Project Engineer
or other

Quarterly vith general task status review ¥o Frocuring Agency Review 7

Task conducted during:
Paper design

4o } Provide failure rates to other organizations (such as maintains

Ko failure mcde anzlysis
i ability) sod review other organizstion sutput

Reliabliity is mdnor trade-ofl factor Reliability trade-off

analysis not performed

::l;l Belisbility department stipulates design constraints but does not No design constraints
’

enforce them
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VARIABLE

Design Review

Test Prograa

¢
Failure Reporting,

Annlysiz and Correcte

ive Action

TABLE L¥IX (CONCLUDED) PROGRAM-RELATED FACT]

TrONG

Reliabiiity departaent tekes active role in design reviews and
may organfze and chair the reviev. Reviewz consist of System
Design Reviev (pre-design) Preliminary Design Reviev (initial
paper design) Critical Design Reviev {final paper design,
Technical Acceptance Reviev (Engineering Model) Pirst article
Configuration inspection {Production)

Reliability department is instrumental in test planning and has
approval authority of test documentstion.

Reliability department establishes and conirols program that
ensures a closed loop system for analysis of each failure event.

#io reliab

QUALITATIY

Reliabilil
Critical ]

Blgh perct

conducted

T A A SR
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JROGAAM-RELATED FACTORS: RELIABILITY PROGRAM

QUALITATIVE CATEGORY

F and Relisbility department attends design reviev meetings, usually a [} N Design Reviev

; .; § Criticsl Ues‘gn Reviow (initial paper desigzn) is the only one held. §

4 has Ne reliability effort g  §o reliability effort

" Eigh percent of failure events are documented, but analysis is Many failure events go
event. i conducted only om nown prodlem sress. } unreported. Analysis is

conducted by other than
reliability department.

%!
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TABLE LXX
PROGRAM RELIABILITY MEASUREMENTS

Program Equipment Rating Range of Dispersion Mean
£cde Numbers Grade (HTBFO/HTBFpg (MTBFO/HTBFD)
1 12,13,14.15,16, 3.3 0.06 to 1.8 0.6€
17,18,19,20,21,
22,23
I 25,26,27,28,29, | 4.0 0.5 to 10.2 2.26
30,31
111 1,2,3,4,5,6,7, 4.8 0.8 to 26.4 6.94
8,9,10,11

The distributiorn of the equipment ratios are shown in Figure 3, 10 and
11 "Distribution of Prediction Accuracy Ratios™, (Progrums I, II and III
respectively). It is noted from Table LXX that the range of dispersion
is consistent between programs regardless of the rating grade, but the
means of the ratios increase as the program rating grades increase.

That is, there is no correlation between the precision of the prediction
for individual equipments and the program rating grade but definite
correlation exists between the accuracy of the program prediction and
the program rating grade.

The RADC Reliability Notebook, Volume II recognizes the existence of two
part quality levels (upper and lower) but implies that intermediate levels
may exist and, in fact, be continuous from tne very Tow level to the very
high level. It appears from the rating studies, that a continuous part
quality grade does exist and may be applied as a modifier at the program
level.

To 11lustrate the existence ¢f a program modifier based on the rating
grade established for the program, Figure 12, "Program Rating Grade vs
Prediction Accuracy Ratios,” was prepared. This figure was formed by
plotting the program means of the ratios of observed MIBF to predicted
MTBF versus the program rating grade (i.e., the mean of the program pre-
diction accuracy ratios). The plotted means were connected with a
straight 1ine. This line defines the program mean for a population of
programs with varying rating grades between the range of 3.3 and 4.8,
This will allow the use of a rating grade modifier for more accurate pro-
gram predictions via RADC Vonlume II.

For example, given a program with a rating grade of 3.8 and an RADC Voi-
ume 1I prediction of 1000 hours MTBF for the program, what is the expected
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ratio of observed KTBF to predicted MIBF (i.e., the prediction accuracy
retio)? From Figure 12, the expected prediction accuracy iatio for the
program is 1.48. Hence, when the RADC Vclume 1] prediction for the pro-
grus is multiplied by 1.48, the prediction accuracy ratio for the program
is reduced ts 1.0, the desired va’ue, Looking at this in an-<ther way,
Figure 12 can be used to determine what gbserved MTBF car ke :xpected in
the field. Having determined that the expected prediction accuracy ratio
is 1.48, and knowing this to be the ratio of observed to predicted MTRF,
then (1.48) (1000) = 1480 hours is the expected, observed MTBF in the
field for equipment having a rating grade of 3.8. The above results are
basec¢ on the dats from only 3 programs. However, due to the potential
sfgniticance of these results it is felt that further effort in this area
s warranted,
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SPECIAL STUDY WND. 3: TFAILURE PRATE YERSUS TiME“

The latest revision 5f the RADC Reiiaciiity %otebook indicates that part
failure rates sre mot corstzni with time. This study was conducted tc
evaiuate the reiationships between failure rates at the equipment leve.
and 2ccumilzted coperating time for a2 variety of ground electronic equip-
ment. The study examines failure rales versus time for approximately
forty types of fixed grounc electronic ecuipaents.

Plots of failure rate versus time are Geveloped based on guarterly intar-
vals to eliminate short-term variations introduced by smonthly znomsiies.
fach equipment piot presents three views of the data:

2 The actuyal number of failures per 1050 hours per period.
o The cumulative failure rate versus time for the total period.

0 The cme-year moving average cf failures per 1000 hours. This moving
average was used to refiect tne influence of later data and to provide
more positive treng indications.

b. Sum=ry

The fcliowing conclusions can be drawa from the analysis of faiiure versus
time characteristics of the eguisment.

o In 72.9% of the equipments araiyzed, failure rztes are nc. zonstant
with time. For the equipment where the failure rate is decreasing with
time, the minimum failure rate deqredse was 20Y and the maximum decrease
was 940%. Eighty percent of these equipment experienced failure rats
decreace between 20% and 165%. For the equipments where the failure
rate is increasing with time, the equipments showed faiiure rate in-
creases of 1457, 80%, 20% and 0.0%. Etquipment C-1 had a failure rate
versys time pattern tnat was definitely