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#• zu. AIbSTRACT (Continued)

equipment's field deployment. The six efforts are:

(1) the design review;

(2) 'the reliability prediction programj

(3) the failure mode, effects, and criticality analysis (FtI.CA)-

(4) the parts program, in which ,I'IL-STD and high reliability parts are
selectively used in place of commercially available parts;

(5) the reliability testing programs) and

(6) the Burnin test.

one hundred sixty exhaustive "policies" are analyzed with respect to their cost
and resultant reliability. Each policy is a specific combination of the
reliability program tasks imposed. The total policy cost is the sum of the
reliability program cost and the expected field support cost after the equipment
is deployed.

The Field Support costs are assumed inversely relatea to the reliability
level, as measured by the Mean Time Between Failure (MTBF), achieved prior to
deployment.

The model is computerized and sorts the total policy cost in ascending order
The optimal policy and the resultant MTBF corresponding to the minimum total
cost are the outputs of the model.

CUSTEk is not a Life Cycle Cost Model, but is used as a comparative
analysis tool for selecting the best reliability program plan and the optimal
value of NITBF for the reliability specification.
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INTRODUCTION

Specific attention is currently being addressed to the overall cost,
throughout an equipment's life, of the reliability specification as early
as the Required Operational Capability (ROC) stage in an equipment's develop-
ment. This requires that the principal effects of any reliability
specification changes on the equipment's testing and support costs be
predicted and subsequently monitored throughout the equipment's contract-
duration, in order to verify the predicted values.

MOTIVATION FOR COST OPTIMIZING SYSTEM TO EVALUATE RELIABILITY (COSTER)

Because the support cost of typical Electronics Equipments typically exceeds
the initial acquisition cost by at least a factor of five, it behooves
the Department of Defense, and the Army, in particular, to improve the relia-
bility of their future equipment. The reliability improvement is achieved
in an equipment's development phase with less expense than during the produc-
tion phase and subsequent field deployment. It is important to realize,
however, that there is a "trade-off" in terms of the money expended in order
to achieve a particular level of reliability and the resultant cost savings
experienced after the equipment has been fielded. The savings is a result
of the decreased number of field failures experienced over a particular life-
time, because of the equipment's improved mean time between failures (MTBF).

In order to quantitatively analyze this cost tradeoff, a computerized
cost model (COSTER) was developed. The model is capable of determining the
total cost and subsequent reliability level achieved after implementing a
reliability program, or series of programs, during the equipment's dievelopment
stage.

Once an equipment has entered the production phase of its life cycle,
it typically undergoes Production Sampling Tests and/or Burn-in prior to
field deployment. COSTER enumerates the resultant MTBF and cost associated
with both these production programs. It also calculates the expected support
cost, over the equipment's expected life, once the equipment is fielded.
The model is applicable at the time the Required Operational Capability (ROC)
document is written. The ROC contains both the minimum acceptable value
(MAy) and the best operational capability (BOC) of an equipment, as measured
by its MTBF, in hours, The specified equipment MTBF, 00, will, in general,
be somewhere between the MAV and the BOC.

The ultimate objective of the model was to determine this optimal value
of the specified MTBF,0* as well as the required reliability program neces-
sary to achieve it. Th~i optimal value of MTBF will yield the minimum total
cost for the combined development, production, and field usage phases of
the equipment's life. The model will not determine the equipment's total
life cycle costs, but will be used as a comparative analysis tool for selecting
the best reliability program plan and the optimal value of MTBF for the relia-
bility specification.



The model postulates that some minimal reliability will be achieved
with no reliability effort. This minimal reliability is "improved" as

4*1 the various tasks of the reliability program are completed. The reliability
"improvement" for each reliability task is calculated and the associated
cost is accumulated throughout the system's development and production phases.
The complete model, covering development, production testing, and field usage
phases, is an exhaustive evaluation of the cost and reliability "improvement"
for all combinations of program tasks.

MAJOR RELIABILITY PROGRAMS

During a development contract, a reliability program is generally
conducted in accordance with MIL-STD-785. Nine major tasks comprise the
reliability program, and have been identified as major cost and reliability
"improvement" areas:

D.",(a) Parts Program
(b) Reliability Design Review
(c) Reliability Prediction

-(d) Failure Mode, Effects, and Criticality Analysis (FMECA)
(e) Reliability Growth Test
(f) Reliability Demonstration Test
(g) Reliability Qualification Test
(Ii) Production Sampling Test
(i) Burn-In

Even though there are nine basic reliability program tasks, there were
only 160 (not 2 or 512) possible combinations of tasks because of inherent
program restrictions which preclude some combinations from consideration.
For example, the Reliability Prediction may only be performed if the Design
Review is accomplished; also, the FMECA is permitted only when both the Design
Review and Reliability Prediction are performed. Each of the 160 combinations
is known as a policy,.

Policy 1 yields the field support cost and total program cost when
no reliability program is implemented. In this case the total policy cost
equals the field support cost. Policy 160 yields the cost and resultant
MTBF's for all possible reliability tasks; it also contains the cumulative
reliability program costs, the field support costs, and the total policy
cost of the reliability program and field support.

Table 1 elaborates the program tasks for each of the 160 policies,
while Table 2 contains a list of all the computer subroutines, together with
their prescribed functions.
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P R R F G D Q P B P R R F G D Q P B
A E E M R E U R U A E E M R E U R U
R L L E 0 M A 0 R R L L E 0 M A 0 R
T C W 0 L D N T C W 0 L D N
S D P A T S D P A T

E R H T T S I E R H T T S I
S E E E A N S E E E A N

D T S S M D T S S M
R I E T T P R I E T T P
E C S E C S
V T T T V T T T

I E I E
0 S 0 S

POLICY N T POLICY N T
1 41 x
2 X 42 X X
3 X 43 X X
4 X X 44 X X X
5 X X 45 X X X
6 X X X 46 X XX X
7 X XX 47 X X X X
8 X X X X 48 X X X X X
9 X 49 X X

10 X X 50 X X X
11 X X 51 X X X
12 X X X 52 X X X X
13 X X X 53 X X X X
14 X XX X 54 X XX X X
15 X X X X 55 X X X X X
16 X X XX X 56 X X XX X X
17 X X 57 X X X
18 X X X 58 X X X X
19 X X X 59 X X X X
20 X X X X 60 X X X X X
21 X X XX 61 X X X X X
22 X X X X X 62 X X X X X X
23 X X X X X 63 X X X X X X
24 X X X X X X 64 X X X X X X X
25 X X 65 X X X
26 X X X 66 X X X X
27 X X X 67 X X X X
28 X X X X 68 XX X X X
29 X X X X 69 X X X X X
30 XXX X X 70 X X X X X X
31 X X X X X 71 X X X X X X
32 X XXX X X 72 XXXX X XX
33 X X X 73 X X X X
34 X X X X 74 X X X X X
35 X X X X 75 X X X X X
36 X X X XX 76 X X X X X X
37 X X X X X 77 X X X X X X
38 XXX xx x 78 x xx xx xx
39 X X X X XX 79 X X X X X X X
40 X X X X x x x 80 X X X X X x xX

Table 1. List of program tasks for all 160 Policies
3
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P R R F G D Q P B P R R F G D Q P B
A E E M R E U R U A E E M R E U R U
R L L E 0 M A 0 R R L L E 0 M A 0 R
T C W 0 L D N T C W 0 L D N
S D PAT S D P A T

E R H T T S I E R H T T S I
S E E E A N S E E E A N

u T S S M D T S S M
R I E T T P R I E T T P
E C S E C S
V T T T V T T T

I E I E
0 S 0 S

POLICY N T POLICY N T
81 X 121 X X
82 X X 122 X X X
83 X X 123 X X X
84 X X X 124 XX X X
85 X X X 125 X X X X
86 X X X X 126 XXX X X
87 X X X X 127 X X X X X
88 X X X X X 128 X X XX X X
89 X X 129 X X X
90 X X X 130 X X X X
91 X X X 131 X X X X
92 X X X X 132 X X X X X
93 *X X X X 133 X X X X X
94 X X X X X 134 X X X X X X
95 X X X X X 135 X X XXX X
96 X X X X X X 136 X X X X XX X
97 X X X 137 X X X X
98 X XX X 138 X X X X X
99 X X X X 139 X X X X X

100 X X X X X 140 X X X X X X
101 X X X X X 141 X X X X X X
102 X X X X XX 142 X X X X X X X
103 X X X X X X 143 X X X X X X X
104 X X X X X X X 144 X X X X X XX X
105 X X X 145 X X X X
106 X X X X 146 X X X X X
107 X X X X 147 X X X X X
108 X X X X X 148 X X X X X X
109 X X X X X 149 X X X X X X
110 X X X X X X 150 X X X X X X X
111 X XX X X X 151 X X X X X X X
112 X X X X XX X 152 X X X XXX X X
113 X X X X 153 X X X X X

r 114 X X XX X 154 X X X X X X
115 X X X X X 155 x XxXXX
116 X X X X X X 156 X X X X X X X

. 117 X X X X X X 157 X X X XX X X
118 X XX X X X X 158 X XX XX X X X
Tb9 X X X X X X X 159 X X X X X X X X120 X X X X X X X X 160 X X X X X X X X X

S Table I. (Continued)
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SUBROUTINE FUNCTION PERFORMED

GROWUP Reads input data from disk files. Reads the number of
parts in each class e.g. Resistors, Capacitors,
Analog IC's, etc., as well as the respective component
failure rates and costs from the disk files, ARRAYl,
ARRAY2. It also reads initial guess for 8 , as well as
other variable input data from the termina7.

GRDATI Prints out the variable input data elements for

verification by the COSTER user.

START Initializes cost to zero.

BASEFR Calculates the basic failure rate and resultant MTBF
when all component parts are assumed commercial,
i.e. at screening level D.

PARTS Calculates the total parts cost and resultant MTBF after
the desired screening level is chosen for each parts
class.

DESREV Calculates the cost and achieved MTBF after a Design
Review Program is imposed

DESRP Calculates the cost and achieved MTBF after a
Reliability Prediction Program is imposed

DESFM Calculates the cost and achieved MTBF after the Failure
Mode, Effects, and Criticality Analysis (FMECA) is
imposed

RGRWTH Calculates the expected cost and required reliability
growth rate necessary to meet the specified MTBF by the
end of Engineering Development

DMOTST Using appropriate test plan specifications, DMOTST
calculates the expected cost, and the "improved" MTBF
subsequent to the Reliability Demonstration Test. It
allows a maximum of two reruns due to test failure

QTST5 Using appropriate test plan specifications, QTST
calculates the expected cost, and the "improved" MTBF
subsequent to the Qualification Test

PROTST Using appropriate test plan specifications, PRDTST
calculates the expected cost, and the "improved" MTBF
subsequent to the Production Sampling Test

BURNIN Calculates the expected cost of the Burn-In Test

Table 2. List of Computer Program Subroutines and their Respective Functions
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SUBROUTINE 
FUNCTION PERFORMED

FLOSPT Calculates the expected cost of field support throughout
system's expected deployment life

SORDAT Sorts total costs, in increasing order for all 160policies and wites on a disk file
OUTDAT Prints output of the sorted costs

Table 2. (Continued)
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The cost model is a comparative analysis tool used to monitor the
effects of changes in the reliability program on an equipment's expected
total cost throughout its lifetime. The expected total cost is the sum
of the reliability program costs, and the field support costs°

Since the reliability program costs are expected to be monotonically
increasing with increasirg reliability, and the field support costs are
expected to be monotonically decreasing with increasing reliability, then
a plot of total cost versus reliability (MTBF) will be U-shaped, indicating
that there is an optimal value of MTBF which will yield the lowest total
cost. The resultant curve is shown in Figure 1.

COST

TOTAL COST

RELIABILITY
PROGRAM COSTS

- No

FIELD SUPPORT
S-- .COSTS

RELIABILITY (MTBF)

Figure 1. Plots of Cost versus Reliability
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REQUIRED INPUT DATA

The subroutine GROWUP is used to read the input data files containing
the following information (the number of test samples, test time multiples,
and maximum allowable number of failures are determined in accordance with
the appropriate test plan as prescribed in MIL-STD-781B):

e) Specified MTBF - 0o

b) Percentage of the respective parts classes at each of the five
screening levels

c) The test time, expressed in multiples of 0 , for the Demonstration
Test, Qualification Test, and Production Sampling Test - DT781,
QT781, and PT781, respectively

d) The maximum allowable number of failures for the Demonstration Test,
Qualification Test, and Production Sampling Test - DKF, QKF, and
PKF, respectively

e) The number of test samples for the Demonstration Test, Qualification
Test,.and Production Sampling Test - DN, QN, and PN, respectively

f) The testing cott ($ per chamber hour) for the Demonstration Test,
Qualification Test, and Production Sampling Test - DCJ, QCJ, and
PCJ, respectively

g) The cumulative Reliability Growth testing hours through advanced
development - T

(I

h) The cumulative Reliability Growth testing hours through engineering
development - T

i) The minimum acceptable value of MTBF, and MAV - XMAV

j) The minimum total test time for the Burnin test - T

k) The required number of failure-free hours to pass the burnin test - H

1) Testing cost ($ per chamber hour) for the Burnin test - BCJ

m) The number of equipments per chamber for the Burnin test, and the
Relibility Growth test - BN and GN, respectively

n) The total number of equipments to be fielded - QUANT

o) The expected equipment usage life - LIFE

8



p) Equipment Usage

HRS - (Hours/Day)

DAYS - (Days/Week)

q) Repair cost per fielded equipment - CREP

r) Operating environment- ENVIR

1. Ground Benign 0.2
2. Ground Fixed 1 = 1.0
3. Airborne Inhabited n - 3.0
4. Airborne Uninhabited n a 6.0

The factor in is used to modify the predicted failure rate with respect
to the operating, or usage, environment.

PARTS/SCREENING EFFECTS MODEL

The goal of the specific parts program analysis is to be able to identify
and quantify the cost and reliability (in terms rf MTBF) effects of specific
screening levels for each of the equipment components, Analog IC's, Digital
IC's, Field Effect Transistors, etc. This is used in conjunction with the
other subroutines to develop the overall development, production, and field
usage cost model.

Kellington (3) determined the effects of building more reliability into
electronics systems by using solid state components of various quality levels.
-Results for a particular equipment in development, using the SETON.logistics
support model, indicated that the lowest possible initial acquisition cost
is not likely to yield the lowest life cycle support cost.

Electronic parts are frequently selected from several levels of quality
which provide the designer with the ability to meet performance and reliability
requirements in the most economic manner.

Quality Level A is the best quality that can be procured and is
generally obtained only by special manufacturing process controls and
screening beyond that offered by "off-the-shelf" high reliability military
specification programs.

Qualit Level B is the best available "off-the-shelf". It will
general ly be orained under military or equivalent high reliability programs
requiring rigid manufacturing process controls and extensive screening,
including burn-in or wear-in and parameter drift screens where applicable.
Level B is the "top-of-the-line" part for general high reliability usage.

9



Quality Level C is a less expensive version of quality level B and will
also generally be obtained under military or equivalent high reliability
programs. Level C requires the same rigid manufacturing process controls
and screening as level B, except burn-in or wear-in and certain parameter
drift screens may be omitted to cut down on part costs.

Quality Level D is defined in accordance with MIL-M-38510 class C, and
is generally the best quality level available without the cost of high
reliability process controls and screening. Level D can be selected from
the same manufacturers as Levels B and C with consideration to their in-house
quality assurance and screening provisions.

Quality Level E, while not a true screening level, is defined as the
approximate quality level of commercial "off-the-shelf" items. These items
are generally cheaper and usually have higher failure rates than any of the
four previous Screening levels.

Table 3 describes the correspondence between the screening levels for
subroutine PARTS, and the levels defined in MIL-STD-2178.

Program MIL-STD-2178

Screening Tevel Screening Level Description

'A A MIL-M-38510

B MIL-M-38510

C B1, B2 MIL-STD-883
Method 5004, Class B

C C MIL-M-38510
Class C

E D Commercial or Non-MIL-STD
(No Screening Beyond
Manufacturer's Regular QA
Practice)

Table 3. Description of each of the Five Basic Screening Levels
Considered in PARTS Subroutine.

10
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The subroutine PARTS considers the following 11 basic parts classes:

a Analog IC's
b Digital IC's
c Field Effect Transistors
d NPN Transistors
e PNP Transistors
f General Purpose Diodes
g Zener Diodes
h) Microwave Detecting Diodes
i Resistors
j Capacitors
k Inductors

The subroutine PARTS reads the number of components, the failure rate
of each component class (per 106 hours), and the respective component cost
from two disk files, ARRAYI and ARRAY2. Assuming a series reliability
configuration among all components, it calculates the overall screening cost,
resultant failure rate and MTBF (1OO/Failure Rate) for the desired configu-
ration. The screening cost is just the overall cost of the parts at the
particular screening levels chosen. One version of the subroutine is"conversational" and requests from the user the respective screening level
for each of the component types. Table 4 contains the array of failure rate
and cost for each of the respective screening levels.

The parts program calculates the achieved improvement in MTBF at the higher
component screening levels with assumed redundancy over the entire unit. The
improvement due solely to unit redundancy, as opposed i?94yidual class
rigndancy, was 1.5, for exponential failures,.i~e. 04 "" = 1.5, where

, is the achieved MTBF with unit redundancy, and NRi, that without
redundancy.

The proof is as follows:

Consider a unit with N components in logical series efine R(R) (t)
as the reliability function of the redundant unit, and R'nny(t) thereliability function of a non-redundant unit. Define r (t) as the reliabil-ity function of the ith component. For single unit redundancy,

N t)2
R(R)(t) I (1 n rt

l-l

N CN2
1 - 2 n ri(t) + ri(t]

i-l L11



N N 2
.2 ir ri r.(t)

For a non-redundant unit,

R(NR) (t) N Lr 1 t

It is desired to obtain the ratio

(R) (NR') R R(R)(t)
0* e~e = R(NR)(t)

For an exponential distribution of time to failure, r (t) =exp(-Xjt), where

Xiis the constant hazard rate of the ith component type.

R tM 2 exp(- z X t) -exp (-2 E X t)

(NR) Nex N

Substituting the reliability function into the integral expression for the

MTBF yields:

(R) 'N *N
0 (t) 1 2 exp(- _ ~ t- exp (-2 E~td

N N N
2/ E A 1-/ 2E X, 1 .5/~ EX

(NR) - N N
e (t) I exp(- E X t) dt I/ lE X i

0 1.1 1.1

Taking the ratio of thei achieved MTBF with redundancy to the MTBF without

redundancy yields:

(R) (NR)
0 (t)/e (t) *1.5

12
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BASE FAILURE RATE CALCULATION

Subroutine BASEFR calculates the basic cost and resultant MTBF when all
of the parts are assumed at screening level E (commercial parts) and no
reliability program is imposed.

Its output yields the resultant MTBF and parts cost when no parts screening
is imposed and no other k-eliability programs are imposed. It generally will
result in the highest Field Support costs since the inherent MTBF will be the
lowest. It is used primarily to give the expected results when no reliability
program is imposed.

RELIABILITY DESIGN PROGRAM

DESIGN REVIEW MODEL

The design review task encompasses those tasks outlined in paragraph
5.2.7 of MIL-STD-785A. Mercurio (4) developed cost and reliability improvement
relationships based upon a linear regression analysis on 10 specific
equipments.

Mercurio found that the reliability improvement, in terms of MTBF,
increased 4y a factor of 1.11 after a design review program. The reliability
improvement and cost relationships are calculated in subroutine DESREV,
and are given below for reference.

THETA - l.1I*XBRI,

*! where THETA is the MTBF realized after a design review
iprogram, and XBRI is the initial MTBF expected without
any reliability design program.

The cost of the design review is calculated as a fixed percentage of
the reliability prediction programs using Mercurio's uasic relationships
given below. CDR is the cost of the design review program, CRP is the
cost of the reliability prediction, and CFM is the cost of the failure mode,
effects and criticality analysis. In Mercurio's notation, all costs are in
units of "man-days".

Design Review CDR - O.O23*NP
Reliability Prediction CRP - O.l0l*NP
FMECA CFM = O.090*NP

where NP is the total number of parts within any equipment configuration.

Since CUIRCRP - 0.023/0.101, then

CDR (0.023/0.101)*CRP.

14
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RELIABILITY PREDICTION MODEL

Mercurio found that the MTBF increased by a factor of 1.428 when a
reliability prediction was performed. The incremental reliability improvement
and cos', of the reliability prediction model are computed in the subroutine
DESRP. Since reliability prediction can only be done if a design review was
performed, then the reliability improvement equation contains the factor 1.11
resulting from the design review program.

THETA = 1.428*1.ll*XBRI, where

THETA is the MTBF realized after the reliability prediction
program and XBRI is the initial MTBF expected without any
reliability design program.

The cost of the reliability prediction was based on an estimated per
part prediction cost for each of the respective part categories. Table A2,
in the Appendix, contains the reliability prediction costs per component type
as a function of the number of each type of part. It is specifically oriented
to the htgh speed serial Data Buffer.

Defining NPC as the number of basic parts classes, CC(I) as the
reliability prediction cost per component type I, and NUMBER(I) as the number
of parts within each parts class, then the total reliability prediction cost is

NPC

CRP E NUMBER(I) * CC(I).

FMECA MODEL

Mercurio found that the MTBF subsequent to a failure mode, effects,
and criticality analysis (FMECA) increased by a factor of 1.296 over that
achieved with the reliability prediction program. The reliability improvement
and cost of a failure mode, effects, and criticality analysis is computed
in subroutine DESFM. Again, since the FMECA is only performed if both the
design review and the reliability prediction are performed, then the improvement
factors 1.428, and 1.11 are included.

THETA 1.296*1.428*1.1I*XBRI, where

THETA is the MTBF realized after the FMECA, and XBRI is
the initial MTBF expected without any reliability design
program.

Since CFM/CRP - 0.101/0.090, then

CFM (0.101/0.090)*CRP

15



Figure 2 contains a flow chart of the potential reliability improvements
subsequent to each of the three reliability program elements. The variable
XBRI is the equipment'm s MTBF just prior to the design review program and C
is the cumulative cost incurred before the design review program is initiated.

RELIABILITY TESTING MODELS

There are five basic testing models considered in the COSTER program:

(a) Reliability Growth Testing
(b) Reliability Demonstration Testing
c Qualification Tests
d Production Sampling Tests

(e Burn-In Tests

COSTER is structured in such a way that an improvement in MTBF will result
after the Reliability Growth Test, the Demonstration Test, the Qualification
Test, and the Production Sampling Test.

SYSTEM RELIABILITY GROWTH METHODOLOGY

Failures of an equipment during a prescribed mission can be classified
into two types, either they are inherent failures, or assignable cause
failures. Each type may occur during a mission; hence, the failure
occurrences are chance events.

Inherent failures are those whose assignable causes cannot be determined,
and are due to the interaction of the system and the environment at the time
of the impending failure. Inherent failures cannot be eliminated by a design
change. Assignable cause failures are those which can be eliminated by a
design change or by some other means. This may involve part substitution
with more stringently screened parts, tighter quality control procedures,
tolerance changes or other design changes. The important distinction between
this type of failure and an inherent failure is that a definite assignable
cause has been established and its future occurrence can be effectively
prevented. It should be noted, however, that the occurrence of such assignable

~' cause failures during a given mission is nevertheless due to chance, i.e.
a combination of environment and other circumstances brings about the failure.

During reliability growth testing, "test-locate-fix'6 sequences will
systematically eliminate assignable cause failures. It is assumed, however,
that no new failures are introduced in making the necessary design or

11" procedural chan~es. Figure 3 contains a schematic illustration of the growth
of an equipment s v'ellability function.
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COST = C

MTBF = XBRI

SDesign MTBF a XBRI
Review COST = C

Yes

l NI o MTBF - 1.11 XBRI
Pred COST = C + CDR

MTBF = 1.428(l.11)(XBRI)

COST = C + CDR'+ CRP

Yes

MTBF * (1.296)* (1.428)(1.11)XBRI

COST * C + CDR + CRP + CFM

Figure 2. Flow Chart Containing Possible Reliability Design
"1' Program Options.
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Testing

Duane (1) found that a plot of system MTBF versus cumulative test time
yielded a straight line when plotted on log-log paper. Thus an appropriate
analytical form for the reliability, expressed as the system MTBF, versus
the reliability growth test time is

0 c(T) rcl/K, where

c (T) is the c:umulative MTBF after T hours of reliability growth testing,
is the reliability growth rate, and

K is a proportionality constant usually determined by the MTBF after
100 hours of testing,

K -100 /0(100).

K

':'I
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With a design goal of tg after T hours of growth testing, and a starting
MTBF of 8s after Ts hours, tRe relia i lty growth rate is calculated as follows:

log eg- log es
log Tg- log Ts

Usitng common logarithms, and an initial test time of 100 hours, the formula
for the growth rate becomes:

loge - log es
log Tg-

The instantaneous MTBF is calculated by dividing the cumulative values
by (I-a):

@I(T) = @c(T)/(l-a)

The cost of performing a reliability growth test is directly proportional
to the amount of time required to perform the test; it is also a function of
the reliability growth rate, a.

If a growth chamber contains as many as GN equipments, then the expected
reliability growth cost is given by

CGROW - CGT * (T2 - 100.)/GN, where

T2 is the cumulative test time through the end of engineering
development, and CGT is the hourly cost of performing the test.

DEMONSTRATION, QUALIFICATION, AND PRODUCTION SAMPLING TESTS

The cost relationships for reliability testing are direct'ly dependent
upon the test plan selected, the specified MTBF, the achieved MTBF just
prior to the initiation of the reliability test, the expected time to
complete the test, and the cost per chamber hour for performing the test.
The reliability improvement relationships are based on the probability of
test failure and the probability of corrective action being implemented
to remove failure modes.

Reliability Demonstration is the evaluation, through operation, of the
capability of an equipment to meet a specified reliability value. If no
design changes are made, inherent reliability remains constant while
demonstrated reliability, at a given level of confidence, increases as more
operating time or test cycles are accrued. Consequently, when the inherent
reliability is reasonably high, the demonstrated reliability will approach
actual reliability asymptotically as more and more time/cycles are
accumulated.
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The Qualification Test is performed on the first production lot. This
test is usually as severe as the reliability demonstration test conducted
during the development phase and is intended to assure that production
processes have not degraded the reliability of the equipment.

The Production Sampling Tests are shorter duration reliability tests
run periodically during the production phase. These tests are intended to
assure that the reliability level has not been degraded during the production
phase.

For fixed length test plans, MIL-STD-781B specifies the maximum number
of failures permitted in order to pass the test. The variables DKF, QKF,
and PKF are defined as the maximum number of permissible failures for the
Demonstration, Qualification, and Production Sampling Tests, respectively.
The probability of passing any of the tests is given by a cumulative Poisson
sum:

DKF, QKF, PKF

Pr = ,where

SDT781*9o QT781*0o t or PT781.* 0

t . for each of the three respective tests;

Sis the specified equipment MTBF, andi0is the instantaneous MTBF during the test.

DT7T3, QT78I, and PT781 are the respective fixed length test time durations,
in multiples of 80 .

The equation for the improvement in MTBF as a result of reliability testing
is expressed as:

O a (I-P R)2 @ +

where PR is the probability of passing the specified test given that
the true MTBF a 6.

0 = MTBF achieved prior to reliability testing
OT - MTBF achieved after reliability testing

As the probability of passing the test increases, the probability of
recycling through the design and parts program decreases, resulting in a
smaller expected increase in MTBF. Conversely, as the probability of rejection
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(I-PR) increases, the probability of recycling through the design and parts
program increases, resulting in a larger expected increase in MTBF. This
is expressed in the MTBF improvement equation as the quantity (1-PR )2 *0.

For the demonstration test, the cost of testing is a function of the
required test duration, (DT781)*go, as well as the probability of failing
the test (.-Pr), and having to implement corrective action. The corrective
action is the possible reimplementation of the parts program and design
review in order to increase the equipment's MTBF during the specified testing
routine.

The testing cost for each iteration of the Demonstration Test is:

CDT = (DT781*%O/DN) * DCJ + (1-P) * {(CP+CD) + ((DT781* 0/DN)*DCJ)}

where the first term is the cost of running the fixed length test and the
second term is the expected cost incurred due to the risk associated with
failure of the demonstration test and subsequent corrective action. DN is
the number of test samples for the demonstration test. CP and CD are the
respective costs of the Parts program and Design stages.

If the acceptance probability, or probability of passing the Demonstration
Test, has not reached the critical value of 0.8, the model compensates by
reiterating the cost calculation to take into account the possibility of
rerunning the test. The cost is dependent upon the fixed length duration,
(UT781*0 ), the sample size, DN, ana the cost per chamber hour, DCJ. It is
assumed that the chamber is large enough to contain the entire sample of DN
equipments.

The Reliability Demonstration Test may be rerun as many as two times if
the required acceptance probability has not reached 0.8. The acceptance
probability, as calculated by the Poisson sum, will necessarily increase after
each test rerun. This increase results from the expected reliability
improvement subsequent to the Parts program, and Design stages. The test
cost and reliability improvement portions of the model are exercised until
either the probability of passing the test reaches 0.8 or until two retests
have been performed, whichever occurs first. The reliability level calculated
in DMOTST is assumed to be the reliability that has been achieved as a result
of the reliability program instituted during the development phase of the life
cycle.

The costs for the qualification and production samplfing tests are
calculated in the subroutines QTST and PRDTST, respectively. The basic model
for the costs and reliability improvements as a result of the production
testing is similar to that utilized for the development test. The major
difference is that the production sampling model does not require that the
additional cost for retest and corrective action implementation be
accumulated. It was assumed that once an equipment has started production,
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it generally has met specification requirements. The probability of test
failure is used implicitly to calculate the cost increase realized due to the
risk of test failure. The reliability improvement realized as a result of
production testing is minimal and actually can be regarded as a result of the
contractor's motivation to maintain and possibly even improve quality prior
to each production run. Another result of production testing, although less
significant, is the decrease in the number of field usage faflures because of
the "burn-in effects" of the production sampling tests. Admittedly, the field
usage effects are small, especially for small sample sizes relative to the lot
size. The reliability level realized as a result of production testing is
assumed to be the reliability level experienced in field usage.

BURN-IN MODEL

The burn-in test. when specified in an equipment's contract, is usually
required for a minimum of T hours, the last H of which are required to be
failure free. Thus the cost of the burn-in test depends upon the total
expected time to complete the test and the cost, per chamber hour, of
running the test. Since an equipment may not complete the required failure
free period of H hours until the significant workmanship errors, causing the
infant mortality failure, are corrected, the equipment's total expected test
time will, in general, be larger than T hours.

It should be emphasized, however, that the equipment's MTBF, 0, is
determined prior to the burn-in test. The duration of the required failure
free period, H, has no effect on the equipment's MTBF; it is only used to
eliminate the infant mortality failures.

The subroutine BURNIN calculates the expected time to completion and the
expected cost of the burn-in test. Nelson (5) proposed a model for calculating
the expected burn-in time which assumes that the region of infant mortality

it can be subdivided into m equal intervals each exhibiting a constant failure
rate (See Figure 4). During each subinterval, the probability of 1i hours of

j: failure free operation is exp (- L(I) H) where L(I) is the constant failure
rate for the Ith subinterval. It is assumed that after T hours, the infant
mortality failures will have ceased. During the first interval the hazard
rate is L(m), and the probability of H hours of failure free operation is
given by:

pl= exp (-L(m) ' H). likewise:
p 2 = exp (-L(m-l) * H) ,
p(3 ) exp (-L(m-2) * H) ,

p(m) exp (-L(l) * H).

22
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The preceding terminology is based on a linear decreasing failure rate
curve, with slope of 450, to the horizontal region of constant failure rate,
with L(1) = 1/Theta, where Theta is the equipment's MTBF going into the

Sburn-in test.

It was required to make the restrictive assumption of a linearly
decreasing failure rate curve in order to obtain mathematical estimates of
the "piecewise" constant failure rates, L(l) ... L(m). Figure 3 contains a
plot of hazard rate versus time.

(The piecewise constant hazard rate, over the region 0 t sT is defined
by L(I) = l/(Theta - (I-I)H), thus

L(1) = I/Theta
L(2) = I/(Theta-H)
L(3) = I/(Theta-2H)
L(m) = I/ (Theta-(m-I)H), where

m = T/H is the number of intervals of piecewise constant hazard rate.

Consequently, the expected time required to complete the burn-in test,
assuming a minimum of T hours of testing, with the last H hours being
failure free is calculated as follows:

ETT= (T-H) + H * Pr {H hours of failure free operation during the firstSintervall

+ Pr {H hours of failure free operation during the second
interval given that there was a failure during the
first interval of H hoursl

+ Pr {H hours of failure free operation during the third
interval given that both the first and second
intervals had failures)

+ Pr {H hours of failure free operation during the last(mth•
interval given that all of the prior inttrvals
experienced failures)

Therefore, the expected test time is:

ETT = (T-H) + H * {p(l) + 2p(2) *(l-p(l)) + 3p(3)*(1-p(2))*(l-p(l))

+...+ mp(m)*(l-p(m-l)) * (1-p(m-2)) *..,* (l-p(l)), where p(i)

is the probability of H hours of failure free operation during interval i.

23



Cif #, C: l,

4-3-

rz0

, 0

VII-

v.1 -4 ,4

• 4J I14

LA

0'0

vI 4

V)) 4J

II-.I- z._-_I

+ 4.

241
Ch

LZ

w 24

W MORONU



However, for a total of QUANT equipments being produced, with chambers

capable of holding BN equipments, the total expected chamber time is:

TETT = (QUANT/BN)*ETT.

As the chamber size, BN, increases, thg total expected test time decreases,
as exemplified by BN in the denominator.

Consequently, for the entire production lot of QUANT items, the tota1
expected cost of burn-in is:

ECOST = BCJ * (QUANT/BN) * EU-, where BCJ is the cost per hour of using the
chamber.

This cost is calculated assuming only one test chamber is used for the entire
lot's burn-in test. If there were more than one chamber, then the total
expected test time would be decreased by the factor I/NC, where NC is the
number of chambers.

FIELD SUPPORT MODEL

The costs incurred in the use phase of the equipments life cycle are
calculated in the subroutine FLDSPT. Due to the early stage in the life
cycle planned for utilization of the cost model, the field usage model is
necessarily very general. An average cost of equipment repair is used in
the model. The expected number of equipment failures is then calculated and
multiplied by the cost of equipment repair to arrive at the field usage or
operational phase costs. The basic equation to calculate the operational
phase cost is

CFIELD = (CREP*QUANT*HRS*DAYS*LIFE*52)/e + CREP*FLBI*QUANT

where: HRS - number of hours of equipment operation expected per day
DAYS * number of days of equipment operation per week
LIFE = useful life of the equipment, in years

QUANT - number of equipments expected to be fielded
0 a MTBF expected to be achieved in the field

CREP a average cost of equipment repair
FLBI - number of failures per equipment expected to occur

if no burn-in program has been required

The expected number of failures per equipment if no burn-in program was
imposed, FLBI, is calculated as follows:

FLBI T/(@-T) , S >T

* T/O , 9iT

where: T - Minimum Burn-In test time duration if BURNIN would have been run.
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CONCLUSIONS

This analysis is not meant to be a complete life cycle cost analysis but
only a model to compare the effects of various Reliability Program efforts on
the sum of Field Support Costs and Reliability Program Costs. It is to be
used as a technique for determining which of the allowable Reliability
Programs should be implemented. Besides showing the effects on total costs,
the model yields the resultant MTBF expected after each reliability program
is implemented.

,k:
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APPENDIX A

APPLICATION OF COSTER TO A
HIGH SPEED SERIAL DATA BUFFER
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INTRODUCT10N

The example equipment is a High Speed Serial Data Buffer currently in
development. No Reliability Growth Program is required.

EQUIPMENT CONFIGURATION

The equipment is partitioned as sixteen (16) replaceable plug-in modules
plus cabinet electronics. The configuration is illustrated in Figure Al.
There are twelve (12) identical function channel data processing modules and
one (1) each Receiver Common, Transmitter Common, Built-in-Test Equipment
(BITE) and AC/DC Power Supply Modules. The functional equipment configuration
is considered as a serial model for the purpose of Reliability Mathematical~
Model and inherent reliability prediction.

DATA FOR COSTER MODEL

It has a specified MTBF of 1000 hours, and is expected to be used over
'. a life period of at least 15 years. For the purpose of this analysis by

CjSTER, 15 years was used for the equipment's useful life.

The cost data used 'within tile parts program were estimated values based
upon respective components pricing from a commercial distributor. Specific
p arts costs from the prime contractor were not available, so it was necessary
to make estimates on the basis of coilercial pricing. The cumulative parts
cost was only a fraction of the total reliability program cost.

Table Al contains the principal parts breakdown containing the total
number of parts in each class.

Using COSTER, the inherent MTBF of the equipment was calculated to be
18.02 hours, one tenth of the MTBF obtained from the basic parts failure rate
data. This degradation in predicted MTBF is an inherent property of the model
sirice the predicted reliability in terms of MTBF does not take into consideration
basic workmanship errors which could cause "pattern failures" (those failures
with assignable causes and consequent repetitive occurrence); the predicted
reliability is based entirely on purely random failures from an exponential
distribution of time to failure. The degradation of the predicted value by a
factor of one-tenth has been experienced on many electronic equipments to date.

The Parts Program is to be used as a vehicle for determining the effects
of both unit redundancy, and tighter screening levels within each of the parts
classes. This analysis could be done as early in the system's life cycle asj the draft proposed ROC (Required Operational Capability).

The Reliability Design Review, Reliability Prediction, and Failure Mode,
Effects and Criticality Analysis (FMECA) were assumed to be part of the
reliability program. The specific formulas for the cost and MTBF calculations
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TABLE Al PARTS CLASS BREAKDOWN

PART CLASS NUMBER

IC's (Analog) 52

IC's (Digital) 805

FET's 0

NPN' s 51

PNP's 29

Diodes 178

Zener Diodes 50

MW Diodes 0

Resistors 1015

Capacitors 611

Inductors 25

43 A
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were based upon a linear regression analysis on ten equipments, done by Me
Mercurio and Ska.Igs (4). It was based upon an equipment's complexity as
measured by the total number of parts, NP. However, when their empirical
formulas were applied to non-avionics equipment, the resultant costs for each
of the programs, Design Review, Prediction, and FMECA, were unrealistically
large. An alternative technique was implemented, in which the cost of the
prediction was calculated using an array of prediction costs per part for
each of the basic part types and the respective number of each part type.
For example, if the number of Analog Integrated Circuits was between IC7 :..i
1000, then the reliability prediction cost per Analog IC would be read from
the file RPDAT (Table A2) as $3 per part.

The MTBF improvement developed by Mercurio and Skaggs (4) was retained,
and calculated in accordance with Figure A2.

PROGRAM COST RESULTANT
MTBF

UL.SIGN REVIEW CUR z (O.023/0.lOl)CRP (1.l])XBRI

where CRp is the
Reliabi ity Prediction
Cost

NPC
RELIABILITY PREDICTION C E Number(I)CC(I), (1.4Z8)(l.ll)XBRI

I.1

where NPC is the total
number of distinct part
classes, Number(I) is the
number within each Parts
Class, and CC(I) is the
cost code indicating the
prediction cost per Part,
as given in file RPDAT.

FAILURE MODE, EFFECTS CFM = (o.09/0.101)C (1.296)(l.428)(l.11)XBRI
AND CRITICALITY AI4ALYSIS
(FMECA)

Figure A2. Cost/Reliability Calculations for Design Review, Reliability
Prediction and Failure Mode, Effects and Criticality Analysis

The value XBRI of Figure A2 is the MTBF prior to the reliability design
review. The flow chart of Figure A3 indicates the possible value of MTBF
achieved after each of the respective reliability programs. Within the
computer subroutines (Appendix B), the variable XBRI was chosen for the MTBF
prior to the design review, and 0 was the achieved MTBF subsequent to each
reliability program.
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"IW I

BRXBRri

A No
. Review 0 = XBRI

(Yes

Rel .No - I.IIXBRi
SPred

Yes

PHEC No0 (l.428)(1.1l)XBRI

Yes
0 (1.296)(1.428)(1.11)XBRI

Figure A3. Flow Chart of Design Review, Prediction and FMECA Programs

As is indicated in Figure A3, the specific programs are assumed
sequential i.,. a reliability prediction is permitted only if there had been
a design review, and the FMECA occurs only if both the design review and
prediction were performed.

The Reliability Demonstration test was to be done in accordance with
MIL-STD-781, test plan XXII, having a discrimination ratio (Oo/0l) of 3;
furthermore, the Alpha risk (probability of rej2cting equipment having a true
MTBF equal to the specified MTBF, 0 ) and Beta risk (probability of accepting
equipment with a true MTBF equal to the minimum acceptable MrBF, 01), were
botn equal to 10%.

With a specified MTBF of 1000 hours, the minimum acceptable value of MTBF
is 333.3 hours.

Using the values prescribed for test plan XXII for both the Demonstration
and Qualification Tests, results in a test duration of 3.1 86, or 3100 hours,
with a maximum acceptable number of failures of 5. The sample size for the
test was prescribed in accordance with paragraph 4.2.3.1 of MIL-STD-781B, and
determined to be twenty samples, for a lot size of 200 units.
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For the Production Sampling test, which was to be run in accordance withMIL-STD-781B, plan IVa. with Alpha and Beta risks of 20% and a discrimination
ratio (0//Ii) of 3.0, the accept-reject criteria was outlined in paragraph
4.2.8.4a of MIL-STU-781B, and indicated a maximum test duration of 1.50 , orbOO hours, with the maximum acceptable number of failures of 2. The sample
size of 3 was determined assuming 500 available hours to complete theproduction sampling test within one month. Thus the required sample size was
calculated as (1000 hours)(l.5)/500 hours, or three samples. This valuediffers from that prescribed in Table 5 of MIL-STD-781B because it isdet',rm;ned mainly by the monthly production rate and the available number of
hours to run the test.

The number of production sampling tests depends upon the contractor'sproduction schedule. Assuming a production rate of 200 per month, the total
production run of 4300 would be completed in 21.5 months, so there would be22 production sampling tests, each with three samples for a lot size of
20U units.

For the example calculation presented here, the hourly testing cost foreach of the Demonstration tests, Qualification tests, and Production Sampling
tests was $50/hour.

Table A3 contains the specific input data for a production contract of
4300 units.

i
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TABLE A3 SPECIFIC INPUT DATA FOR
EXAMPLE PROBLEM

Productiun Contract

Number of Equipments (QUANT) 4300
Specified MTBF (0 ) 2500

Demonstration Test Duration 3.1 8 = 7750
(DT781) 0

Qualification Test Duration 3.1 8 = 7750
(QT781) 0

Production Sampling Test
Duration (PT781) 1.5 0 = 3750

Maximum Acceptable Number of
Failures for Demonstration 5
Test (DKF)

Maximum Acceptable Number of
Failures for Qualification 5
Test(QKF)

Maximum Acceptable Number of
Failures for Production 2

Sampling Test (PKF)
Sample Size for Demonstration zo
Test (DN)

Sample Size for Qualification 20
Test (QN)

Sample Size for Production
Sampling Test (PN) 3
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TABLE A3 (Continued)

Product'on Contract

Testing Cost ($/chamber hr) -- 50
Demonstration Test (DCJ)

Testing Cost ($/chamber hr) -- 50
Qualification Test (QCJ)

Testing Cost ($/chamber hr) -- 50
Prod Sampling Test (PCJ)

Testing Cost ($/chamber hr) -- 25

Burn-In (BCJ)

Minimum Burn-In Test Time (T) 48

Required Failure Free Hours
During Burn-In (H) 24

Number of Equipments Per
Burn-In Chamber (BN) 20

Number of Production Sampling
Tests (NTST) 22

Usage Life in Years (LIFE) 15

Weekly Usage (Days/Week) 7

Daily Usage (Hrs/Day) 8

Average Repair Cost Per
Equipment While Deployed(CREP) 600

A1O
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OUTPUT RESULTS

COSTER was run for a production contract of 4300 units, with a specified
MTBF of 1000 hours. Table A4 contains the variable input data for the relia-
bility program.

Table A5 contains the Total Cost and Resultant MTBF when no reliability
program was imposed. The base MTBF, with no screening and no parts redundancy
was 18.03 hours yielding d resultant total policy cost in excess of 6 billion
dollars for 4300 equipments operating over an expected life of 15 years.

Table A6 contains the results of policy 38, the optimal reliability
program, yielding a total policy cost in excess of 87 million dollars with an
MTBF of 1300.22 hours. The cost of implementing the optimal reliability
program was 789 thousand dollars.

Table A9 contains the results of all policies, with the total costs sorted
in increasing order. Because the Field Support costs greatly outweigh the
reliability program costs, the optimal reliability program was the one with
the largest MTBF. In general, however, this will not be true; the maximum
achievable MTBF is a function o! the current technology.

i
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TABLE A4 VARIABLE INPUT DATA, e = 1000 HOURS

VAR`IAFLE INPUT DATA

SPECIFIED EQUIPMENT MTBF-THETA(O.', 10on.o0

fDEMONSTRATION TEST TIME - MULTIPLE OF THETA(O:> 3.10
,',jUALIFICS:TION TE:'sT TIME - MULTIPLE OF THETA,•0) :3.10
PROD SAMPLING TEST TIME - MULTIPLE OF THETA(0) 1.50

MAX ALLOWBLE FILUREZ--DEMONSTRATION TEST 5
i MAX ALLOWABLE FBILURES--QUBALIFICBTION TEST 5

MAX ALLOWABLE FAILURE..--PROD SAMPLING TEST 2

NUMBER OF TEST SAMPLES--DEMONSTRATION TEST 2-0
NUMBER OF TEST SAMPLES--QUALIFICATION TEST 20,
NUMBER OF TEST SAMPLES--PROD 5SPMPLItNG TES:T '

NUMBER OF PROD SAMPLING TESTS. THROUGHOUT CONTRACT 22

TEST CHAMBER COST(PER HOUR.--tDEMON.TRATION TEST 50.0
TEST CHAMBER COST(PER HOUR)--QLALIFICATION TEST 5,.1.00
TEST CHAMBER COST(PER HOI.UF':--PROI' SAMPLING TEST 5(.o0

BURN IN CHAMBER COST(PER HOUP". 25.01..

MINIMUM REQUIRED BUR'II TIME(HOtJPSZ) 48 .*00)

FAILURE FREE HOURS REQU.IIRED' 24 4.00

NUMBER OF EQUIPMENTS PEFR BIRNIN CHAMBER 2n

TOTAL NUMBER OF EQUIPMENTS TO BE FIELDED 4:3',00

EQUIPMENT EXPECTED UI•A:GE LIFE (YEARS) i5

EXPECTED DAILY USRGE (HRS/DAY. 18,

E.XPECTED IWEEKLY USAGE (,AYS/I:jEEK) 7

REPAIR COST OF S:INGLE EQUIPMENT 600o

THE OPERATIONRL ENVIRONMENT IS G3F
AND THE CONSEQUENT K-FACTOR IS lOn
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#1 TABLE A5 RESULTANT COST AND MTBF WHEN NO RELIABILITY PROGRAMIS IMPOSEO

***POLICY 1**.

--------. TASK --------...... COST-..... ... RESULTANT MTBF --

NONE 0.00 * 18.03

TOTAL RELIABILITY COST .0

FIELD SUPPORT COST . 6 2 5 667 39390OO0E 10

* TOTAL POLICY COST .6 25 6673954E 10

* RESULTANT MTBF 18.03

A13
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TABLE A6 RELIABILITY PROGRAM YIELDING THE MINIMUM TOTAL COSTS

ii +•*4*'OLI C", :?:':..4 €

I
- -- TR-1- -.. --- PE".:ILTFIT MTPF---

FF'T:. PPF Gr,'Rt 1 10U4,:S.R.,, C! *
REL DE:'-.IGN PEVIE, 1116,. 41 2 :-.,•1
REL PPEDII"TIr4 490I2.50 * 464.2•
rEL D EMO TE,-.':T 4 121 E .7 1 .84,: .1 3::
P'EL 0 UFlL "TETS' I "C'" -5 0 1 -.. 87
Pr'13; :ARM PF'LIN' G TE:'..T:7 * 11 ;E:' E "1"

TDTHL RELIFIBILIT't" C:0:C-.T Co:t: . .

F IELD "'F'DR1 c":::T . ,?'7?1 . .E:3 :" :C.O IE OC:-

ST'OTRL FP L I CC:CT ".Z... '-""'

* F.E,7I.lLTAt4T Mti~lF

BESI AVAILABLE COPY
A1.4



TABLE A7 RESULTS OF ALL POLICIES WITH TOTAL COST
SORTED IN INCREASING ORDER.

* TOTAL *F'OLICY* MTBF * REL PROG * FLD :SPT
* :O:DOT * • COST C S:c. :T

* 87560824.44 * ,8"* 1300.22 . 788906.06 + 86771918.38 *
* 87722243.78 , 78 * 130r".22 * 1049221.39 ,* 86673n022-, .39 +
* 89913874.41 4 36 , 1265.07 * 730559.98 * 89183314.43 *
* 90072499.63 4 76 * 1265.07 * 990937.78 8 89081561.85 *

S90296149.30 * 40 * 1260.84 * 813500.45 * 89482648.85 .
* 90454427.24 + 80 * 1260.84 * 1073886.00 * 89380541.24 *
* 90657776.65 + :34 * 1254.67 * 734927.27 * 89922849.38 +
* 90815543.72 + 74 * 1254.67 * 995324.20 * 89820219.51 *
* 92474929.59 # :30 * 1230.79 * 807219.76 . 91667709.83,*
* 92630669.62 * 70 * 1230.79 * 1067661.80 * 91563007.81 *
* 95852495.73 * 28 * 1196.29 746463.07 * 95106032.66
* 96004231.87 * 68 * 1186.29 * 1006993.85 * 94997238.02 *
* 96390982.82 * 3'M * 1180.81 ' 8435:35.65 4 95547447.17 *
* 96542204.02 0 72 + 1180.81 * 1104077.82 * 95438126.21 *
* 96955876.90 * 26 * 1172.76 * 752797.82 * 96203079.08 *
S97106332.88 e 66 * 1172.76 4 1013356.88 , 96092976.00 *
* 99748035.52 * 22 * 1131.87 4 69127.74 4 99678907.78 *
* 99894426.94 * 62 * 1131.87 4 329776.23 4 99564650.71 *
* 103582461.28 2 20 * 1089.80 * 55191.27 1 103527270.0M. *
* 103724337.29 * 60 * 1089.80 4 315938.54 * 103408398.75 *
S104075770.69 * 24 * 1084.71 * 62550.45 4 104013220.24 *
* 104217075.37 4 64 * 1084.71 * 323310.17 4 103893765.20 +

1 04t87808.09 4 18 * 1077.27 * 56563.79 4 104731244.30 *
S104928268.13 * 58 * 1077.27 4 317341.91 1 104610926.22 *

1 07676364.30 * 14 4 1048.38 4 58619.48 4 107617744.83 *
* 107813423.19 * 54 * 1048.38 4 319471.45 4 107493951.74 *
* 113548087.52 , 12 * 994.03 4 45689.42 * 113502398.10 *
* 113678184.35 * 52 4 994.03 4 306691.52 * 113371492.84 *
* 114328465.20 4 16 4 987.29 4 50951.78 * 114277513.42 *
* 114457642.17 4 56 * 987.29 4 :311973.60 4 114145668.57 *

115484238.10 4 10 4 977.37 * 46955.19 + 115437282.90 *
* 115612037.49 * 50 4 977.37 4 :308006.52 * '115304030.97 *
# 132952550.94 4 39 4 855.14 4 1014255.46 4 131938295.48 *
+ 133060588.66 4 79 4 855.14 .,1275723.97 4 131784864.69 *
0 152145066.20 4 :'7 * 746.75 4 1054825.95 * 31090240.24 *
e 152229782.39 4 77 * 746.75 4 1316772.73 4 150913009.66 *
* 187540040.23 * 8 * 601.69 4 20820.16 4 187519220.07 *
* 187579217.24 * 48 4 601.69 4 283659.07 + 187295558.17 *
* 191913512.89 4 35 .591.17 * 1055224.82 0 190858288.07 *
* 191948436.39 4 75 * 591.17 4 1318144.36 * 190630292.03 *
4 195502649.83 4 23 * 577.39 * 89752.22 * 195412897.61 *
*195531749.45 4 63 0 577.39 4 352781.42 * 195178968.03 *
* 203781056.99 * 31 * 557.24 * 1300265.76. # 202480791.23 *
* 203801068.59 4 71 4 557.24 4 1563464.42 * 202237604.17 *

BEST AVAILABLE COPY



TABLE A7 (Continued)

*207877130.-41 3 545 .6E1 * 1078386 .26 2 067,-#&--44 .16.
*a67?-891560-14 *73 *545.61 * 134218S .01 *206549S"2.13
*243Wj5649.21 *46 *464.2?7 :056 24~E .35 043.39*
*24:3048994 .18 * 6 *464.27 1 16 45 1 .5? 9 2 4:3T1-305 4'3'. 19
* 24 7E6,8-'-.3 8 (i C' 455.61 0* 3.:..tw.5 0 2 ~47:'-! 5 0 635 .5 A
*24 772':34 Q0l.6 S: 21 *455.6E.1 * 6':-742. 15 *247654658.68*
* 25.2;12 5 7e. 4 . 74 * 9 447.3 1 15 16 fit:0. 1 251609754.58

2 5317108:'. .~ V5~ 2-. 4 4 7. 1'25 1 50n.3:-:0 25 V?19436.9?5*
* :4690 3667 .15 *44 + 325.12 E 78 025 .19 3 46625641.96

3 5 a,2 3175 3 2. 8 1 59 -2022 *1 "I E4 55 .04 :* ,5924(1'77.7-o*

+:D524188~63,40 *19 -512r(1.2 2 1 39 8 65;.5 0 352378997.89 *

-354 109 148.49 * 7 *:19 .50 * 1:388424.33 2 -:5272 0724. 16E *

-135298E7.9: 7 27 -319 .50 * 1 121'E17.78 3 ~53176856.14 +

38053*,91 .9 55 21 6 2.3? *- 331 8:8.".10 (I *30315 05 . 8 :2' *

8 * ,64998. I * 15 41 6 fn 6479' ý-- . :.r,::Irf19: "F1. 1 *

If, 0:3 2 176E.3.;1? *42 *292.?9171 27-714.:--1. * 3184754462 .57 *

":--, 2 357 05 7 2 . 01 *.2 *292.90 * 10 4 3 2. E 6. `3 31512 60A139 .33 *

* 3909?23474.94 *57 *288 .5C * 3 061P53 .10 : 390617:321 .84 *

*391 17095"1 .76 *17, * 288 .5 0 3: P.3-149 .::-::3911:32241 .9'3 *

**3.325 4:S .71 .65 + 23.22 * 1:339563.7'? '3911*0102979.9:3 +

* .292E-40E62 .52 *25 *28'8,.22 * 1122152.3 *39151850i9.99 *

I*493178851 .8:'71 5: *D 2'2 9. E5 S 114'57 i5.61 *49*28P.6209E. .22 *
4935549-24.9ý . 1. * 2,28.6'5. 47'C-51.6.4 * 9-_:35 4 7Eu.- 1 *v

*704 104399.54 5 1 1* 160I. 12 * 297 41 l*-- 59 -1 0:'D,8 0698 5 .9 5*
709%1.6*11 1 1R'4*.1'-* 24-6 .41 7 7049 1 V, 5U525*

1 785 2316 ".9 1? 0 *494 144.25~ R 9743_4.80 *78.12 25 7 54.40 *

i:'825:?.-561:t? .52 * 9 *14 4 .62, :.2'ru a*171 782512,359.52*
4 2:'6-E. 649. C05 *47 :`-7. 04 7: --40:~ .45 C* n4 23*5 2 4 fT .9*

* D j 4 5 -1 878.8 2 1 '37 .104 1 il'-:8' .4s 0 457iA 1491 .41*
* -2:9 4--;14 ý 806 .80 W!49 as .5 'I- N46526.99 * '3-: 4 2'-9 E-2 7 9 , I

S* '7_94-7235151 .78 * 5 4 28.5'-, 9 t41.1 * -,472 ..'M2.,B8*

56:106E79284.20 *4.? * 2.02 * 2373.61 56'23-3045583-'7.50.
5 A 5>,.4 3 1 . 1.) 0 * 0 4 2. CIE, I 1116.41 * "3630 .70 *

* ii5iJ0 :2 75K . * 41 * 18 .0 *. 2 1.D24 0.3 4 * 624 9 0 pn0:35 .20 *

*625667:3953.90 1 18. 0.:3 *l 0.0 * 625667:3953B.90*

IIF
B'~1 p1XCONY
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Commander Project Manager
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Fort Monmouth, NJ 07703 Fort Monmouth, NJ 07703

Commander Commander
US Army Electronics Command US Army Electronics Command
ATTN: DRSEL-SA ATTN: DRSEL-BL
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