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An important feature of this analysis approach is that the
impact of malfunctions and failures on system availability
arid cost are separately assessed. This makes it possible to
directly relate the contributions of hardware module reliabil-
ity and maintainability to functional block performance .
Such studies provide a means for concentrating reliabili ty
and maintainability resources in areas that will provide the
maximum system improvement at the minimum cost. Also , a
relational basis for trade-offs between reliability and main-
tainability requirements is obtained in relationship to cost.~Thus , the DEPEND PROGRAM can be a valuable tool for manage-
ment of reliability/maintainability programs, development of N
requirements for procurement specifications, evaluations of
the ility° impact of engineering changes and the assess-
ment of testing programs .
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FOREWORD

This “IN—HOUSE ” Technical Report , AFAL—TR—79— 1105, describes and

demonstrates the various tools and procedures available to the designers
1~~and program managers for avionic systems design trade—off of key factors

such as system reliability, maintainability and cost. The work reported

was accomplished under Work Unit 12270313 , “SATCOM FLIGHT TEST”, during

the period of July 1978 to April 1979. Mr. Allen Johnson was the Pro-

gram Manager and Mr. Herbert M. Bartman the Project Engineer for Relia-

bility . The author also presented this report as a case study to the

Faculty of the Graduate School of Engineering in partial fulfillment

of the requirements of ENM 566 , “ADVANCED RELIABILITY .”

The author wishes to express apprecIation to his advisor, Dr. John

Fraker , the Director of the Engineering Management Program of the Univer—

~ sity of Dayton, for his interest and supportive guidance in the prepar-

ation of this report. The author’s appreciation Is extended also to

Mr. Thomas S. Cuff of the ASD Computer Center for his support in pro-

viding various TASA/DEPEND Program ANALYSIS RUNS during the course of

this study , and to Messrs. Joseph Simon and Tim Humphrey and the typing

staff of SYSTRAN Corp. for the preparation of the final manuscript. A

special acknowledgement is made here for the referenced sources not

specifically cited in the text. These sources provided excellent back—

around in the understanding of the subject under study and in the pre—
Accc~~~c~~ ~rparation of th manuscript 
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GLOSSAR Y

Assembly The functional block at levels of the functional hier—
archy above the elemental level.

ATBO The Average Time Between Occurrences of a specified
malfunction or failure state for an assembly based on
an assumption that the time distribution of their oc—
currences is exponential.

ATTR The Average Time To Restore the assembly function to
normal following occurrence of a specified malfunction
or failure state.

ATTE A factor ranging from 0 to 1 used to determine the
Weighting time to restore an assembly ’s function following the
Factor occurrence of a combination of two or three subassembly

or element malfunction and failure states.

Availability The probability that a specified assembly is functional
at the start of each of the specified number of uses
during the specified mission time interval.

Average Delay The delay that the user can expect when a malfunction
or failure occurs. (Also called Average Nonoperational
Delay.)

Dependability The probability of completing a specified number of
functional cycles during a specified interval of time
of an assembly (or element) without experiencing a mal-
function or failure induced delay .

Element The basic functional building block in the system
functional hierarchy . The MTBF and MTTR data are input

• at this level.

- ‘ 
I Functional The performing of an assembly ’s function from start to

Cycle finish.

“ilit.y” dependability, availability and reliability

MTBF Mean Time Between Failures or malfunctions for an element .

~4TTR Mean Time To Restore an element ’s function by repair ,
replacement or other means following occurrence of a
malfunction or faj1ur~ . MTTR includes the time needed
to detect malfunction or failure occurrence.

Printed Circuit

xii
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Reliability The probab~1ity that a specified assembly success—
fully performs its function during each of the
specified number of functional cycles given that
it is capable of performing its function at the
start of each cycle.

t

Subassembly A functional assembly becomes a subassembly when it
it used at a higher level of the functional hierarchy .

TASA Tabular System Analysis: An orderly procedure for
developing a funct ional organization of a system, de-
fining the malfunction and failure states and record-
ing the consequences of malfunction and failure occur-
rences , singly and in combination .

Unavailability The probability that a specified assembly will not
become capable of performing its function when needed
because of the occurrence of a specified malfunction
or faiaure state.

Unreliability The probability of occurrence of a specified malfunction
or failure state during one (or more) of the specifiedj number of functional cycles of specified duration.

Use Time The interval of time required to complete a specified
number of functional cycles not counting any time
between the completion of one cycle and the start of
the next.

SOURCE: AFAL—TR-78—l35
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SECTION I

INTRODUCTION

DEFINITION OF THE PROBLE~4

The worth of a particular system or piece of equipment is deter—

mined primarily by the effectiveness with which it does its job. Em— 
4 

-

phasis on equipment reliability alone does not result in the required

level of cost and operational effectiveness. Other ~actors , such as

system performance capability , operational reliability, tactical avail—

ability and cost must be considered . These factors can be defined in —

terms of “how well” the equipment operates, “how long” it operates ,

“how often” it is available , and “how economically” it can be developed ,

manufactured , and maintained. Thus, effectiveness (dependability) is

the product of reliability and availability for a specified level of -
•

j performance and a particular cost.

One important aspect of any equipment is its cost. Usually , the

development and design of systems and equipment are made to a required

specification at a minimum initial cost. However, an initial cost con—

sideration neglects maintenance expense of keeping the equipment working

satisfactorily while in the field . The cost of maintenance and repair

depends greatly on the initial reliability of the equipment , the more

reliable an equipment the less costly will be the maintenance and re-

pair, but the higher the initial cost.

In virtually every program it is necessary to keep within certain

budi’ et constraints , and the available funding obviously has a major

impact on the technical capability of the system under development.

Cost information is an integral part of decision making (particularly1
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cost to system effectiveness trade—off) in all stages of system de-

velopment. Thus,greater emphasis is given system design to cost in—

stead of life cycle costs during the initial concept and development

phases of an advanced development program.

This report describes the tools and procedures available to the

designer and program manager in the development of avionic systems as

aids in the trade—off requirements and assets among the key factors of

capability , reliability, maintainability, and cost.

The problem in this study is to bring into focus the findings re—

ported in Technical Reports AFAL—TR—78—145 [3] and AFAL—TR-135 [114], in

order to demonstrate the possible approach by applying the TASA/DEPEND

program to an ongoing program. This will provide guidelines to the

system designer and program manager for design approaches , processes,

— 
methodology , and techniques to achieve desired SATCOM system reliability!

availability in a cost—effective manner. A reliability/availability to

cost trade—off approach will be discussed, and it will be based on base-

line costs as related to system reliability , maintainability , availa—

bility, and dependability for the Ka—Band SATCOM Set reported in Ref—

erence 114. This approach will demonstrate the means for determining

the major subassembly contributor of system unreliability . This will

result In addressing those equipments which contribute the greatest

system undependability based on an assumed level of maintainability .

METHOD OF ATTACK

This paper addresses the following parameters :

2
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(1.) Availability : Probability of being available to send and/or

receive a message.

(2.) Reliability : Conditional probability of completing a message.

( 3 . )  Delay: If not available, or a malfunction, what the delay is in

completing a message.

(14.) Maintainability: Time to restore operation, degraded or inoperative.

• (5.) Cost: Effect of above requirements on acquistion costs.

~ The technical approach uses a Tabular System Analysis (TASA)

technique to provide estimates of system reliability and availability

for alternative modes of operation. The techniques include the develop-

ment of a system model organized in a functional relationship form and

a computer program which calculates estimates of three related quantities

reliability, dependability, and availability.

In addition , the results of sensitivity calculations are presented

in terms of a percentage contribution of each element or subassembly

state to its unavailability, unreliability and undependability for each

defined assembly state. This provides a rational basis for allocating

resources to achieve improvements. Also, PRICE , a computerized cost

estimation program was used for making reasonable cost estimates. Thus,

Battelle Columbus Laboratories (BCL), as part of Reference 114, reported

on three complete reliability,  availability , and dependability TASA

analyses of the Ka—Band SATCOM Set.

In performing a TASA analysis, the system or equipment is divided

into a number of functional blocks, and the dependability, availability

and reliability of each is estimated. These are based on a defined

3 
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mission the user desires to be accomplished in terms of user ’s per—

ception of system performance, reliability , maintainability and cost

estimates. In this study, a hypothetical 10 hour mission profile was

established, as discussed in Appendix A specifying 2140—five line for—

ward link messages, 720—two line report—back messages, and three hours

of conference links usage. All results are expressed as the degree of

satisfaction the user could expect if he were involved in flying the

hypothetical mission .

PREVIEW OF THE REPORT CONTENT

Section II briefly brings into focus the data and findings re-

ported in reference 114 as an application of the TASA/DEPEND Program

in a follow on to the system reliability assessment given in reference 3.

In appendices A , B, and C the DEPEND Program and the TASRA/TASA Models

are discussed .

Section III and Appendix D demonstrates the procedures for com-

puting the percentage contribution analysis capability .

Section IV presents a trade—off analysis and the supporting Appen—

dix E demonstrates the minimum cost decision model.

Section V gives the major conclusions of the report and some

recommendations for further considerations .

14
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SECTION II

SYSTEM AVAILABILITY, RELIABILITY ,
DEPENDABILITY AND COST ESTIMATES

INTRODUCTION

Design teams involved in the development of major systems are

• continually confronted with the need to trade—off requirements and

assets among the key parameters of reliability, mai!itainability, and

cost. This problem is faced in the earliest stages of system concept

and design, and continues through the various development phases vir—

tually to the point of production . (The problems actually persist

• through production and throughout the lifetime of the equipment, but

at a different level of consideration because of the inherent limita-

tions placed on the options at these later stages.)

It is during the various development phases that the greatest

payoff can be achieved through careful allocation of requirements

and resources. The degree these decisions can be controlled depends

on how complete the program plans are at the very beginning of the

system concept. If such is the case, then reliability growth can be

well tracked and controlled , and an early definition of specific ob—

jectives can be made and .met. But frequently the “ility” efforts and

t even realistic cost considerations come into play somewhat later after

the system is already pretty well—defined . Then the problem becomes

one of setting reliability and maintainability goals to achieve the

desired objectives of the system within an acceptable cost range. Fre-

quently the objectives are not clear and have not been truly derived

from the over;ll mission requirements of the system. The key then
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becomes not only one of how to establish appropriate requirements and

perform rigorous, meaningful trade—off analyses between reliability ,

maintainability, and cost , but also clarifying the goals after the

project has reached the breadboard stages and establishing the method-

ology for obtaining these goals. Thus, this report discusses such

an approach for assessing system reliability and availability in re-

lationship to system performance and cost.

APPROACH TO SYSTEM ESTIMATES

One of the initia], goals of the computations performed in this re—

port is the generation of avai1abi~ity, reliability , maintainability

and dependability estimates of the Ka—Band SATCOM Set for a typical

tactical mission . Before estimates could be prepared, it was necessary —

to determine the duration of this typical mission , and to establish

the extent to which the various functions of the system would be used

during such a mission . In short, it was necessary to establish a mis—

sion profile. Further, after the mission profile had been established ,

it was necessary to incorporate this into the analytical model in such

a way that effective use could be made of the information , while at

the same time allowing flexibility. Changing tactical requirements or

modified equipment capabilities could easily alter the mission profile .

The following describes the mission hypothesized for the system estimates

in this report and as given in reference 114 by Battelle.

The actual estimates of the interrelated quantities of reliability ,

dependability , and availability were obtained, with the DEPEND program ,

b
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in a series of calculations that provided values for all three

essentially simultaneously (Appendix A). However, cost est imates

are addressed separately , based on the RCA/PRICE MODEL applied by

Battelle [114). The first three items are presented in sequential sec—

tions following the mission profile discussion , but are discussed

from a conceptual viewpoint in this section. The reader interested

in a more mathematical presentation is referred to Appendix B.

MISSION PROFILE 
-

•

A typical mission duration of ten hours was selected (Figure 1).

This is based on an eight hours “on—station” period plus an hour of

operation prior to and an hour of operation subsequent to the on-station

period. These additional two hours are used for system start—up, data

• transfer, and shut—down .

To illustrate, let us suppose that Command Posts A , B, and C are

to provide the command function for one twenty—four hour period, as

shown in Figure 2. During the f irst  hour of operation CP—B will accomp—

lish system initialization and checkout , and will accept data from CF—A

which is currently on—station. These data include any messages that,

for any reason , CF—A has been unable to transmit.

During the following eight hours CF—B will be on—station providing

the command function . In the last hour of this eight hour period , CP-8

will also transfer any necessary data and untransmitted messages to CF—C .

At the end of the eight hours CF—C comes on—station , providing the corn—

t mand function. Finally, CF-B will have an additional hour in which to

complete the transfer of data to CP—C if this has not been accomplished ,

to shut down equipment , and return to base.

7
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This, then , represents the general outline of a hypothetical mission.

To complete the mission profile required for computations , it is also nec— -:

essary to determine the extent to which the various capabilities provided

by the equipment will be used.

MISSION SUBSETS

To accomodate changes in mission or equipment , estimates were prepared

for three different subsets of the mission profile. Each profile subset

is based on the typical mission described above. The first mission subset

consists of a “mission” in which only the forward link capability is used.

In the second profile subset only the report—back link is used, and in the

third profile subset only the conference link is used. A fourth mission,

based on the overall profile definition, actually incorporates all three of

the subsets as one integrated mission in which the entire Ka-Band SATCOM

Set capabilities are used.

This approach provides great flexibility. If at a later time the

mission is redefined so that, for example, the conference link is util-

ized more heavily than assumed in this analysis , while the forward link

is used less, these changes can be readily accomodated. Equipment changes

will require revision only of the data pertinent to the functions affected

by the changes.

Forward Link “Mission” Subset. In considering a mission in which only

the forward link is used, it was assumed that:

1. Thirty messages would be sent every hour, on the

average, during the eight hour on station period .

2. Each message would consist of five lines, and each line

- 10
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would require one cycle of 14.2 seconds transmission

time.

3. Verification would be concurrent with message

transmission, except for a 4.2 second offset.

See Functional Diagram, Figure 3.

These figures result in a mission in which 2140 r- essages, consisting of

a total of 1200 transmission cycles, are sent.

Report—Back “Mission” Subset. The mission in which only the report—back

link is used is defined as consisting of:

1. Ninety messages per hour, on the average, for the

eight hour on—station period.

2. Two lines per message , at 6.3 seconds per line.

The additional time per line is used for a preamble.

Thus the report—back link mission includes a total of 120 messages of two

lines, each requiring 6.3 seconds. Special consideration must be given

to the fact that numerous portions of the system are common to two or

three links. Therefore , in apportioning reliability , MTTRS , etc. among

these links it is convenient , for computational purposes, to divide the

operation of the various functions into increments of 14.2 seconds. The 720

messages received during the rep ort—back—link—only mission repre~ ent 2160

cycles of 14.2 seconds each. See Functional Diagram Figure 4.

Conference Link “Mission” Subset. The conference—link—only mission

consists of:

: 1. Fifteen minutes of conference per hour, on the average,

durinp the eight—hour on—station period.

2. An additional hour of conference link activity , to

• 11
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transfer data from the prior command post and to

• the subsequent command post .

The conference—link—only mission therefore consists of a total of three

hours of operation s or 2571 cycles of 14.2 seconds each ( Functional Dia-

gram, Figure 5) .

Total System Mission. The total mission estimates for the entire Ka—

Band SATCOM Set include all the messages of all three missions described

above. From the standpoint of activity, the mission profile which con—

siders the entire Ka—Band SATCOM Set is an integrated total of the

three previous missions; but, of course, the mission duration remains

at ten hours. When the three one—link mission subsets are combined,

their availabilities, dependabilities, and maintainabilities interact.

A failure of a common element, for example, will constitute a failure

01 all links that ~it serves, whereas a failure of a unique element will

- 
- only affect its particular link. Because of such interactions, the

availa~iility of the Ka—Band SATCOM Set, for example, is not calculated

i rurr the availabilities calculated for its three links individually,

but instead is re-calculated by rolling up reliability and mai.ntainability

rr-~m t te basic building blocks of the system (Functional Diagram,

t
~~~ure 6).

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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SYSTEM DESCRIP ’TION

EHF SATCOM SET. The EHF SATCOM Set , under consideration in this demon—

stration, was installed in a 14950th Flight Test Wing C—l35 test aircraft

(Tail Nr. 662). A simplified block design of the SATCOM hardware and

a pictorial view of the aircraft installation are shown in Figures 7 and

8 respectively (Reference i ) .  The airborne SATCOM Terminal (AN/ASC—22 )

consists of a 1000 watt millimeter wave transmitter, a low noise receiving

system, a modulator and demodulator (MODEM), and input and output devices ,

as discussed in reference 3.

PREDICTION MODEL. The prediction model for the Ka—Band SATCOM System

is organized with respect to the functions to be performed ; that is ,

communication by forward link, conference link, and report—back link.

— In addition to the individual functions of forward , conference and re-

port-back links of the Ka—Band Set there have been identified three

“common ” functions ; these are, functional groupings of the equipment

that influence two or three links. The common function includes all

of the hardware that can cause failure or degradation of all three

• communication links . The forward and conference common function in-

eludes the hardware that can degrade or cause failure of these links

without affecting the report—back link. The conference and report—back

common function includes the hardware that can cause degradation or

failure of these links without affecting forward link operation . The

fun~ tional tree diagram of this organization is shown in Figure 9.

Each hardware element and element grouping used in the analysis

is identified by a numeric index. Each box in the functional tree

diagram in Figure 3 and subsequent figures includes a numeric index in

17

- ~~~~~ U~~~~ ~~~~UA& 
- ~~~~~ ‘~~~~~~~ ~ A~~~1



— —• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - —-----~~~~ •~~~
—

~~~~
- -

~~
- --------- •

~~~~~~~~~~•-,~p aaa~

0)
0u_ c”UJ CD

~~~~~~~~~~
C., ~~E~ o ~~ C1) 0
~~~~~~~~~~~~~~~~~~~~~~~ a. ,- a

— — ‘- , (I) c~ ~
-

~~~~ u.

_ _ _ _  

~~ w 

~~~~~ 
B

_ _ _ _ _ _ _  

a.,- ~~

a. ~~~
~~ N.

U—. ~~~ ~~~~~~~s 1 f t••%. ~~~~~~~~~~~~ UI0 I- 
~~~~~~~~~~~~~~ ~~~~

~ ~~~~~ D
0000 

_ _ _ _ _ _ _  

~~~~ 
I o . ~~a, 0

1~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _  _ _ _ _  

~~• t•4 -

‘CCo

18

- -  —- — • ..—-.-- -~~~~~~~~~~~
- .

-- --—--



- -~~~-~~--- • - - ,~~~~~ -- -- ,,aw ~~
----__-_ ’_ -_ __..•__ ~~~~~~~•-~- 

—-------.—• — - --- - —----- -----•------ ----- --- — ---- — •

r- - • - •T

S-i 
• 

~~~~~~~~~~~~~~~~~~~~~ -

z -
~
t-

~ 
,—, - -

~~~~~
.-

• ;; ~;:;‘ ..
- .  • -

~~~~~~~~~~ &~~~~ -: .

ç tI) C’t~~~ U\r.l
C’ , C’\ ~~~~ 

- 5

- -

Y~:~~ ~~~~
. ‘ -

• 
~~~~~~~~

—‘ 
~~~~~~~~~~~~~~~~~~ 

/ _ ; • ...
•- . . • - 

.

ga ~ 
g .:::~~7 .~~~. •. . :

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. 

_

~~~~~~~~ .~~~~ 5-. 41 
— -

Z

~~~~~~~~ . .
~. - .~z: —— —~ .. . - — 

... 
Cl) ,—I C~1 C~~ QD 0

• - . . . - -cC~~~oo o  4. 
•

• - ~~~:.• - E lH H H, —~ •

0p~

I.1~~

~~~~
-:

~
- - -

El
• —~v . 2

-I

~~



— —~~~~~~~~~~~~~~~~~~~~
- ~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~ ~~~~~•~—-i-~~- —-—-- — - -—-—- -•- -,. ~~~~

— --•---
~~ 

•--.-—----- -•- -

1 C.) 
_ _ _- 

‘C

U.a. ‘C
C’, a. 6

C D O

‘C

_ _  

_ h E  
>.

~~~~ 
_ _

_ _ _  _ _ _  

— ! ~ 
U.

-_ _ _ _  _ _ _  z
~~~~ LU 0
U_ c,

0 U.

-I
C’, a.
C’,
—

<U. - _ _ _

C0 — - - - a
_ _ _  

_ _ _  
UICl)

-J a.
CD

1 0 0 z m o
_ _  _ _  

_ _  

C)
_ _ _

—
~~~~~~~~ - — ~~~~~~~ ‘C

a. C.)
0z _ _ _ _

<a. - 
0

2

‘C— — ~~~~CD C’,
— 0 I

‘C

—
~~~~~~~~~~

_ _ _  

< C, ,

C’, 0)

UI
-J I’)
0 C’) D

<
a. 

0

—~~~~~~~-J0
C.,

—
<

C~~~~I-

C’)

20 

~~~— - -~~~— --~~~- --- • - -~~~~— -—~—



- ~~~~~
.-  - ~~—

----.-
~

-
~~~

- - 

~~--—~~~~~--- -
~
-- 

~~~~~- -______ 

~~~~~~~~~~~~~~~ 
- -

~~~ ~~~~~~~~~~~~~~~~~ - -i - -. • • - •-- -

the lower left corner. The element and grouping identification cor-

responding to each index number used are tabulated together with the

corresponding malfunction states in Appendix A.

Figures 3, 14, and 5 show the functional tree diagrams for the

SATCOM Terminal forward, report—back and conference link, respectively.

Both individual and common functions of the Ka-Band Set are included .

Prior to operating the system, an initialization is necessary. The

functional diagram relating to initialization is shown in Figure 10.

The Ka—Band SATCOM Set common functions as shown in Figure 9 are a

truncated version of that.- shown in Figures 10, 11, 12, 13, and l~4 of

Report AFAL—TR-78—l35, Part I , Volume I {i14].  From the hardware view-

point, the two major equipment groupings of the Ka—Band SATCOM Set

are the Ka—Band Modem Group and the Communications Terminal Group.

ESTIMATING CONCEPTS A1~)D PROCEDURES

— Reliability Estimates. The reliability (R) estimates for the ADM sys—

tern under study have been prepared, using the TASA (Tabular System

Analysis) technique . This technique can accommodate failures, i.e.,

conditions that prevent system operation, as well as malfunctions , in

which only a portion of the system is inoperative. If a malfunction

occurs, the system may operate at a reduced power output with fewer

options as to operating mode or frequency , etc. .  Nevertheless , some

form of communication will be possible . Thus , TASA simulates real con-

ditions more accurately than many other system reliability models.

Prediction of system performance using TASA is made by dividing

the system into functional blocks as described in reference 114. This

was accomplished for the existing (P,DM) system by obtaining lists

21
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of “black boxes ” ( i .e . ,  chassis , drawers , p.c. boards, etc.) that make

up the system . The equipment manufacturers cooperated in providing re—

liability estimates for each black box, usually calculated using the

methods of MIL—HDBK—217B [23]. The effects of failure of each black box on

system performance were then evaluated, again with the help of the equip—

meat manufacturers. The black boxes serve as the basic building blocks

(functional elements) of the system as it is “assembled” in the computer—

ized TASA model. Engineering analysis of the results of the above steps

yields a tabulation of the functional contribution of each functional

element comprising the Ka—Band SATCOM Set and makes it possible to as-

sign reliability values to these elements. The possible functional states

of each element , including the various modes in which it might fail and

the consequences of failure (i.e. catastrophic or any of a number of

degraded modes), are determined. The “ilities” of the functional ele-

ments are then combined to obtain the “ilities” of larger functional en-

tities and ultimately the entire Ka—Band SATCOM Set, as described in the

subsequent Estimate Roll—Up Section of this report. A discussion of the

derivation of this technique is given in Part III of reference 114

and in Appendix A of this report.

- ~-. Maintainability Predictions. The basic functional elements used in

the reliability predictions , as descr ibed above , are also used to predict

system maintainability. The maintainability predictions require infor—

mation on the MTTR, (mean time to restore) needed to restore the operation

j of any element after a failure has occurred. Only maintenance that would

be performed in fl ight , or while the equipment is in use, is considered

in this analysis. In some cases , an alternative mode of operaUon may

23
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be selected which circumvents the failed element. If this represents

a satisfactory method for transmitting or receiving the message, the

time to establish this alternative mode of operation is the MTTR used for

that element.

Realistic estimates of the average mean restoration time (ATTR) of

the system was based on information sought from the technicians who per-

formed maintenance on the existing ADM hardware. This data was reported

in reference l~4 by BCL. From this source of information the MTTR for

failures in each basic functional building block in the system was estab-

lished.

The MTTRs of the functional elements are accummulated in order to

determine the ATTRs (average time to restore) of larger functional

entities and of the entire Ka—Band SATCOM system .

Availability and Dependability Estimates. Avai ability (A) is the prob-

ability that a specified function is in its normal operating state at

a specified time , or that an acceptable alternative mode of operation

can be provided. If the user decides that he wants to send a message

immediately, availability is the probability that he will fin-I the Ka—

Band SATCOM Set in an operational condition at that time. Availability

is a t unction of equipment reli :J-ility or its average time between

failures or malfunctions (ATBO) and the average time needed to restore

t~~~~
- equi pment to normal operation or to provide an alternative ac—

i ic nc- I.- of operation (ATTR). If the equi pment exhibits a long

}- ~- ~t r ~~ 1 a sh rt ATTR , t~ c probability of finding it in the normal

ut- .-raLi )nal state will be hi~~;h .  On the other hand, if its ATBO is

~~ ur t , a n 1  j t .~~ ATTR is hiith . we would expect to find it in a nonoperating
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state much of the time. Availability is also a function of mission

duration and number of messages anticipated during the mission. These

factors determine the amount of standby time between messages .

System dependability (D) is defined as the probability that a

specified number of communications can be begun and completed without

a system malfunction or failure. The dependability is the probability 
- -

that all the communications required for a specified mission duration

will be completed without an equipment failure that results in a delay.

Thus, associated with the dependability prediction is an estimate of

communication delay which —gives the average length of delay attributable

to equipment failure that the user may expect if a failure or mal-

function occurs.

Estimate Roll—Ups. As noted earlier, although reliability , dependability,

and availability have been discussed in a sequential order, the computer

program used actually calculates all three of these quantities at essen—

tially the same time . As discussed by Drennan of Battalle in reference

1)4, the SATCOM SET was first divided into a number of “black boxes” , or

basic functional building blocks (elements). Reliability figures for

each element were established (data from equipment manufacturers), and

the mean restoration time (MTTR) of the system for specified failures

or malfunctions of each element was established.

The computer calculates the availability (A) and dependability (D)

of each functional element. It then combines these data for the elements

into larger functional assemblies and combines these , in turn , into still

1ar~:er assemblies, continuing this process until the last functional

assembly of SATCOM Set is reached. At each level and for each functional
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block the availability, reliability, dep~ndability, and maintainability

are calculated, using the TASA approach briefly discussed in Appendices

A , B, and C.

There is one additional consideration required for maintainability,

since weighted averages are used rather than simple arithmetic averages.

As the maintainabilities are calculated for the larger functional as—

semblies , they are expressed as the weighted average restoration time

(ATTR). The ATTR differs from the MTTR in that the ATTR includes

weighting factors relating to the dependabilities of the various basic

building blocks comprising the particular function. Thus, in calculating

the ATTR of the higher level functional assemblies, the MTTRs of the ele-

ments are weighted according to their dependabilities (the probabilities

that the; will require a repair action). This is necessary so that the - -i

ATTRs may represent a realistic average time to restore operation of a

major function or of the entire SATCOM Set, as discussed by Drennan in

reference 114.

SYSTEM “ARD” ESTIMATES

In performing the availability/dependability, reliability , and main-

tainability analyses for the Ka—Band SATCOM Set, estimates were generated

based on functior.al elements composed of specified hardware. These

were then rolled up to obtain estimates of the three major functional

assemblies or links comprising the system. At this level, estimates

for different mission profiles were prepared and combined until esti—

mates for the entire Ka—Pand SATCOM Set were obtained for a typical

mission . Table 1 lists the Ka—Band SATCOM Set and its functional states

26
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for RUN ONE and provides the appropriate estimates generated for them .

Table 2 provides estimates generated for the three mission subsets

(RUN ONE). For each malfunction or failure mode , values for availabil-

ity/dependability, maintainability (mean time to restore), and relia-

bility are given.

The availability values listed in Tables 1 and 2 for RUN ONE give

the probability that the Ka—Band SATCOM Set will be operational at the

time the user of the equipment needs to send or receive a message, pro—

vided that the particular functional state that is identified can be

tolerated. The concept of availability allows for inclusion of the pos—

sibility that if, for example, the mode of m essage transmission first

selected is not functional, an alternative transmission mode could be

selected; so that a means of message transmission may be immediately

available even if the equipment were not completely operational. The

bar graphs in Figure 11 give availability values at selected levels of

MTBF for Elements E35 and E81.

In Table 3 and Table 14, RUNS ONE through SEVEN show that the MTBF

for Elements E35 and E81 was varied from a base of 1.0 to three times

the original value. However, in RUN EIGHT, the MTBF was set to the base

- - 
- value and the MT~R was set to one hour for E35 and E81. Expected mal—

function values are listed for the designated element, subassembly, as—

sembly, subsystem and system. The ATBO is also given for Assembly 38,

showing that as the MTBFs for the elemental levels are increased, the

ATBO does not increase linearly as expected, since the ATBO for As—

sembly 38 also includes other elements of the system. The bar graph
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for availability values at selected levels of MTBF and MTTR for Ele—

merits E35 and E81, in Figure 11 shows a slight increase in availability

for TASA Nr. 2, TASA Nr. 6 (FWD) and TASA Nr. 8 (CONF). No change in

the total system availability for TASA Nr. 7 (R/B) was depicted because

no transmitter (E35 and E81) was involved. Figure 12 depicts changes

in ATBO, Availability and Malfunction values for Assembly 38 in rela-

tionship to changes in MTBF for Elements 35 and 81.

SYSTEM COST ESTIMATES 3 - -

In most programs it is necessary to operate within certain mone— 
I:

tary constraints, and the available funding obviously has major impact

on the technical capabilities of any system to be procured. Information 11 -

on costing is needed so that intelligent decisions may be made in order V
to obtain satisfactory equipment at an acceptable cost.

The Avionics Laboratory had access to the PRICE costing model de—

veloped by RCA , (Reference i~4). The model, stored in a computer , can

estimate the cost of a variety of items, including airborne electronic

equipment. To obtain the cost estimate , the values for the system non—

performance parameters were inputed into the model. These included such

items as weight, volume, parts count and power dissipation. The PRICE

model does not accept performance parameters such as power output, fre-

quency stability, receiver sensitivity , and reliability in a direct , dis—

crete manner. However, the PRICE model includes a memory bank in which

‘ is stored nonperformance parametric information for ( 1) equipment similar

to that under study, (2) cost information on this similar-(that is, re-

latable) equipment, and (3) equations or algorithms that establish rela-

tionships between the various parameters and cost , were largely developed
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as the result of past experience . The computer compares the parameters

of the new equipment with those of the equipment in its memory bank

applies the proper algorithms, and thus determines an estimated cost

for the equipment under study. Practical results have been obtained

by other Air Force users of the PRICE model, sometimes within 10 percent

• of the actual cost.

Battelle , as reported in AFAL—TR-78—135, separated the Ka—Band

H equipment under test into functional boxes , permitting characterization

of individual system performance modes [14]. Although the PRICE model

analyzed equipment only as blocks of hardware, the various hardware sub-

systems can be gathered into these same functional groupings. Table 5

lists some of the major contributors to system unreliability in terms

of percentage contribution to system cost.

Cost estimates for the Ka—Band SATCOM Set and for assemblies making

up the set were prepared using the PRICE model approach described in a

previous section and in Reference 14. Problem boxes were identified by

• the methods discussed in Chapter 3 and Appendix D as those subsystem

units which were most likely to fail. Particular attention was given

to these boxes to determine the cost effect of increases in their MTBFs.

These results are shown in Figure 13 which gives the cost—MTBF relation—

ships for these components. Trade off analysis using these results will

be r~repared by the methods discussed in Section IV and Appendix E.
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TABLE 
~ CONTRIBUTION TO SYSTEM COST

PERCENTAG E
IDENTIFICATION SYSTEM CosT

SELF TEST UNIT 7,3

REPORT-BACK DEMODULATOR 6.5
- - MESSAGE PROCESSOR 6.1

SYNC/DEMUX CONTRO L 5.6
CODE GENERATOR 14 ,9

Low NOISE AMPLIFIER 11.6

FORWARD/REPORT-BACK DEINTERLEA’/ER/DECODER 3, 7

HIGH VO LTAGE POWER SUPPLY 3, 7

HIGH POWER AMPLIFIER 3.7
CON FERENC ING DEMODULATOR/DECODER 3.1
I<A-BAND MODEM CONTROL PANEL 3.1
MODULATOR 2.9
ANTENNA POINTING ELECTRON ICS 2 .7

Source : AFAL-TR-78-135
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SECTION III

PERCENTAGE CONTRIBUTION OF A1’~ ELEMENT TO THE TOTAL SYSTEM

INTRODUCTION

The DEPEND Program, as described in Section II, has a unique capa-

bility for tabulating the values of a subassembly sensitivity to an as—

sembly - in terms of percentage contribution of each element or subassem—

- - bly state — to the unavailability , unreliability and undependability of

each defined assembly state. An example is given in Figures 14 and 15.

Thus, the relative importance of each element or subassembly state

to the malfunctioning or failure of the assembly can be observed. This

provides a rational basis for allocating resources to achieve improvement

of the assembly reliability and/or maintainability and. a basis for

specifying “ility” requirements for the element and subassembly to assure

that the assembly meets the “ility” goals.

TASA NR. 2 - TOTAL SYSTEM PERCENTAGE CONTRIBUTION

When the relative importance ranking procedure described in Appendi x

D of this report is applied to the functional hierarchy of the ADM Ka— - 
-

~~

Band SATCOM Set (TASA Nr. 2), the results given in Table 6 and Figures

i4 and 15 are obtained. These bargraphs and tables indicate that the

percentage contribution , as related to unavailability, unreliability and

undependability for two functional subassemblies , accounted for more than

40% of the observed total of 14 subassemblies. Thus, the Terminal

Transmission Subassembly (TASA 35—81) is the most significant contri-

butor as related to unavailability while the MODEM common functions

(TASA 108) ranked second .
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TASA NR. ’s 35 and 81 PERCENTAGE CONTRIBUTIONS AT SELECTED RUNS

The MTBF and MTTR for Elements 35 and 81 were varied in the manner

discussed in Section II. Table 11 is a compilation of the results given

in Tables 7 through 10. RUNS FIVE, SEVEN, and EIGHT data show that the

total percentage contribution in terms of unavailability for Elements 35

and 81 to TASA Nr. 2 is reduced when compared to RUN ONE data. This

would indicate an improvement in either MTBF or MTTR. However, cost will

be addressed in the next Section in terms of trade—offa to determine the

most economical alternatives based on selected runs in relationship to

a specified availability as a goal.

SUMMARY AND CONCLUSIONS

A prima~~ goal of the procedure for relative importance ranking of

each element to the malfunction or failure of the assembly was to iden-

tify the functional assemblies of the Ka—Band SATCOM Set that have the

greatest influence on the system “ilities.” The results of these studies

are described in Appendix D. The studies used the sensitivity tabula-

tions printed by the DEPEND Program. These tabulations are given in

Appendix D

Thus a capability was demonstrated that can be used to determine

which element could have the greatest influence on system “ilities” in

terms of various alternatives for a trade—off between cost and improved

performance. Improved performance could include reliability improvement

as a result of redundancy, derating, or redesign and maintainability

improvement which could otherwise require increased training, spares and

accessibility.f
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TABLE 7 
- 

PERCENTAGE CONTRIBUTION
SUBASSEMBLY TO s~s~~ 

RUN ONE
X_UNAVAILABILITY

__—_UNRELIABILITY
__—_UNDEPENDABILI~f _______

% Assy Assy ID % Assy Sys ID Number of’ Subassy %Subassy %Subass;
Sta~e—Sys State 

— 

Subassy 1~ , State to Sys

24.6 208.6 12.7 2.6 1 204 .7 10,9 21.1

21.1 204.7 33.5 1 200.7 33.4 21.1

21.1 200.7 36.7 1 39.6 28.1 161

16.]. 39.6 35.2 1 38.6 35.1 16,1

16.1 38.6 40.5 1 
E 
35.2 35. 0 13.9

4 16.1 38.6 40,5 1 
E 

5.4 2.1

16.8 208.4 13.8 2.4 1 204.5 12.9 15.7

15,7 204.5 23,5 3. 200.5 23,4 15,6

15.6 200,5 25.8 1 39.5 20.8 12,6

12.6 39,5 2 6 ,0  1 38.5 26.0 12,6

12.6 38.5 30.1 1 E 35.1 8 . 2  3.1-1

12.6 38~5 30.1 1 E 81.1 21.9 9.2

24.8 208,1 24.3 
- 

2.1 1 204.1 22.8 23.3

23.3 204.1 34.7 1 200.1 25.7 17.2

17.2 200.1 28.3 1 39,1 23.6 14.4

14.4 39.1 29,6 1 40.1 12.8 6,2

14.4 39.1 29.6 1 38.1 16.6 8.1

8.1 38.1 19.3 1 
— 

E 31” 1.8

8.1 38.1 19.3 
_ _ _ _ _ _  

E 32 1 
- 

7.8 3.3

8.1 38.1 19.3 1 E 33” 7.2 3.0

1414
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TABLE 8 PERCENTAGE CONTRIBUTION RUN FIVESUBASSEMBLY TO SYSTEM
________ 

X
__
UNAVAILABILITY

__—_UNRELIABILITY UNDEPENDABILI’l? 
________ =

% Assy Assy ID % Assy Sys ID ~umber of Subassy - %Subassy %5ubass~
State—Sys State Subassy ID State to Sys

A B C D E E A’ _ _ _ _

18.7 208.6 9.5 2.6 1 204.7 7.7 15.2
— 

15.2 204.7 26.6 1 200.7 26.5 15.1

15.1 200.7 30.0 1 39.6 18.6 9.4

9.4 39.6 25.3 1 ,38.6 25.3 9.4 
-

9.4 38.6 31.3 1 E 35.2 27.1 8.1

9.4 38.6 31.3 1 
E 3~~3 4 . 2  1 .3

. 1 2 . 0  2 0 8 . 4  1 0 .7  2 . 4  1 2 0 4 .5  9.9 11.1

11.1 204.5 18.Q 1 200.5 17.9 11.0

11. 0 200.5 20.3 1 39.5 13.8 7.5
7.5 39.5 18.1 1 38.5 18.8 7.5
7.5 38.5 23.2 

—___ — 

1 E 35.1 6.3 2.0

7.5 38.5 23.2 1 E 81.1 16.9 5.5

I-

29. 8  2 0 8 . 1  2 6 . 6  2. 1  1 2 0 4 . 1  25. 1  27.9

27.9 204.1 44.7 1 200.1 33.3 20.8

20.8 2 0 0 . 1  37.5 1 39.1 31.4 17.4

17. 4  3 9. 1  4 2,6  

_______  

1

__— 

40.1 18.4

17.4 
- 

39.1 42.6 1 38.1 24.1 
— 

9 .8

9 . 8  38. 1  29. 8  1 
E 

31 . 1  6 .5  2 . 1

9 .8 38. 1 29 . 8  1 
E 

32 . 1  1 2.0  3.9
9. 8  38 . 1  29 . 8  1 

E 33 ’l 11.2 3.7
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TABLE 9 PERCENTAGE CONTRIBUTION
— 

SUBASSEMBLY TO SYS T~~ RUN SEVEN
________ 

X
__

UNAVAILABILITY
__—_UNRELIABILITY

__—_UNDEPENDABILITY
% Assy Assy ID % Asay S~~ ID Number of Subassy %Subassy %Subass~
State—Sys 

B 
State 

D 
Subassy I~, State to Sys

16.0 208.6 8.3 2.6 1 204.7 6.5 12.5

12.5 204.7 23.3 1 200. 7 23.3 12.5

12.5 200.7 26.6 1 39.6 13.9  6.5

6.5 39.6 19.8 1 38.6 19.8 6.5

6.5 38.6 25.5 1 E 35. 2 2 2 . 1  5. 7
6.5 38.6 25.5 1 E 3.4 0.8

9.9 208.1-1 9.5 2 .4  1 204.5 8 . 8  

—

9 2  204 .5 15.1-4. 1 200 .5 15.3 9.1111
9.1 200.5 17.6 39,5 10.3 5.3
5.3 39.5 14.7 1 38.5 14,7 5.3
5.3 38.5 18.9 1 E 35”

5.3 38.5 18.9 1 E 81.1 13 .8  5~~~~6

_ _ _ _ _ ____-- _ _  _ _

31 .9  2 0 8 . 1  27 .5  2 . 1. 1 2 0L4~~.1 25.9  3 0 . 0

30.0 204.1 49.4 1 2 0 0. 1  36 .9  2 2 .4

2 2 . 4  2 0 0 . 1  4 2. 1  1 3 9.1  3 5.~~~~~~~~~~~~~~~~~~ 8 .8

1 8 . 8  3 9. 1  49.9 1 
— 

40.1 21.5
J 8.1

18.8 39.1 49.9 1 38.1 28.3 T 107
10.7 38.1 36.4 1 E3 1.i  7.9 2.3

10.7 38.1 36.4 1 E 32 . 1  1 4.7  4 .3

10.7
_ - 

38.1 36.4 1 ;.i 13.7 4.0

46
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TABLE 10 PERCENTAGE CONTR IBUTION

SUBASSEMBLY TO SYSTEM RUN EIGHT
X UNAVAILABILITY

__—_UNRELIABILITY
__—_UNDEPENDABILITY 

________

A Assy ID % Assy Sys ID Number of Subassy %Subassy %Subass~
State—S s State Subassy ID State to Sys

A B C D E E’ A’ ________

15.3 208.6 10.5 2.6 1 204.7 8.8 12.8_
-

12.8 204.7 21.8 1 200.7 21.7 12.8

1 2 . 8  2 0 0 .7  2 4.8  1 

— 
39. 6 12.7 6.5

6.5 39.6 17.7 1 38.6 17.7 6.5

6.5 38.6 22.4 1 E 35.2 17.7 5.1

6.5 38.6 22.1-I. 1 E 1-1.7 1.4

- _ ______  _______  _______  ______

.12.7 208.4 13.0 2.4 1 204.5 12.1 11.8

11.8 204.5 19.5 1 200.5 19.5 11.8

11.8 200.5 22.1 1 39.5 15.2 8.1
8,1 39.5 21.1 1 38.5 21.1 8.1

8.1 38.5 26.7 1 E 35.1 14.1 4.3

8.1 38.5 26.7 1 E 81.1 12.6 3.8

31.0 208,1 25.4 2.1 1 204.1 23.9 29.2

29.2 204.1 47.3 1 200.]. 35.3 21.8

21.8 200.1 40.].  1 39.1 33.5 18.2( ________ ________ _________ _______ _______ ________ _______

18.2 39.1 46.6 1 40.1 20.1 7.8

18.2 39.1 1-1.6.6 1 38.1 26.3 10.3

10.3 38.1 33•3 1 E 31.1 7.3 2.3
10.3 38.1 33.3 1 E 32.1 13.5 4.2

-__
10.3 38.1 33•3 

—____ 

1 E 33. 1 12.5 3.8

_____ —____ _ _  _ _ _
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TABLE 11 PERCENTAGE CONTRIBUTION TO ASSEMBLY TASA Nr. 2
UNAVAILABILITY BY ELEMENTS TASA Nr. 35 AND 81.

TASA Nr. ~~~.1 8]..]. TOTAL

RUN ONE 3.14 13.9 2.1 9.2  28.6 
4

RUN FIVE 2.0 8.1 1.3 5,5 16.9

RUN SEVEN 1.4 5. 7 0.8 5.6 13.5

RUN EIGHT 4 .3 5.1 1.14. 3.8 14.6

TASA Nr. 2.4 2.8 2.6 2.4 35 & 81

)

-

! I

148
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SECTION IV

TRADE-OFF ANALYSIS IN THE SUBSYSTEM DESIGN PHASE

INT~1ODUCTION

P. basic selection criterion for trade—off s during the design phase

of an avionic system is the dollar cost. The costs associated with

: each equipment design alternative are computed , and ~he least costly

alternative that provides the desired system effectiveness is selected.

The costs associated with alternative designs are composed of such cost

categories as design , development , acquisition and operation. The

general costs contributing to the categories discussed in this report

are shown in Figure 16. -More specifically , the equipm€ --~t design arid

development costs and maintenance or repair costs presented in this

study are hypothetical. -

=

Making an equipment more reliable will usually increase its irii—

tial cost. This increase can , however, be more than offset by econo—

r~ic.~ in maintenance and repair costs. When an equipment fails , there

- I is a loss of se~~ice which results in system unavailability , and

directly affects the mission . Also , it may be necessary to provide

one or more costly avionic systems as standby. Thus, the lower the re—

liability or maintainability , the more unavailable the system will

become and the higher the number of extra systems which must be provided.

Resides the increased equipment unavailability , there is the increased

c’ust of repair and maintenance.

As dis’ussed by Bianchard and Lowry in their text entitie.]

L ____ -
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—

DEPEN1ABILITY

AVAII4BILITY

£
RELIA~ILITY MAINTAINYBILITY

Cost of Failure Reporti ig Maintenance and Repair Cost

Related Cost of Design and Spares Cost 
F 

-

Development
- 

Related Cost of Design and
Manufacturing Costs Development

Quality Assurance Testing

4 Standby Equipment-

Total Repair Manhours

Technician Training

Cost of Testing

I
Figure 16. General Cost Categories relating to the

Equipment Reliability and Maintainability
Design
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“Maintainability” , trade—off techniques must not depend on an in—

tuitive process when considering increasingly complex systems and re-.

suiting high cost in making -~ realistic decision [14 J .  One trade—off

application, for example, is that of cost of design for system relia-

bility improvement versus cost of design for system maintainability

improvement, in order to achieve a specified system availability at

a minimum total life cost.

Trade—off analysis at the system level should be initiated in

the conceptual phase of a program to assess minimum investment before

design finalization and resulting costly retrofit later. Trade—offs

at subsystem levels are normally conducted during the definition

phase , while trade—offs at the detail level will, in all probability,

be accomplished in the advanced development and acquisition phase

of the system.

MINIMIZING TOTAL SYSTEM COST

The initial step in any optimization procedure should be an

examination of the various alternatives for possible trade—off between

‘
~~ the Research and Development (R &D ) investment and the annual operat ion

and, maintenance cost. As discussed by Seiler in his text entitled

“‘y~tem Cost Effectiveness”, the totil system cost may be reduced

without changing system effectiveness , by adjusting the balance be—

tw’-’--r~ the R&D investment and operetion costs whErein the total cost,

~+I+ , is a minimum [27). i~eriod costing is the most commonly

* used method of comparing the cust of alternative systems over a set in—

terval of time . It. represents the su.nmary of all system costs for a

I
51
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fixed period of time , including annual maintenance and operating cost,

plus the annual equivalent cost of R&D investment at an interest rate

of 9% for a total system life use of ten years.

Cost estimates for the Ka—Band SATCOM Set under this study and

for the assemblies making up this set were generated by Battelle,

using the PRICE MODEL approach described in Section II , in Appendix B

of this report and in Technical Report AFAL-TR—78—135 [i14]. The sub—

systems units most likely to fail were identified. Particular atten-

tion was given to these units to determine the effect of cost increase

based on changes in their MTBF’s. Finally, one subassembly, the High

Voltage Power Supply, was selected for trade—off techniques demonstra-

tion. Figure 13 in Section II illustrates the relationship of increas-

ing cost to MTBF improvement, suggesting that the cost to MTBF ratio

for the item under consideration shou3d be viewed as a square function.

However, an improvement in assembly maintainability, which is a re—

duction in restoration time by a factor of 2, would result in an in-

crease in acquisition cost of 7%, as discussed in AFSC Design Hand—

book 1—9 [32]. This would suggest that the sane increase in the equip—

-- - ment availability would result in a substantial cost increase when

reliability improvement is addressed, but a small increase when main-

tainability improvement is considered. This would demonstrate that

for similar increases in system availability, the maintainability

equipment cost would be less.

A minimum cost decision model was used in computing the results

reported in Tables 12, 13, 114, 15, and 16. The model is described in

I
52
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Appendix E, with calculation p?ocedures and base line assumptions as

presented. The MTBF was varied from the base line RUN ONE with MTBF

to MTBF (BASE) ratio as 1.0 to RUN FIVE when the ratio is 2.0. The

corresponding availabilities value were computed using the TASA/DEPEND

program as described in Section II and Appendices A, B and C. Also,

the exponent n of the MTBF ratio (x) was varied, as shown in Tables 13,

ih, and 15. —

In RUN EIGHT the MTBF ratio was set to 1 and the exponent n of

the MTBF ratio was set to 2. The MTTR values for Elements 38 and 81

were set to one hour, The results are in Table 16 in terms of avail—

ability as given in Appendix C. The results of Tables 13 and 16 are

presented in Figures 17 and 18.

RELIABILITY IMPROVEMENT COST ESTIMATES

Table 12 lists the data stored in the data register of the Pro-

grainznable Calculator TI.-58 with the output as printed on the PC—100A

printer [31]. The program coding and user instruction are given in

Appendix E. The computation procedures are also given with definition

- 
- for the various parameters such as N, I, Mr ,  etc. A base line , RUN ONE ,

was established with a MTBF ratio of Mr=l, and exponent n of 2. Repair

cost for one failure of 11K dollars, equipment acquisition cost of

$1406K, MTBF of 328 hours, N of 10 year operation period , and I rate

per ye~tr of 9% were assumed. The MTBF ratio (Mr) for minimum cost

was calculated as 1.127. This was based on the assumptions discussed

in Appendix E, resulting in a total annual equivalent cost (TC) of

58
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$241,042. Table 13 shows again the minimum cost at $241,042 and in—

creasing cost at RUN ONE, (Mr 1), and RUNS TWO , THREE , FOUR , and FIVE..

Also, as the MTBF is increased from 328 hours to 656 hours, availability

increases to 0.9965 with approximately a 50% increase in total cost

from minimum total cost.

In Table 14, x~ was set at 1.5 and in Table 15, n equals 1.0 as

F a straight line cost model , At n = 1.5, the minimum total cost is

$233,073 with a MTBF ratio of 1.295 or 1.3 which is nearly the same

as RUN THREE with an availability of 0.9953. At n = 1.0, the minimum

total cost is $214,073 with a MTBF ratio of l..692 or 1.7, which is

nearly the same as RUN FOUR with an availability of 0.9959. However ,

based on the findings of Battelle using the RCA-PRICE cost model, as

reported in reference 14, an exponent n of 2 will provide a reduc—

tion in cost estimate for the Element 35 under study. Another al—

ternative under consideration was a reduction in restoration time

(MTTR ) as an improvement in maintainability , RUN EIGHT, as shown in

Table 16.

MAINTAINAB ILITY IMPROVEMENT COST ESTIMATE

In RU1~ EIGHT , the MTBF was set to the base line of 328 hours and

- 

- 

the MTTR changed to one hour. This resulted in an availability cal-

c’~1ation of 0.9970 using the TASA/DEPEND MODEL. Since the MTTR

was reduced by half , the acquisition cost of $506,000 for the item

und- r study was increased to $435,520. This is based on the down—

time cost relationship as discussed in A?GC I)esign Handbook 1—Q

6i
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for maintainabilIty- [32]. Since data consisting of observed equipment

down time and Research and Development initial investment cost factors

affecting maintainability are not readily available, a very simple

logarithmic formula , given below , can be used to represent the mi —
tia.l element s of the equipment maintainability design and develop-

ment cost. Maintainability acquisition cost (COM) = 0.1 CD Ln Im,

GD is the state—of—the—art acquisition cost. Im is the maintain—

ability improvement ratio of the state—of—the—art downtime per

failure to planned time.. Thus, the equation shows that halving the

active repair time, Im = 2, adds 7% to the acquisition cost.

SELECT OPTIMUM COST TO PERFORMANCE DESIGN WITH CONCLUSIONS

The cost to performance trade—offs for the equipments under

study were addressed in terms of variation in cost to MTBF and cost

to MTTR. See Figure 17. An Alternative A was based on minimum cost

as the MTBF was varied with MTTR fixed , while Alternative B was based

on changes in MTTR with a fixed MTBF for Elements 35 and 81. Both

of the alternatives are presented in Figure 18 in terms of availability

- ‘ and its values of MTBF or MTTR. The ratio presented in Figures 17

and 18 demonstrates that the total cost of an equipment can be mini—

mized . However, the minimum cost must be weighed against mission re-

quirements. Therefore , Alternative B would be the better choice 
- -

because the availability was increased appreciably at a modest in—

crease in total costs. j
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

A practical approach (TASA/DEPEND Program) for analyzing sys-

tem “ilit ies” has been demonstrated. This approach provides an anal-

ysis tool for studying the impact of changes In mission use profile

on reliability,  availability and dependability so that mission plans

can be enhanced with respect to achieving design objectives as re—

lated to cost . An important feature of this analysis approach is that

the impact of malfunctions and failures are separately assessed. This

makes It possible to directly relate the contributions to hardware

module reliability and maintainability to functional block performance.

Such studies provide a means for concentrating reliability and main-

tainability resources in areas that will provide the maximum system

improvement. Also, a rational basis for trade—offs between reliability

and maintainability requirements is obtained in relationship to cost.

Thus, the DEPEND Program can be a valuable tool for management of

reliability/maintainability programs, development of requirements for

-
‘ procurement specifications, evaluations of the “ility” impact of en-

gineering changes and the assessment of testing programs.

- 

- 
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APPENDIX A

- 
TASAJDEPEND PROGRAM 

-

INTRODUCTION AND SUMMARY

This appendix discusses the use of the DEPEND computer program to obtain

values for dependability, availability, reliability arid related performance

parameters for all the assemblies of a system ’s functional hierarchy . The

model used with this program provides for the use of alternative malfunc~-

tion and failure definitions and calculates the corresponding probabilities of

assembly malfunction or failure; that is, the undependabilities, unavailabili-

ties and unreliabilities. The DEPEND program keeps track of all the organi-

zational details of the model and performs the arithmetic as well. The mathe-

matical basis of this technique are described in Appendices B and C of this

report.

The mathematical models , details of the analysis methods and the results

obtained in an analysis of an airborne EHF communications terminal were pre—

aented In final project report; (Reference iS). Part III of this report

is a tJs~r’s Manual, containing instructions for use of the TASA/DEFEND method—

ology. The complete analysis procedure consists of the three processes, (1)

Tabular System Analysis (TASA), (2) acquisition of the required functional ele—

- - ment data (MTBF or M9’FR) and (3) computation using the DEPEND computer program .

TABULAR SYSTEM ANALYSIS (TASA)

The basic TASA concept as developed by Mr. Jim Drennan of Battelle, is

described as a nested organization of interdependent and interacting devices

operating to accomplish a specified function [8]. . To assess over all sys—

tern dependabil ity, availability, or reliability , it is necessary to consider

these qualities in the individual components and subsystems which are the

65
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constituent elements. Such an assessment requires consideration of the

consequences of malfunctions or failures occurring in the various subsystems,

both singly and in combination, in terms of functional states of components

and other assemblies that can be defined in an overall description of the

system.

The first step in an application of TASA is to develop a chart or charts

showing the functional relationship of the elements , assemblies and subsystems

that make up the system. The partitioning of the system into functional as-

semblies is not critical with respect to the DEPEND program. However, it is

recommended that the partitioning be done in a way that simplifies the deter-

mination of the consequences of malfunctions or failures; that it simplifies

the functional complexity. =

An example of a functional hierarchy that describes the upper levels

of the airborne Ka—Band SATCOM Terminal is given in Section II, Figure 6.

The numbers in the lower left hand corners of functional blocks are assigned

for use as identifiers throughout the analysis. The Ka—Band Terminal has

three primary functional links, the forward link , the report—back link and

the conference link as discussed in Section II. Part of the system elements

are functionally common to two or more links . Functionally common means

that a malfunction or failure will cause more than one link to be degraded

or inoperative. It is also necessary to consider the system initialization

(start—up ) function and the primary power source.

It is important to recognize that function is distributed across time

as well as across hardware components. This Is illustrated in Figure 6

of Section II by noting that the three links of the Ka—Band Terminal operate

66
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for different lengths of time during a. mission. To simplify the logic

as well as facilitate computations , functional blocks have been added

to express the transition from one functional cycle of use of a specific

assembly to the transmission or reception of one message arid ultimately

the total nu~uoers of messages transmitted and received during the

mis si Qfl.

During the development of the functional hierarchy for the system,

mutually exclusive functional states are defined for each assembly

arid subassembly in the system hierarchy. Thus, the functional state

of the system is represented as depending upon the functional states of

the next lower level assemblies and so on down to the lowest level sub—

assemblies (elements) for which meaningful functional states can be

defined. The resulting arrangement of assemblies and their functional

states may be thought of as a state tree. The state tree (See Appen—

dlx C) is similar to the fault tree of Fault—Tree Analysis and, indeed ,

that is its origin. However , the state tree is not limited to faults

and -an include almost anything pertinent to the system ’s function [5].

Furthermore, because TASA considers all possible combinations of states,

th~ TASA state tree corresponds to all of the possible Fault Trees for

the system together with the trees associated with other states that

are not actually faults. The approach is demonstrated using TASA

Nr. 104 in Appendix C, Figure C—l .

The third part of bhe TASA is the engineering determination of the

functional state of each system assembly based on various combinations

of the functional states of the constituent assemblies. Tabular work

67
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- sheets are provided for TASA use that list in a systematic manner Se-

- 
- lected combinations of input assembly functional states. With these

tables, up to 697 separate engineering decisions can be made and doc-

umented in the analysis of each assembly [14] (Table C—2).
- 

The basic concept underlying this part of TASA, as discussed in

Appendic C, is to assume a particular combination of the !unctional

states for all of the subassenthlies that make up a given assembly and

then make an engineering estimate of functional consequences in terms

- of the assembly functional state that would result. This process is

- 
repeated for all combinations of subassembly functional states under

the practical constraints that no more than 3 subassembly functional

states will be varied simultaneously. —

DEPEND PROGRAM FUNCTIONAL ELEMENT DATA ACQUISITION

MTBF and MTTR data are required for each malfunction and failure

state defined for each functional element of the system. In the early

- stages of system development, when the emphasis is placed on “ility”

— prediction, the procedures of MIL—HDBK—2lTB and AFSC DH 1-9 can be used

- to predict the MTBF and MTTR for each element malfunct ion and failure

- state [231 [22]. The resulting DEPEND outputs are the “ility” predic—

tions for the system. Where actual experience data are available for

the functional elements, these data can be used. In this case the

DEPEND outputs are an “ility” assessment of the system. Bayesian

combinations of predicted, experience and test data can also be used

to generate a practical set of element MTBF and MTTR values. One pro—

- 
cedure for making such combinations is described in Part 1 of technical

68
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report AFAL—TR—78—l35 [1)4]. In any case, the credibility a.:~ inter—

pretation of the analysis results will depend on the validity and choice

of the element data used. Thus, it is necessary to document an-i sub—

stantiate the source of element MTBF and MTTR values used as input for

the DEPEND program.

USING THE DEPEND PROGRAM

The DEPEND program runs in batch mode from a punched card deck

that consists of a control record, relocatable binary program, and four

data records, as discussed in the User ’s Manual by Drennan [1)4]. Op-

eration of the DEPEND program requires the user to supply four types

of data: (i) output control data; (2) assembly identifications and

functional state definitions; (3) element MTBF and MTTR values; and

(4 )  functional operation data, structure data and fault consequence - -

-data. =
Job Control and Data Records . The operation of the DEPEND computer

code to perform the TASA calculation requires a job control record

which utilizes a relocatable binary program deck.

ii
0ut~ut Control and Title (Table A—i ). The first data record consists

of an output control card, followed by up to five title cards. The

first card of this record (output control card) contains four logical

values and the ATTR Weighting Factor, all separated by commas. A .TRTJE.

value of the first logical variable will cause a listing of the state

identifications to be printed . If the second logical variable is .TRUE.,

a listing of the element MTBF and MTTR values and a listing of the

- 

- 

corresponding reliability/unreliability and availability/unavailability
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values are printed . Setting the third logical variable to .TRUE.

causes the analysis tables to be recorded and if the fourth logical

variable is .TBUE., the percentage contribution tables will be re—

corded .

The ATTR Weighting Factor is used by the program whenever the cal—

culations involve states incuding more than one malfunction. In such

cases, the largest of the pertinent restore times is extended by a por—

tion of the sum of the other pertinent restore times. If the value of

the Weighting Factor is zero, only the longest of the pertinent restore

times is used. A Weighting Factor value of 1.0 will cause the sum

of the pertinent restore times to be employed in the calculations . In-

termediate values of the Weighting Factor will cause a corresponding

portion of the summed restore times to be used. The first card of

Table A—l i l lustrates the control card format for the case where some

of thL- outputs are required and the value of the ATTR Weighting Factor

is 0.8.

A~~e:bIy Iden t i f i ca t ion  and Functional State D e f i n i t i o n  ( Table A—i).

The second data record consists of identification of all the el—

ements , ~ubassemblies and assem blies in the system and def in i t ions  of

L h c i r  funct ional  s tates.  The cards may be in any order , but it is

~- -~-~ommendeIi tha t  the numeric  sequence be retained within cards for a

1~ iv~~t f’ur ic t ional  block. The f i r s t  three columns of each card are the

ider~~i~~ cation numbers ~i~:signed for the element , subassembly or assem—

bl .i. ; the four th  -~ iunn is a (lecimnal point ; and the  f i f t h  column is the

:~Cate number in the rRn -: Irom 0 to B . ~3tate number 0 is used to

a 
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denote the element s subassembly and asserth ly identifications. The

alphanumeric identification corresponding to the numeric identification

appeai~ in columns 11 through 80.

Element Data (Table A—2). Data Record THREE contains the input data

- 
- 

for the analysis elements in the form of MTBF and MTTR values for each

malfunction arid failure state. If the number of element states (column 5)

is greater than 14, the MTBF and MTTR values are continued on a second

card starting in column 16. The element number must be repeated on this

card in columns 1—3 and 76—78 and the sequence number 12 is punched in

columns 79—80. Examp1e:~ TASA Nr. 108.

System Functional Model (Table A—3 ). Data Record Four must contain an

entry for each nonelemental assembly in the system. Each such entry

will consist of two or more cards. The first card describes the char—

acteristics of the assembly . The model data for the assembly is entered,

starting with the second card. This data consists of the consequence

assignments from the TASA Work Sheets. There may be up to 691 such

assignments, depending upon the number of input malfunction or failure

states. These data are entered with 25 values per card (26 for the

first card).

TASAJDEPEND ANALYSIS DEMONSTRATIOT’I

In the following pages, example computer printouts are given, pre—

senting results of the analysis for the Ka—Band SATCOM Set. These anal—

yses are based on data obtained from the results presented in AFAL—TR—

78—135 and AFAL—TR—78—145 [114], [3].

Element Data List ings .  Several types of out puts relating to the element
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data are printed by the computer. These are: input card images,

numerical list of elements processed , and optional listings of pro—

cessed element data. To provide a record of the element data used in

the DEPEND run and to aid in the correction of errors or changing of

input data , a card image listing of the element data record is print—

ed. An example of this output is shown in Table A—2 and A—14. Also,

in Table A-~4, MTBF and MTTR values for various RUNS are given. By set—

ting the second field of the output control card to .TRUE., two listings

are ordered by increasing the numeric label and including the element

identifications and the functional state definitions. Also included

are the data for the number of functional cycles and use time per func—

tional cycle. The first listing documents the MTBF and MTTR values.

An example of this listing is shown in Table A—5 . The second listing

shows the calculated values of reliability and availability based on

these data. An example of this output is shown in Table A—6 .

Input Data Tabulation. The input data tabulation (Table A— 5 ) lists

the ELEMENT LABEL , which is an identification number for each element

followed by a listi~ig of the DATA IDENTIFICATION , which describes

each data element . The elements include functional blocks of the sys—

tern and the various possible states of malfunction or failure of

these blocks , as used in the analysis.. The functional blocks can

be r eadily ident i f i ed , because the element label number associated

with them has a zero following the decimal point. Thus, element

label 035.0 is the Ka—Band transmission subgroup. The various

malfunction states for the Ka—Band transmission are then listed under

element. label 035.0, but with various numbers following the decimal

75
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TABLE ~~~ ELEMENT DATA INPUT FOR VARIOU S RUNS

ELZM~~4T DATA THPuT -
— 1. €.. c~ 1.j !cL ,. ..3 1.3

11. 1 ~. 4.2 5a177F G~ ’Z 1.0 
___________ 1~eC1

O’I. 1 
- - 

1 E3~ • 1• 175~. 4 ’.2 1.9 2~~ -1
3 2 2  1 1 ~J 3 .  t . t 9 P E e f 2  t . 5
04C 2 1 ... 2 3 3 2 . d  i . ? 5 2 5 1 5 s . 0  2 . 0

- - 31 1 1 ~~~~ 1~~47 .67 1.0 
- - 

3j ~ j
32 2 1 . .2 1927 . o2 2. 1? 1379u. t  0.5
33 1 1 4 .2  ?Z 6..1 0 ri .76 

- -  ______— - 
$ 3 ~~i —— 

3 3 o 3 
- 

~ ~..2 3~~ 2F . i ,  1 . 3  4 5 7 3 . u  1.0 1~-~ ’O.U 3.5 
-— 

C 3 4 ~~1&35 3 1 4.2 169~~.0 i.~ ~ 350.3  3 .42  5110 .0 2 .0  03501
C~~~1 1. 1 4 . 2  i~~9~~.J ~.0 0~ 102 - ‘I
305 1 

- I 1.• ~ 12.~i.0 - 1.0 
- - ~.95C1

101 2 1 w.2 8~~1.3 0.91. 2599 .0  9 .90  
—

~~ 

- - - 
1314 1

102 2 - £ 4.2 is i2e.a. ~..5 65~~.3 1.0  102C 1 - 
-

13~~ 2 1 4 .2  1395 .1 13~~5 59!.1 0.99 t~~331
190 - 1 4.2 5~ Q •75 C . 5  0 ?( a S ? GC 0 .  0 .9  4834 7 .9  0 .5  1071.1 _ C . 5  1i~90~.
13’ 4 .2  5 i , . U  C . 5  12541.3 0 . 5  1120.01 1.97 10401.7 0 .5  1~~ C2
1l~ 1 1 3.~a. i.Z- C- .~

,
~~3 ~.5 11~ 01

121 1 1 6130. t .e:-~~.r5 0 .5 L21~~1
-- 12 2 1 - -  1 Our . . i . ?~~~ ?U~~~~ .4  1 3.5  — 1220j_ ,,

166 2 1 .-,3 ,  5.0(91+ ,3 4 .5 5.3-33E.03 0.5 - L66Ci~

ELEMENT 035 AND ELEMENT 081 
- - -  -

; 
{

RUN ONE MTBF X 1.0

RUN TWO MTBF X 1.3 
- —

RUN THREE 141SF X 1.5 
—- —-

RUN FOUR 141SF X Li 
—- ___.__ .._i_

RUN FIVE 141SF X 2.0

WiN SIX MTBF X 2.5 
--

RUN SEVEN MTBF X 3.0
RON EIGHT 141SF X 1.0

M T T R - L 0  — - ----- -

- —-. 
- - -~~~ - - a-~~ .. ~~~ T. ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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point . Element label number 35.1, for example, and its associated

data identification , “Degraded RF Power Output (50 watt mu.)” pro—

vided the information that the transmission subgroup was in a degraded

state at the elemental level.

The column headed CYCLES contains a 1 or a 0, indicating that

the functional block listed is or is not used during the mission

for which the specific analysis is being performed.

The column headed USE,SEC lists the number of seconds required

to complete one functional cycle of the subject functional block.

Thus element ~.O, the SATCOM Terminal (Primary Power), for example, —

is used for 36 ,000 seconds ; that is, for the entire ten hours of the

mission described in the main body of this report. The functional

cycle duration for most function al blocks is 11.2 seconds, although —

there are several exceptions. —

The column labelled MTBF, FIRS, lists the MTBF associated with

that assembly or malfunction, in hours (It should be remembered

that these figures constitute an input to the computer program). This

column, and the last column (MTTR ,HRS ) , at the basic building block

level, contain data generated during flight test, received from man—

ufacturers, etc.. The results obtained for the higher functional

levels are based on the data for the basic building block level.

ANALYSIS SCH~~ULE

The actual operation of the DEPEND program is to perform the corn—

putations for each functional assembly separately once all the nec—

essary input data are available. Prior to the start of any compu—

tat ions, a scheduling routine is used to determine the order in

79
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which the computations will be performed. This routine prints the

resultant analysis schedule, showing the elements/subassembiies used

by each assembly and the next assemblies to use the results obtained.

Since the order of the printed results are in the order in which corn—

putations are performed, this Analysis Schedule is an index to the

results and to the State Assignment Listing described above. An ex—

ample Analysis Schedule is shown in Table A—i.

ANALYSIS SUMMARY

The results of the DEPEND calculations are output in both tab-

ular and statement form . A title page is provided to document the

date and time of the DEPEND run and the title of the analysis. An ex—

ample title page is shown in Figure A—i .

Tabular Summary of Results. The results of the “ility” computations

for each functional assembly are printed in an Analysis Summary on one

page of the computer output. An example Analysis Summary is shown in

Table A—8. At the top of the summary , the assembly is identified to-

gether with the other assemblies which use it, if any.

Next are listed the subassembly or element state data employed

in terms of the probability of state occurrence during use (unrelia-

bil i ty ) and unavailability. The entry , ENT , following the label de-

notes an element , while CMP denotes a subassembly . The number of

functional cycles, the time used per cycle and the average restore

time are also listed . Note that the unreliabilities and unavailabil—

itjes for the assembly functional states are only printed in the

Analysis Summary for the next level assembly where it is used . In

8o
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the case where the assembly is a top level one, a separate listing is

printed on the next page to record the “ility” data and the undepend—

ability, unreliability and unavailability for each non—normal state.

An example of’ such a System Data listing is shown in Table A—9.

I-~eferring again to Table A—8, the second part of the Analysis

Summary records the probabilities of occurrence of each functional

state defined for the assembly . The probability of normal operation

is the dependability, while the probabilities of occurrence of the

other functional states are the corresponding undependabilities. An

extra “residual” state i~ included to account for the occurrence of

states not explicitly defined, including those cases of four or more

simultaneous state occurrences. Included in this part of the summary

are calculated predictions of the average time between occurrences of

the non—normal states and the average time to restore normal operation

after such an occurrence.

The combined prediction for ATBO expresses the average time be-

tween occurrences of any of the non—normal states. The combined ATTH

is the average restore time, taking into account the probability of

occurrence of each non—normal state.

Statement of Results At the bottom of each Analysis Summary is printed

a statement summarizing the operation , “ility” results , expected num-

ber of occurrences of non—normal states, and the delay that the system

user is expected to experience in case of a malfunction.

Functional ~odel Data Listings

The DEPEND Program output includes two types of listings to doc—

ument the functional model data. These are a listing of input card

~~~~~~~~~~~~~~~~~~~~~~~~~  --
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images and an optional listing that reproduces the TASA work sheet

format to show the details of the state combinations and consequence

assignments. The listing of input card images from the model input

deck documents the data used for the DEPEND run. It is a primary

means of tracking down errors an-d debugging the model data. An ex— • -

ample of this listing is shown in an earlier section. The system

• functional model (Table A—3) is actually documented in the TASA work

sheets. Setting the third field of the output control card to .TRUE.

causes the computer to reproduce the TASA data in tabular form. It

provides a printed record of the TASA, including the identification of

• the elements, subassemblies and assemblies and the consequences deter-

mined for each combination of element/subassembly states for each

assembly. As a general rule, once the model has been debugged and a

finalized copy of this listing obtained, the listing will not be printed

for runs made with updated element data. However, this listing does

provide comprehensive documentation of the model structure and

• consequence assignments used for the DEPEND run. An example page o~

this State Assignment Listing is shown in Figure C—5 of Appendix C.

The total listing for a system of any size is quite large. A title

page is provided for the listing, so that it is an independent doc—

umentation of the model.

OPTIONAL SENSITIVITY TABULATIONS

When the fourth field of the output control card is set to .TRUE.

in Table A—l, the DEPEND program will output the results of sensitiv-

ity calculations for each assembly .
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Percentage Contribution Tabulations. The results of the sensitivity

calculations are presented in terms of the percentage contribution of

each element or subassembly state to the unavailability, unreliabil—

ity and undependability for each defined assembly state. An example

page of the output is shown in Table A—b . From this tabulation the

relative importance of each element or subassembly state to the mal-

functioning or failure of the assembly can be easily observed. This

provides a rational basis for allocating resources to achieve improve—

ment of the assembly. It also gives a basis for specifying “ility”

requirements for the elements and subassemblies, to assure that the

assembly meets it’s “ility” goals.

Tracing System Sensitivity. The number of possible paths involved in

tracing the percentage contribution to system undependabilities , relia—

bilities and unavailabilities makes using a computer routine for this

purpose impractical . A large amoun t of output would be obtained for

the large number of low or zero percentage paths which are not of in—

terest. However, a simple calculator procedure has been developed that

can be used to evaluate the significant percentage contribution of

components to the system undependability, unreliability and unavail—

ability.

- - The assembly sensitivity tabulations from the DEPEND program re—

suits are used in a top—down chain calculation, as discussed in

Appendix D.
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APPENDIX B

TASRAJTASA MODEL

Th~ standard TASRA model discussed in AFAL—TR—78.-l35 has been

modified by Battelle Columbus Laboratories (BCL) to provide availabil—

ity and dependability information. The modified model was renamed

Tabular Systems Analysis, TASA. The general mathematical model used

for the combined availability/dependability analyses and predictions

is described below. A primary objective of the development of this

model by BCL has been to orient it toward the user. From the user’s

viewpoint, the performance of the Ka—Band SATCOM terminal, for example,

is measured by its availability at the time the user needs to send or

receive a message and its availability to meet a mission profile which

defines the numbers of communications that must be completed for each

alternative communications mode as functions of mission time. One

specific measure employed is the dependability; that is, the probabil-

ity that a specified number of communications will be initiated and

completed without the occurrence of delay resulting from equipment

malfunction. A second measure of terminal performance is “expected

communication delay” which is defined as the “best estimate” of tise

t- i dela~v in completing a coni~unication that results if the equipment mal—

k func t ions .  The relationships of dependability , ( D ) ,  and expected com—

mu:i icat io n delay , ( E C D ) ,  to the rel iabi l i ty ,  availabil i ty,  and oper—

• ational uca~-e of the f unctional  assembl 5 es of the system are described

in the followini’ rLathernat 1~ al development .

The following definitions were developed by Mr. James Drennan

of ( BCL) and presented in Reference ~~~

‘U).— ..6.~~~ •
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(1) Reliability, R, is the probability that a specified

function , which is initially in a normal operating

state, will continue without malfunction for a spec—

ified length of time.

(2) Availability3 A , is the probability that a specified

function is in its normal operating state at a

specified time.

(3) ATTR is the average time to restore a specified

communication function after occurrence of a spec—

ified malfunction state by the use of a specified

process of replacement, repair, or the utilization

• of degraded or alternate communication modes.

( 1~) ATBO is the average time between occurrences of

a specified malfunction state.

The ATT R and ATBO are estimated at the elemental subassembly level

of the system, by values of the mean restoration time (MTR ) and mean

time between failures (MTBF ) respectively, that are determined by

conventional reliability and maintainability approaches and provided

as data input for the model. For the higher levels of the system

hierarchy, the ATTR and ATBO values may be determined similarly to

interpretation of MTR and MTBF values obtained from conventional re—

liability and maintainability analyses. However , the ATTR and ATBO

parameters are more realistic and user oriented than their conventional

courterparts.
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Reliability is a conditional probability, the condition being

that the specified equipment functions are initially in an operational

state. It follows that the unconditional probability that the specified

functions will be in their normal operating states at a specified time

and will continue to operate without malfunction for a specified period

is given by the product of availability and reliability. This is the

dependability of one communication:

D = A . R  - (B—i)

The binomial distribution is used to express the probability that the

specified functions will be dependable for each of a specified number, M,

of independent trials, This is the mission dependability defined earlier

and expressed as:

“ D(M) A(M)RM . (B —2 )

It is postulated that a number , K, of malfunction states are defined

in addition to normal operation for each functional assembly and subas—

sembly of the Ka—Band terminal. Let MTBF..k denote the specified value

of the mean time between occurrence of the malfunction type in the

j~-~ elemental subassembly of the i~~- functional assembly and MTRiik is

the corresponding specified mean time to restore the communication cap—

ability . The term t
o 

is used to designate a time when it is desirable

to initiate a communication that uses this subassembly . The subassembly

iG required to operate normally for a time, t~~ , to complete the corn—

munication . The Poisson distribution is used to express the subassembly

reliability :
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k-i 
e u k  

e k-i 
MThF

IJk 
(B-3)

where K denotes the number of communications disrupting malfunction

- thtypes that can occur in the 3— elemental subassembly.
S 

The following additional definitions and subsequent mathematical •

developments were prepared by Mr. Drennan of BCL (Reference 114).

— length of one functional cycle (mission)
of the i~ -~ assembly consisting of I elements. S 

-

th
t = length of one use of the j— element of the

i—- assembly .

N = number of uses of the element during one
functional cycle of the 1— assembly .

MRT = mean time to restore system operation following

occurrence of the k— type of failure or mal—
th thfunction in the ,j— element of the 1— assembly.

ATBO = mean time between occurrence of the k~~ failure -‘

or malfunction state of the j— element of the
thi— assembly

— 

MRT
ijk

ATBO
jJk

UA’
IJk 

— l — e

— initial unavailability of the J-~~ elemen t of the
i~~ assembly associa ted with occurrence of the
type of failure or malf unction during an interval of
dura tion MRT~ k

— ~.U_
t
ii

— i - e ATBOjJk

— unreliability of the jth element of the i~~ assembly
associated with the occurrence of the k~~ type of
failure or malfunction during uses .
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The number of standby intervals prior to the N.3 uses of the

element of the i~~ assembly is N .3 . Excluding the interval prior to

the first use , average length of these intervals is (T . — N
13
t
1~
)/(N

1~
_l).

Hence , the probability of occurrence of the failure or malfunction

state of the j~~~ element during these standby intervals is the standby

unavailability.

T - N . t
— ~~ (B—1-1-a)

UAS
iJk 

— 1 — e ATBO
IJk 

; [(T
1 

— ~~~~~~~~~~~ — 1)1 < MRT
iJk

— 
— 1) MRTIJk 1

— 1 — e  
~, 

ATBO
jik .1

[(T
1 

— N~~t1~
/(N

1~ 
— 1)) > MRT

1J 
( B—kb )

The case of Equation B-14a considers an initial interval of length MRT .jk

and. (N .3 — 1) intervals between use. Equation B—1Lb results because the

unavailability at a time earlier than one MRT . .k  before use is zero. In

this case there are N .3 intervals of length MRT . .k  during which the occur-

rence of a failure or malfunction will affect the assembly availability .

The unreliability, UR ..k~ 
is the probability of occurrence of a

failure or malfunction during an interval of duration, t~~ , and is related 
• -

• • 

. 
to the ATBOiJk by:

- 

( 
~ij

~ATBO (B—5)
UR 1 — e  iJk

iJk

Combining equations B—I4 and B-5 gives an expression for the standby

unavailability in terms of the unreliability :
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• (T1
_N

11t1~
)UAS

IJk 
I — (l4JR ij k ) 

t j~ ; (B—6a)

c MRT
jJk

[(NiJk l). MRT
}

— 1 — (l—uR 1~~ 
tjjk ; (B—6b )

[(T
i
_N
j1tjj

)/ (Njj_l))> )IRT~Jk

Now the initial unavailability is defined as:

MRT .

UAO
IJk 

= r — e 
— 

~~~~ijk 
(B- T ) p

The combined unavailability is seen to be :

UA jjk = l_ [(l
~
-uAOjjk) 

. ( l—UA S 1~~ ) ]

[T i
_N
ij~~~~

jl_ (i_UAo jjk ) (l_uR jj k ) ; (B—8a)

< MRT~J~

[(N jj_l)MRTiIk]

— 1 — (l_UAO
ijk

)(l_UR
jjk

) 
t
1j (B—Sb )

E (T~
_N
jjtjj

)/(
~jJ

_ 1)I
~~.~

RTjjk

9~

—---
~~-•‘ - - —

- •s_S , .. —LS.4__ t~ , . .  ~~ - -t$g 
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The values for unavailability and unreliability are combined to determine

the undependability : —

UD IJ k 
- UA

IJk 
+ UR l i k  - (UA

IJk UR
IJk

) ( B -9)

Whenever a malfunction or failure causes unavailability or unreliability ,

the time when the communication cap ability will be restored is seen to be

a uniformly increasing function of the time when the malfunction or failure

occurred. If the malfunction or failure occurs prior to the first  use , the

average delay is (MBT..k /2). This is also the average delay for standby mal-

functions or failures when the average separation between uses is equal to

or greater than MRT i .k. “ However , when the average use separation is less

than MFT ..k , the average delay resulting from a standby malfunction or fail-

ure is [MRT. .— (T.—N. .t . .)/2 . (N. —l)]. Finally , an average delay equal
1J ~1. 13 13 13 -‘

to NET . - results from a malfunction or failure that occurs during use.
ijk

Hence , the expected delay t hat will result from occurrence of the k~-~- tyre

th th
of malfunction or failure in the j— element or subassembly of the i—

assembly is obtained from summing the products of occurrence probabilit:.

and correspondini~ average delays : - -

EDLY = UAO . (MR T / 2 )
ij k ij k

r (T -N .., t )I ij is

+ [1_ (1_ UR I.k ) 
t

if [MRT j Jk (Ti
_N

1j
t
1j

/ 2 N
1j _ 1]

+ UR I .k  MRTI .k  ; [ (Tj_Nkjtji)/(Njj
_1)] < MRT . . k  

( B— lo ~-~

(N — 1)M F i . -ij

= 
~~

AO . .k + 
~

1_ (1_ UR
jjk ) 

t i j  
(MRT

flk
/2 )  (B-lOb ’

+ UR l ik  
. MRT

kIk ; [( T 1 N
11

t .~~) / ( N ~~ _ 1 )]  > MRT~J~

- ~
• 
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Considering the M~~ combination of element states in the assembly

analysis (i.e the m-~~ row of the TASRA table) the unavailability , unrelia-

bility and undependability of the combination are calculated by the TASRA

alri-orithm :

K (B-h a)
UA 

~~~~~~~ k=1 {B IJk
UA

IJk 
+ (l_B

jj k )j (l_UA jjk)

~~

tIR 
~~~ k=1 {B iJ k UR I . k  + (l_B j.k)] (I_UR Ijk) (B—llb)

— ~~~~~~~ -

~~~~~~ 
:~~~~ 

[B lik uD j ik  + ( 1_B
lik )] (l_UD I .k ) (B-hlc)

where B . .  = 1 if the TASBA tabl e indicates a failure or mal function ofijk

the type in the element and B. = 0 if the table indicates that• ‘3 J .
such a failur e or malfunction did not occur . The function)” is used to

K, - 
,j=l

indicat e the product of J . factors in the equation and means the pro—

k=l
duct of K . factors in the equat ion (Appendix C ) .

The expected delay for the m~-~ combination of element states is

evaluated by the algorithm :

3 K (B-12 )
EDLY = E~ E~ -~ B EDLYm 1=1 k=1 ljk  ljk

It is seen that the only delay considered is that associated with  failure

or malfunction states which the table indicates have occurred in the

comb ination. S
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Now to provide for the possibility that the time required to restore

the system after the occurrence of multiple failures or malfunctions may

-
~ not be as great as the sum of the individual MET values , a factor ranging

from 0 to 1 is supplied by the analyst and taken into account in restore

S 
time calculations. This overlap factor, x, is applied so that the result-

ant value of MET will range from the maximum of the pertinent MET., values• m ijk

to the sum of these values. The actual algorithm employed is:

(B -i 3)

K . 3 ,J K , K 3ij I I I ii ij
MRT = MAX (MRT

IJk
) ( + X • ( ~ ~ B1 k MRT 1 k 1 — 

~~~
“
~1 ~k=1 j=1 ~ j= 1 k=1 -~ -~ I ‘~~k=l j= 1

This value is transformed into an expected restore time by multiplying it

by the undependability :

ERT UD MRT ( B- ) 4 )
m m m

If s denotes the assembly state assigned by the analyst as the conse-

quence of the occurrence of the m~~ combination of elements states , then

the values of UA , , UD , EDLY and ERT determined as above are sum-

med into the corresponding registers for the s~~ assembly state. When all

of the M combinations of states have been considered , the comput er regist er s

• designated for normal operation will contain values for availability , relia—

bility , and dependability of the assembly while registers designated for

failure or malfunction states will contain the values of unavailability,

unreliability and undependability . At this time, the values for average

delay and mean restore time ~re evaluated for each assembly stat e as follows :

DLY = EDLY ~~~ 
(B-15)

and
MRT

5 
= ERT /UD (B- 16)  I
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Combined values of these parameters for the i~~- assembly are evaluated by:

/ s  -
•

DLY
1 

— ( E EDLY 
~ 
/(l_D

i
) (B— 17)  S

~s—1 
S~

and

MRT
1 

= 

(
~~~

ERT
S)  

/ ( l— D 1
) ( B— 1 8)  I

where D . is the probability of normal operation of the i-~-~- assembly for the

entire functional cycle (mission); that is , the dependability .

A value of average t ime between occurrences of malfuncitons , ATBO, is

• derived from the values of use time , T., and the dependability calculated

for each state of the assembly . For this calculation the Poisson distri—

.th thbution is assumed to hold so that for the j~~~~ st ate of the i— assembly :

-T (B-19) S

ATBO = _________

iJ log (D.,)e

This value should be used with  caution since the t ime distr ibution of mal—

fuct ions for higher level assemblies may d i f fe r  from Poisson . However , the

expression of reliabili ty in terms of an average (or expected) t ime between

railures is a familiar practice and the ATBO values are computed to sat isfy

this need .
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APPENDIX C

TABULAB SYSTEM ANALYSIS

THE TASRA CONCEPT

The TASRA mathematical theory is based on the state variables

approach and the MA.RKOV chain model , as discussed by Blazek, Easterday - ‘

• and others {5}. In the state of variables app roach , a system or com—

ponent is considered to be in some state (i.e., operating correctly,

degraded or failed). If the component is initially in a good operating

state , it will change to. another state after a period of operation

which can mean it has gone into a failed or degraded state. As an ex— S

ample, consider the use of two components, one with a failed state a’bc

and the other with a failed state ab ’ c and a degraded state abc ’ . The

S possible combination of eight states and their transit ions is shown in

S Figure C—l . In TASRA , this same concept is used. To ease the under-

standing of the multitude of possible combinations of states, the sys-

tem , its subassemblies and its components are handled through the use

of block diagrams and combinatorial tables called TASBA/TASA Tables

(See example in Table C—2 .) As stated before , the design/reliabil i ty

engineer/analyst may work with signal flow diagrams or functional

islock diag rams with which he already is accustomed. Let us first

conver t  Figu re C— i to a block diagram , which may be represented as

shown in Figure C—2 , where a , b , and c combinations represent the

rompon~ nts ’ ~tat.es. The combinations of component states are handled •

on the TASRA/TASA tables.

The Tabular Work Sheets , Tables C—i and C—2, are used as aids

• 99
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• Figure C-i STATE DIAGR AM FOR ASSEMBLY 104

Figure C-2 Block Diagram for ASSEMBLY 10k
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TABLE C-i STATE IDENTIFICATION WORK SHEET EXAMPLE

Assy. Nr. STATE IDENTIFICATION

lOk.0 Ka-Band MODEM Group (System Initialization)

iok.i Unable to Start System

lOk.2 Alternate Initialization MODE Required

.3
14.

.5

.6

.7

.8

Col Input Assy. STATE IDENTIFICATION

1 118.1 Paper Tape Reader Malfunction
2 166.1 Unable to Load Master Clock
3 166.2 Alternate Tnitialization MODE Required

5
6
7
8
9
10
11
12
1
1
15

USED IN ASSEMBLIES: USES ASSEMBLIES: S

TA$A Number TASA Number
209 Ka -Ban d SATCOM Set 118 Paper Tap e Reader

- - ( System Initialization ) 166 Si~na1 Processing
( Ini tialization )

I

- -
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TABLE C-2 TASR~~TASA TABLE WORK SHEET 
— 

C~~~ n

EXAMPLE .]. .1 .2

g S Ø Ø ~~~~~~~~~~~ Ø Ø Ø Ø Ø $ ~~~~~Ø 0 1

0 e 0 0 ø ø l ø 0 0 0 0 ~~~~~Ø Ø L 2  2

1 3

e o o o Ø Ø q ~~~~~o e e e Ø ~~~~~~~~ 9 4 (2)

B Ø @ O ~~~~~ Ø Ø ~~~~~ s O e O Ø L ~~~~~ Ø 1 5

0 0 0 8 .J . ,...j L 0 0 0 0 
~~~~~~ Ø , ,~ 

1 6

~~~~~~ 1 
0 0 0  0 Ø ~~~~~Ø 0  ~J 0 0 0 ~~~ 1 3 ~~ø 1 7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 9 8 (3)

0 0 0  0 ø ~~~~~ a~~~~~ e 0 0 0  ~~~~~~~~~ 9

0 0 0 0 0 ~ 0 0 0 0 0 0 -1 0 0 ~ 10

4 1  0 0  ~~~~~~~~~~~~~~ ~~~~ ~~~~~~~ 11

0 0 o ~~~~~~O o ~~~~~~o o o o ~~~~~~~~~~~~~J. 12

0 0 0  ~~~~~~~~~~~~~~ 0 0 0 0  ~~~~~~~~~~~~~~~ 13

0 0 0 0 * 0 9 0 0 0 0 ~ ~. 0 1 14

0 0 0 0 ~ 
.a 4 0 0 0 0 0 ~ 1 1~ 15

0 0 0  ~~~~~~~~~~~~~ 0 0 0  ~~~~~~~~~~~~~ 16

0 0 0  0 O * ~~~~~~ 0 0 0  ~~~~~~~~~~~~~~ 17

0 0 0  0 9 0 ~~~~~~~~~ O 0 0  1 9 9 ~~~~~~~ 18

0 0  O 0 0 ~~~~~~o q O  0 0  1 Ø Ø 3 ~~~ 19

20

0 0 0 0 1 . . J . . . . 2 . . , . 9 . . 0 0 0  I L...L...0....1. 2].

0 0 0 0 0 . I ~~~~~~a o o o  1 0 1 , 1 , 1 22

23

24

0 0  1 I. ..a :..-1~~~~. 25

• 0 0 0  0~~~~~ a , ,U , g , o e o 1 1 , ,,j~~~~~~ 26

74 — 78
102 

- -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,T _~~ ~~~~~~~~~~~~~~~~ ‘-—-‘—--—--- ______



5
- ”-’- - - ‘ - - — - •

- _ _

to guide the analyst in considering the effects of the various corn—

binat ions of component states as shown in the state diagram , Figure C—2.

The tables are simple in concept , easy to follow, standardized for all

applications, and do not have any of the complexity involved in develop-.

ing states diagrams . That complex effort is borne by the computer , not

the analyst . Further discussion of the TASRA/TASA Tables would require

discussing the details of the procedure, which is not intended in this

report.

To obtain a reliability expression, the state variables diagrams

• may be converted to perform a reliability analysis through the use of

the Markov process. The Markov model is based on the probability of a

component making the transition from one state to another. Thus, we

have introduced probabilities and are on the way to resolving the mean

time to failure. Since a component is required to be in one state or

another at any time, the Markov process may be described as a discrete—

state continuous—time model. Therefore, if we are interested in a par—

ticular system failure state (a discrete state) we may calculate the

probability of occurrence of this discrete state occuring at any desired

time. Since the probability of occurrence of this discrete state is not

a constant over time, there is a rate of change of this probability over

an increment of time. Thus, the equations describing the probability of

occurrence are differential equations. For a system ’s analysis, there

are a series of differential equations which are handled totally by the

• TASBA which only addresses reliability, whereas TASA includes means to

consider availability and dependability based on known MTTR values for

3 the elements under analysis (See Equations B—h a, B—1 ]b , and B—llc in

Appendix B).
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TASRA/TASA WORK SHEETS (Example~~~~ble C-2)

Preprinted tables of up to 28 pages of 25 lines per page are a S

S shorthand representation of the TASA model for each system assembly.

Each line (or row ) represents a term in the TASA model for an assembly

functional state. These tables are essentially a binary count , with the

restriction that only rows containing three “l’s” or less are included.

The analysis proceeds by assigning input subassembly states to columns 
S

of the table working from right to left. A “1” appearing in a column

signifies the occurrence of the malfunction or failure state of the in—

put subassembly or element which that column represents. The engineer-

ing analysis proceeds by determining for each rew of the table the con-

sequences of the combination of input malfunction or failure states de-

noted by the “l’s” appearing in that row in terms of the functional

states defined for the assembly. During this analysis it is frequently

necessary to assign the consequential assembly functional state for

simultaneous input malfunction and failure states on a dominance basis;

that is , one input malfunction or failure state produces consequences

that dominate over the effect of other simultaneously occuring states.

At the basic level , each column of the TASA table represents an

• 
- an element malfunction or failure state that has known probability

of occurrence. A “1” appearing in this column signifies the occur-.

rence of that malfunction or failure state while a “0” signifies that

the state has not occurred. Thus, there is a ~
tprobabihity of non—occur-

rence” associated with each “0”. By multiplying the probabilities as-

sociated with each of the “l’s” and “0’s” in a row, one term is obtained

1O~4
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of the “ ility” equation for the assembly function state assigned to

that row by the analyst. The sum of the terms for all rows assigned

to a particular assembly functional state is an “ility” model for that 
S

state. There is a corresponding model for each malfunction and failure

state for each assembly throughout the system hierarchy . Note the sum— I -

mary of ruJ,es in Figure C-3 and the mathematical model in Figure C_ !4

(References 5 and 13).

An application of the TASA analysis tool is illustrated in the

following example. Let Assembly l0~4 consist of functional subassemblies

118.1, 166.1 and 166.2. The Assembly, and each subassembly , has mutual—

ly exclusive functional states; normal, degraded and inoperative. When-

ever Subassembly 166.1 is inoperative, Assembly lO~4 will also be in-

operative. However, INPUT Subassembly state 166.1 and Subassembly state

166.2 in TABLE C—i are parallel so that Assembly iO1~ will continue to

operate ( although In a degraded mode ) as long as Subassembly 118.1 and

subassembly 166.1 are operational . The functional hierarchy for this ex—

ample is shown in Figure C—2. For this simple example, the list of pos-

sible functional states is included in each block. A number of the pos—

sible combinations of states are listed in Table C—i .

S The TA~A work sheet for this example is shown in Table C-2 [l1~I1 .

Fir.~t note that conseq uen ce state “9” is reserved for identifying impos—

~ib1e combinations of subassembly states. Since it is required that

the [‘u - ~~ ~ionai state •-iefiriitions be mutually exclusive , it is impossible

for 0? -
~ ~ubassembiy to be in both the degraded (not failed ) state and

t: -i e ~tiied state. When the TA~A work sheet directs consideration of such S

a state combination , the impossii- iflty i~ inflcated by entering “ 0”
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* FOR EACH ZERO IN THE TASA TABLE ~OR A SUBASSE MBLY SUB-
STITUTE THE PROBABILIT Y OF NORMAL OPERATION AT TIME t

* FOR EACH ONE IN THE TASA TABLE FOR A SUBASSEMBLY SUB-
STITUTE THE PROBABILIT Y THAT THE SUBASSEMBLY IS INOPER-

S 
ABLE AT TIME t

* MULTIPLY THE PROBABILITIES IN EACH ROW OF THE TASA TABLE

* SUM THE PROBABILITY PRODUCTS FOR EACH ROW IN THE TASA
TABLE ASSIGNED A GIVEN ASSEMBLY STATE NUMBER IN THE
ANALYSIS

Figure C-3 SUMMARY OF RULES FOR COMBINING FUNCTIONAL
STATE PROBABILITIES 

S

p0 = (l_P
a
)(l_P

b
)(l_P

c
) NORMAL OPERAT ION

P1 = (l_P
a ) Pb(l_PC )+Pa(1_Pb)(l_Pc)+

Pa
(l_P

b
) P
c
+P
a
Pb

(l_P
C

) INOPERABLE

E’2 = (l_P
a
)(l_P

b ) Pc DEGRADED

p
3 

= i-(p0+P1÷P2) 
OTHER MODE S

WHERE I P , P~~ P = Probability of Inoperative statea C for Subassembly a, b, c.
P Probability that the assembly is in an in-
1 operative state as a resul t of no more than

three simul taneous subassembly failures.
P = Probability that the assembly is in a de-2 graded operational state .
P = Probability of simul taneous failures of

3 more than three subassemblies.

P0 = Probability of norm al operation of assembly.

Figure C~ LI STATE VARIABLE MATHEMATICAL MODEL
FOR EXAMPLE ASSEMBLY
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as a consequence state.

The complete documentation (Figure C—5 ) of each of the engineer-

S ing decisions pertaining to the consequences of a given combination of

subassembly malf unction or fa i lure  states is an important benefit  of TASA .

The DEPEND program provides for an optional reproduction of the TASA work

sheets. This documentation makes detailed review of the analysis by

other engineering personnel practical . This is particularly beneficial S

where problems have been detected by the analysis. The detailed engine-

ering review of the analysis can provide significant insight concerning

possible causes of the problem and potential technical solutions.

0

0
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APPENDIX D

SENSITIVITY CALCULATIONS
S 

INTRODUCTION

The TASA/DEPEND Program, developed by Battelle and reported in AFAL—

TR—78—135, Part III, provides subassembly to assembly percentage contri—

bution in the form of DEPEND Sensitivity Calculations in the data set ta-

bles attached to this Appendix [114]. The results are presented in terms of 
S

the percentage contribution of each element or subassembly state to the un-

availability , unreliability and undependability for each defined assembly

S state. Thus, from these tabulations the relative importance of each element

or subassembly state to the malfunction or failure of the assembly can

be determined. This provides a rational basis for allocating resources

to achieve assembly improvement. Also, it gives a basis for specifying

“ility” requirements for elements or subassemblies to assure that the

assembly meets its “ility” goals.

TRACING SYSTEM SENSITIVITY

The assembly sensitivity tabulations provided by the DEPEND Program 
=

results are used in a top-down chain calculation that proceeds from the S

first step of establishing a maximum contribution Flow Diagram, as shown

in Figure D—l, to the next step of using the calculation procedures given

in Table D-l.

Because of the large number of possible paths involved in tracing

the percentage contribution to system undependability , unreliability and

unavailability, only significant percentage contributions of component

to system “ilities” should be addressed. As shown in Figure D—1, only

the significant assembly state contributions are given. The DEPEND Sensi—
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tivity Tabulation for a particular assembly shows many low or zero percen-

tage subassembly state to assembly state paths. These are ignored. 
I 

-

A calculation procedure was developed using the TI—58 Programmable S

Calculator and the PC—lOOA Printer [31]. Table D—l presents the user in—

struction and its program code listing. As illustrated in Table D—2, this

procedure will provide a means to calculate the percentage contribution S

one step at a time from the System State 2.1 to the Assembly State 208.1,

to finally the Subassembly State 31.1, with a contribution of 1.8% for

example. Thus, a top—down calculation is accomplished in the following

manner: Referring to Table D—2, 314.5% of the system (TASA Nr. 2) unavail-~

ability is contributed by State 2.1, and 214.8% is contributed by Assembly

State 208.1. From Table D—2 it is seen that Subassembly 2014.1 is respon-

sible for 22.8% of Assembly 208 contribution, a”id 214.3% of A~semb1y 208

is attributed to Assembly State 208.1. Therefore, (22.8/214.3) x 214.8% =

23.3% contribution to the total system by Subassembly 2014.1.

This process i~ continued by referring to the sensitivity tabulation

and the Maximum Contribution Flow Diagram and so on down through the func-

tional hierarchy. The results obtained by tracing all significant paths

may be tabulated to identify and rank the least dependable, reliable or

available system element .

Tables Nr . D— 3, D-14 and D-5 are tabulations of the most significant

contributors for the system under study . The percentage contribution of

assemblies to systems was calculated for the un—ilities, Table D—3 —

Unavailability, Table D—14 - Unreliability, and Table D-5 — Undependability.

System States 2.1 and 2.6 were selected to illustrate the use of this

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE Nr. ~~3 PERCENTAGE CONTRIBUTION RUN ONESUBASSEMBLY TO SYSTEM

_______ 

X_ UNAVAIL4BILITY__—_UNRELIABIL~ IY UNDEPENDABILITY 
_______

% Assy Assy ID % Assy 
— 

Sys ID Number of Subassy ’ %Subassy %Subass~
State—Sys State Subassy ID State to Sys

A B C • D E E’ A’ _ _ _ _

2.9 E 4.1 2 9  2.]. o - - 2 .9

6.6 E209.1 6. 6 o - - 6.6

24. 8 208.1 211..) 1 
— 

204.1 22.8 23.3

23.3 20L1..1 34,7 1 ~ 14.1 8.7 5.8

23.3 204. 1 34.7 1 200.1 25 .7 17.3

17.3 200.1 28.3 1 ~ 108.1 4.6 2 .8

17.3 200.1 28.3 1 39.1 23.6 14.4

14.11 39.1 29 .6 i E 40.1 12.8 6 .2

14.4 39.1 29.6 1 38.1 16.6 8.1

8.1 38.1 19.3 1 E 31.1 4 .2 1.8

8.1 38.1 19.3 1 E 32.1 7.8 3.3
8.1 38.1 19.3 1 E 33.1 7 .2 3.0

24.9 208.6 12.7 2.6 1 204 .7 10.9 21.4

21.4 204 .7 33.5 1 200.7 33.4 21.3

21.3 200.7 36 .7 1 39.6 28.1 16.1

16.]. 39.6 35.2 1 38.6 35.1 16.1

16.1 38.6 40 .5 1 E 35,2 35.0 13.9

16.1 38.6 40.5 1 E 35.3 5.8 2.3

21.3 200.7 36.7 1 E 108.7 8.8 5.1

24.9 208.6 12.7 1 204.8 1.1 2.2

2.2 204.8 2 .4 1 
— 

200.8 1.11. 1.3

1.3 200.8 1.5 1 39.7 1.3 1.1
1.1 39.7 1.6 1 38.7 1.6 1.1

1.1 38.7 1.9 1 E 34.2 1.5 1.9

1.1 38.7 1.9 1 E 34.~ 0.3 0.2
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TABLE Nr. D-14 P~ tCENTP~GE CONThIBUTION— SUBASSEMBLY TO SYSTEM RUN ONE

________ — UNAVAILABILITY X UNRELIABILITY__—_UNDEPENDABILITY 
________

% Assy Assy ID % Assy Sys ID ‘umber of Subassy %Subassy %Subass~
State-Sys State Subassy I~,

__— 
State to Sys

11.7 E 4.1 4.7 2.1 0 — - 4.7

0.2 E 209.1 0.2 0 - - 0.2

• 31.6 208.1 LI.o.6 1 204.1 39.2 30.5

305  204.1 45.6 1 I 14.1 12.0 8.0

30.5 204.1 45.6 1 200.1 33.6 22.5

22.5 200.1 37.7 1 108,1 12.8 7.6

22.5 200.1 37.7 1 39.1 25.0 14.9

14.9 39.1 39.7 1 40.1 13.0 4.9

14.9 39.1 39.7 1 38.1 26.7 10.0

10.0 38.1 30.7 1 31.1 7.4 2.11.

10.0 38.1 30.7 1 ~ 32.1 6.4 2.1

10.1 38.1 30.7 1 ~ 33.1 16.9 5.5
10.9 208.6 15.1 2.6 1 204.7 12.7 9.2

9.2 204.7 15.7 1 200.7 15.7 9.2 5

9.2 200.7 18.2 1 39.6 12.]. 6.1

S 
- 

6.1 39.6 19.7 1 38.6 19.7 6 . .  S

6.1 38.6 22.9 1 ~ 35.2 18.1 14.8

6.1 38.6 22.9 
— 

1 E  35,3 4.8 1.3

9.2 200.7 18.2 1 E lO8~~ 6.1 3.1

f 10.9 208.6 1,5.1 1 204.8 2 , 0  1,11.

1.14 204.8 2.4 1 200.8 2.4 1.4

1.4 200.8 2 .8  1 39.7 2.1 1.1

Li 39.7 3.4 1 38,7 3.4 1.1

_ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  — —

~~~~

— 

~~~~~

-

~~~~

-

~~~~~

-
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TABLE Nr. ,i~� PERCENTAGE CONTRIBUTION 
5

SUBASSEMBLY TO SYSTEM RUN ONE

— UNAVAILABILITY —_UNRELIABILITY X UNDEPENDABILITY 
________

% Assy Assy ID % Assy Sys ID lumber of Subassy %Subassy %Subass~I State-Sys State Subassy ID State to Sys
A B C D E E A ’ _ _ _ _

4.5 4.1 4.5 2.1 0 - - 4.5
1.1 !. 209.1 1.1 0 - - 1.1

5 30.4 208.1 33.o 1 204,1 29.5 27.2

27.2 204,1 34.7 1 14.1 8.8 6~~
27.2 204.1 34,7 1 200.1 25.8 20.2

S 

— 

20.2 200.1 28.3 1 ~iO8.i 4.6 3.2

• 20.2 200.1 28.3 1 39.1 23.6 16.8

16.8 39.1 29.6 1 40.1 12.8 72
— 

16.8 39.1 29.~ 1 38.1 16.6 9. 14. 5

9.4 38.1 19.3 1 
- 

31.1 4.2 1.9

9,14. 38.1 19~ 3 1 32.1 7.8

9,4 38.1 19.3 1 33.1 7 .2

12.6 208.6 13,6 2 .6  1 204.7 11.1 10.4

10.4 204 .7 33.5 1 200.7 33.4 10.3

10.3 200.7 36.7 1 39.6 28.6 7.9

7.9 39.6 35.1 1 38.6 35.7 7.9

7.9  38 . 6  40.5 1 E 35.2 35,0 6.8

7.9  38.6 40.5 1 35.3 5.4 1.1 
5

10.3 200.7 36.7 1 
— 

108. 7 8.6 2.~
12.7 208.6 13.6 1 204.8 1.5 1.4

1.4 204.8 1.4 1 200.8 1.4

1.4 200.8 1.5 1 39.7 1.3 1.2

1,2 39.7 1,6 1 38.7 1.6 1.2

1,2 38.7 1.9 1 314.2 1.5 
— 

1.8

1.2 38.7 1.9 1 34.3 0.3 0.2
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calculator procedure and to compare the differences in element to system S

percentage contribution for each element “ility . ” For example , the per-

centage contribution of Element 35.2 for Unavailability is 13.9%, for

Unreliability is 14.8% , and for Undependability is 6.8% . Thus , the per—

S centage contribution as a criterion should be carefully considered in

terms of realistic applications. The differences wo~ild also indicate

whether reliability or maintainability should be the driving factor.

Ka-Band SATCOM SET PERCENTAGE CONTRIBUTION

Ka—Ban d SATCOM SET Model percentage contribution tabulations for

RUN ONE are given in Table D—6. These are the bottom line percentage con-

tribution values for each- element of the Ka—Band SATCOM SET, TASA Nr. 2 —

RUN ONE. As discussed in Section III, the greatest contributor appears to

be the Hirh Power Amplifier (TASA Nr. 35—81). However, when RUNS FIVE,

SEVEN and EIGHT were evaluated , the percentage contribution of this

element was reduced. These findings are discussed in Section III.

119

_
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



____________ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘—~~Si,—-.--’S’S—S’--’S.- .,”i-’_-_~~~~’S S 

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

TABLE D-6 TASA Nr. 2 Ka-Barid System Functions RUN ONE
Percentage Contribution to Unavailability, Unreliability
and Undependability 

_______  ______ _______  ______ ______

TASA Nr %UAV %URE %UDE TASA Nr %UAV %URE %UDE

2.1 — - - 2.6 - - -

— 

4.1 2.9 4,7 4 ,5  35.2 13.9 4.8 6.8

209.1 6.6 0,2 1.1 35,3 2.1 0.7 1,0

14.1 5.6 8.0 6.8 34.2 1.5 1.0 1,8

108.1 2.8 7.6 3.2 34.3 0.3 0.8 0.2 
-~~ -

40.1 6.2 14.9 72 108.7 5.1 2.7 2.2

31.1 1.8 2.~4 1.9 
5 _ ______  ____ ____ -

~~~~~

32.1 3.3 2.1 3.7 2.7 — — —

33.1 3.0 5.5 3,4 101.1 3.4 3.1 3,9
— 

102,1 1, 8 4.2 2.9

2.2 - - - 
103,1 

— 
1.2 3.1 4.0

34.1 2.]. 3.5 2.6

95.1 1,5 1.2 2.Q 2.8 - - -

101,2 1.3 2.9 J 2.8

2.3 - - - 102.2 6.5 5.8 1 6.9 C

108.4 0.7 2.5 1.8 103.2 5.0 5, 8
”1 5, 2

S

. ___ —-~~~~~~~~~~- -

2.11 — - —
-

S 
35.1 3.4 L4.,4 2,3 

______

81.1 9.2 3.8 7.3

108.5 2.9 7.6 2.4 
____

C 

‘ 

‘-
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APPENDIX E
t

RELIABILITY-AVAILABILITY MINIMUM COST —

DECISION MODEL

INTRODUCTION

An optimum economic system reliability or availability, which

is the degree of reliability and/or maintainabil i ty at a minim um cost

is difficult to realize in practice. This is because estimating the S

variations in manufacturing , design and naintenance costs is very corn—

plex for a given reliabidity or availability.

The first step in any optimization procedure should be an ex— S

S amination of the various alternatives for possible trade—offs between

the cost of system reliability and maintainability design and the

cost of system maintenance during a fixed period of time. Thus , total

system cos t may be reduced without impacting effectiveness by adjusting

the balance between cost of design for reliability and maintainability

and cost, of maintenance.

MINIMUM COST DECISION MODEL FORMULATION

Fabrycky and Thuesen , in Chapter i14 of their text entitled

“Economic Decision Analysis” , addresses a basic approach for a min i-

mum cos t decision model [15]. This approach was applied to the formula-

tion ~t’ the Ka—Band SATCOM SET Reliability/Availability Minimum Cost

Decision Model as described in this Appendix.

When the total cost of a particular alternative is a function of

an increasing system availability cost component and a decreasing
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system maintenance cost component , the following mathematical model

applies:

where:

TC = total cost of act ivity,

n = exponent of X describing the cost to MTBF ratio , 
S

X a common decision variable,

A , B, and C are a constant. (See Figure B—i )

XJ,VIP TC

— 

I

MTBF RATIO X

FIgure B-i. FORMULATION OF TUE MINIMUM COST MODEL
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The total cost is a meas ure of e f fec t iveness .  The va- iable  under

direct control of the decision maker is X , whereas the constants A , B,

and C are not under their direct control. The objective is to deter-

mine the ratio of X which will result in a minimum cost in terms of

the ccst for the design of system reliability (AX~ ) and the cost of

maintenance (B/X).

A direct approach was used to determine the minimum cost , using

differential calculus. This involves taking the derivative of TC with

respect to X , equating the result to zero and solving for X. For the

model formulated this is:

S 

dTC n+l +B
— = nAX — — 2  = 0

S 

(n+l )~~B1
~~ nA

The value of X found by thi s means will be a mi’~imun and is de- 
S

:;ignated the minimum cost point ( 1cM?).

A~-~~J~iPT IONS

a. MTBF = 32~ hou~’s , ~as~ed on find±5i3s by Battelle in a recently
complet ed study [i14].

b. Syst em operated for ten years . ‘ -

e. Interest rate of 9%.

— 1 . Ease hypothetical acquisition cost $1406K.

e Base hypothetical restoration cost $llK per failure .

f. Let n = 2, an exponent of X , a common decision variable as
relmted to acquisition cost per findings by Battelle using the
RCA—PRICE cost model.

S g. Eac~ system is operated and mair~tained for about 51400 hours
per year.
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CALCULATION PROCEDURES AND PROGR AM CODING

A program was formulated for the TI—58 progrananable calculator [31]

based on the equations listed in Tables B—lA and E—1B. Note that these

tables also present the program coding and the input and output printout.

A demonstration problem was addressed , using the procedures of

Table E—1A , entitled, “User ’ s Instruction .“

Initialize and Enter Base Line Data S

Step 1. Initialize all data registers .

Step 2. Store MTBF hours in register 05
as (MF).

Step 3. Store the value of total acquisition
cost for the assembly under study to
register 06 as (CB).

Step 14. Store estimated restoration cost per
failure for the assembly under study

S 
to register 07 as (CF).

Step 5. Store the cost to MTBF ratio power
factor “n” to register i6 (n).

Step 6. Enter the number of periods (N) via
label A and print N = 10.

Step 7. Enter the interest rate per periods (I)
via label B and print I = 9%.

Calculate Present Worth Factor

Step 8. Compute present worth factor (PWF)
and print PWF = 6.1418 when label C
is activated. See Table E-1B equa-
tions for PWF.

In Steps 8A, BE, 8C, and 8D, the base MTBF, total acquisition

cost, restoration cost per fai1~re and cost to MTBF power factor

values as entered earlier will be printed as MR 328, CB = 1406,

‘ CF 11, andn 2.0.

12

S 
- 

5’ ~~~~~~~ --
—-

~~~~~ S- S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— — 5-Sr -. ~~~~~ S s , SS~~~~~s ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ S Sr - 
-~~~~~ -~ ‘ ‘

— — — — — - — — — - — — -

8

9
p. ~ P. ~ . c c p. p~ p.

— — — — — — — — — — — —
(1) — — — — — — — — — — Cl)
r11 (I)
~~~ 

-
~~~ 

Lt\ ~.O t”- \D ~~ ~~ C) 

C E-~ 0 0  0 0 H ~ H i-I

Ll..~ — —
C-
54

-
S 125 

- -- -~~--- --——-- - -~~ -~~~~~~~~~~~~~~~ . ‘ 



~
-
~r ~~~~~~~~~~~~~~~~~~~~~~~~~ -‘-- — — ---5--~~~~ -~~ ---,

.1

a ~ E-~t -‘~.

~ 01 ~~ ~~ m
I I I j I I I I I I

+ + ~4~) ‘P 4’) ‘P -P ‘P -P ~-. ‘PC-i C-, X S-~

-
~

126 

‘— SS—5--—---—SS-S-—- ——--‘- --S--SS-- ’ S ---—-~.-- 



r’
~ 

.—

- 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 

- 

~~~~

—-i—- 

~~~~~~~~ 
Sr 

- - - - S

1
0 O C )

I I I -
+~ 4” ‘PC-i C-i C-4

t I 
_ _ _ __ _ _ __ i_ __ 

—

(ID
C (I)

: 

.....— .— .
~

.——— ——.— i. - __________

H L
0 ‘

5 
5 3 ’

7 C—4 ‘S - S . - 1

El ~~ 
- - 

.

o ~
~~ E-’ ;

I i S - I -
I E1 

~~ 
. : $ !

(I) - C _ _ _  _ _ _

. . — —  ____ - C
C—C . - C

I I j ~~U) C 3 -

— 
C I : I

- S ‘ 
-

3 C

: 1
-
~~~~~~~~~~ ~~~ I

0
a’ - - - (I-I
-
~~~ £- C) f--i

0z 0
0-i (5

(5

- -- I-I

- i 0 0

C 5-i f—I 54

5) F-’ C—I C--C
0

_ -  _

127

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~



~~~~~~~‘ : S S 5 S 55 
~~~~~~~~~~~~~~~~~~~~ ~~~~~ 

—- 5 
— 

5 5  

~
-5
~1

C-i
0

-1-’
0

4-’CC)
0
0 C-i

in 
,

~~C. 0 Cl 0 ‘d
C-. 0-. i C-.

4’ i ‘P Cl)
-~~ H 0 in P...
in •d •H
..-4 ~ 4’ C-. C—.:~ fri “5 ~ (C)

p-i
-~~ Cl ‘P ~~ Cl)

S I P-i U) 4)
4’) 0 in
in ‘P 0 ‘d

5-I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4-’(ID p. 0 0 ~-i in0 0 4-i U) U)

C) H in p. C-,
(P. Cl 0 in Cl)

U-) CE C’- ‘-I q-~ ‘PH ~~ 0) ‘P ‘P 0 5
~~ 0 0 0 C-H .U)~ U) C Cl C-i - “- --

~H I H 0 in Cl ~:I—i
L HI 5-i ~‘5 ‘P 0 r~~ 

(C)
H 0-C ‘P in p. ~ +~ ‘P
~~ 5-1 0 Cl) C’< ~ in(C) H ~~ 5-i U) 

~~~ o ‘ :‘~ 
S

I—i —‘~~ -‘‘ -~~~
5-’ o~ fr-i -‘-‘. —~ 4’) 

~(J)~~-~ 0 0 0 Z g p, • ‘
~~— S.- ~~~~ ~~~~ .~~~ 

l~~

P

in

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~3 .—I F— Z .J zu:’:’ I — Z

ç’~ ‘~J’~~ I~t. 0. ’X’ ‘X’ U) ‘Xi —I 0) LCk ~~J Ci..

in ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
S

C) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C) 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

S

Ci ,~~
, ,

~~i i~~u i i  i~~i .~~. ,~~i ,~~i u~~ u~ , i~~i l~~I i~~i i~~s u ,  i~~ i~~

S

~~~~~~~~~~
4 - 

128 

‘ - - - SS—~~



—
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~ ., ... ~~~~~~~~~~~~ —

H ,j:. • ‘ ‘ ‘~ l____ l
U) -.-- i  i i  1, )  i )  L)

: ~~~~~~~~~~~~~~~~~~~~~~~~

.. .. cc’ r~ ‘... ‘ u- -- - ..J ti,’ I— ...i ~ u-— ..J r — ~
— _i .~~ ‘ u-— --

~~~ ~~~~~~~~~~~~~~ CIC ‘~ lCi Cz~L’ C’ L~ ~~~~~~~~~~~~
CL.’IU Ci,.C~ CL. CE CLC~ Ci. ’I~~~

~~~•,Li i . , ..~L iI _ V I_cI l~
.,Ji _ .l i:f. i_.:i l ..i IJ .l l:v.I. i i S -I— u l Y l ..u r S r l : ” . i..I -

~i.’
l:1’•L’_l ’ . -i

C) 
S

~~I J , J ( j C . , l  i i i ’ ’ ’  i a 1 1  ‘ i i i  ‘ ‘) 1~~’~ 
‘ ‘ ‘ . - ~- ‘.-f .j- ’.-~

- .j- ’r~-

‘:‘ i~i .:‘ . i  ~~ i~~~i i~~ i c ’  ~~ ‘ ‘~~~‘ :‘ .~ i ~~ ~~~i i~~~. i~~~. I:. :.

120

- ~~~ ~~~~~~~~~~~ - ‘~~‘~~~~~‘A ~~~~~ ~~~~~~~~~~ 5—- -.



—‘——‘——5- __ 5S_S___S S_S S 5~~~~~~ -5 - ,‘rr — 5 5 ~~~~~~~~~~~~~~~~

~~T i i T I ~~

S C-i

5-i El
Z

H H
U) U)

_________ 

p r-. -

(C)

P4 ___ 
“
~ 

‘-
~~~ 

S

El 1x1 (C’A ( c - I  I ~~~‘‘—

S 
‘
~~~~~

‘
~~~ S

S 

J

~~ ..j r~ .~~ i— ... j  •-~~ o ‘~r u—- ::-
ix’ s i  I— ci ct~ ::‘:: o .--i ii u— ci Cx ~

~~~~
j  ‘:o c~~— c ~ ‘,‘) CL II: I:L

S I~3 •~~i 1- ‘-‘~,I ~~ •- - -
~ ~~ 

-•—
~ •.~ . i.s-’:i r~j  ~r ~ i:cI .—

5-’ 0

If) If) If )  LI) It) I t)  I t)  If )  I t) If )  ‘O •-C ’ -C ’
S 

iCi C , - iC 1C ,C , C1 C,CI CS C, CIC!

130

- • 
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 

SS5 S



-- ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ S ~~~~~~~~~~~~~~~ ‘r~~’,-i,-~ ,5~.~,-r-,-=~- -~ ~~~~~~~~~~~~~~~~~

r 
5
-’. ,

___—‘.-

~~~

-

~~~~~~

-S -  --“ 

r

0 E-.

I I ~~~~ 
~~~~~~~~~~

‘

~~~~I ~~ 0 ~~ 0~

.J’~~’ o’~r Oin~~~.-J —-’ ..i r~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
> ‘ ::s :: c ’c ’ .--.. -I C) O,-.. t-- —’ II I— —- ’ i~iL’ — -I- 00 II I—— ~~IX 0 -.’ I X 0 —  -4 IXI- i  \

U) U) ‘ICt~ CJ) 0..IX CLIX C L I X  CL’~~Cx0

c’ r~— ~
t- in ‘xi “ ~r c—i ~i- in c-u in cc’ ci: ’ —‘ in c~’ c ’  in cii r— o~ ix’ c- c~. ‘xi -~r o— ‘xi In o’. co — S

a) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5

0
0

in
S Ccr-. ‘J. ‘Y. i~~. C, Ci Ci C’ 0 0 Ci 0 Ci C’ -.s .-~ ..~ -- ... . ~~~~~~~~~ ... . ..._. 

~ ci,I c-u cij ci-i cij c’i c~i cij

C’ Ci Ca ~ “~~ -

_1II) ~~~~~ —‘ ..J’..O J’1 .J0 cci)
S W~—’It)-~~OC’ 1- UC’ .—.. II I— .--~’•- ‘..)C’ X (J C’ .—.. -I- 0 ’—’ �-. I-- ’--’ + ‘-‘ ‘ -p0— ’

IX IX IX Cl) IX

~~~
-i) If) C’) in ‘t C’ Ci If) C’) It) ‘t In C’J —i C’) ‘xi ci) ‘C’ If) C’) ~r ~i— It) ‘xi Ci ~~~

- c.J C’ If) C” C’) C’)
5

55

C)
S 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
S

13].

_ _ _  - ‘  
- - 

_ _
‘5. — S-,5--—-’—.S S~~_ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ s ~A ’5— ’_- _& .1



_____________ -

El
P4 0 c: ’ :i::’ - -—i s-

~~~~ ~< ~~~ ~~ ~5(~ ~~~
I 5-i .:- -i .::a .J ---—4

0 C) II . - .

II 11 
0 

J~ t:.:’ 
- / I’

~~ 
_i -U.’ _J ~~ :- _J •4~i ~~ LI F— U’ C

IX IX CL : :>-  IX 0) CL ‘I IX

ix’ ~o in ‘xi co ~r ~t a’. c’-i in ix’ ix’ ~c’ in —-i ‘i- in c c’ Cr-. ix’ — ci
-

S 0111~) ‘~~ —. ~-c’ ~~ —~ in If) a’. C’-i ~~ in ~~~
- —~ cc’ c’ in Cr-. ~~ C’~J (1’• iT ,~\ C,

S 0 -

- 
- 

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S

4_ I — ..4 ..4 4 .-I -.4_I ..$ -_ _I ‘ ..4 _I _I 4 .4 ~~4 _I

)-S.J ..J .Q _i C’ C] ix) I— ..J r’— ...J — 0 Cr-. I— _i a’- - —

~4iXi 00~ I-0. I II I-— X 0 0 X 0 I I u - IX ’—’C - ’” -~~+
‘ 4J W IX IX C/) CL IX IX 0) CL IX

‘~O 0 ci) ~D If) ’x’ 0 If) C\J CO 0” C’) N. If) C’) ‘-4 If) C’J 0’. CI’. C’) C’) c” If)
‘itOIn ‘it —’ 0’. ~~~ —~~0”’it0~~~ CI’. “t —~ If ) ‘it —4 If)

0
— ci- ~ in ‘-.o r-.- co ci’. o — cu ix’ -i- in ‘-.o r~- co a’. o — c-u C’)

S O~~~~~~~~~~ c’) C’)C’)C’)C’)’xi t1-
~~~ InIninIn

- 4 .~~~~ ..4 ~~~ ,4 4 — ,..4 _4 .4 _4 _4 .4 ..4 4 ,..4 4 .4

132
I

11._U A - -‘ --SU’S--’S~ — SS S—— —‘-~~ 
-.. — S_______._ _ _____ S___,_~~S — -- -—--- ‘-—— - - ‘ ~-— ~-— —~.~th.—-- ---- ‘--— —--‘ - ~~~~~.~~I-~~--- ” ‘ -



Sr s..~~~~~~~~ s ’.~~~~~
’5-

Calculate Cost R atio

Step 9. Select a MTBF ratio (Mr) starting at
1.0 See equation on Table B—lB
Print this value Mr 1.0.

S 

Step 9A. Compute (Cr) and print out the cost
ratio value. Cr = 1.0.

Total Cost Calculation

Step 10. The total cost of the assembly un~er study is corn—

puted when Label E is activated. Note that in Table B—lB the equation

for RB at Step 10 will give the number of failures per period. At

Step b A , Fyr gives the number of failures per period as related to

the MTBF ratio and presented as Fyr = 16.1463. In Step lOB , the annual

equivalent acquisition cost is computed and printed as CR = 63,213 and

j in Step lOC the annual cost of maintenance is computed and printed as

CM = 181,098. In Step bOlD , the total equivalent annual acquisition

cost is compute& and printed as CTc~~ 
= 21414,361.

Minimum Cost Calculation

Step 11. -Calculate the minimum cost ratio XMP (see equations

-4 in Table E—1B, where in Step h A , A equals the total acquisition cost

(CB) divided by the present worth factor (PWF) and printed out as

~ 63,263. In Step liB , B equals the product of the restoration cost

for each failure (CF) times the failures per year (FB) arid printed as

181,098. In Step 11C , the ratio of the base line values, B divided by

nA wherein n is the exponent of the Cost to MTBF relationship results

:~ print out of 1.)C31 . $ince n = 2, minimum cost ratio (XMP) in

~:t(-p liD equals 1.121.

Step 12. At this point , th is value of XMP is entered into Step 12

to calculate the minimum cost at the MTBF ratio of XMP, resulting in
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fai lures per year equals i14.6o8 in Step 12B. In Step 12C ,

- equivalent annual acquisition cost (CR) equals 80,352 dollars. In

Step 12D , annual maintenance cost (CM ) equals 160,690 , the miniinuiv

total cost (MCTc~~
) equals 2141.0142 in Step 12E.
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