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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.“
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Assembly

ATBO

ATTR

ATTR
Weighting
Factor

Availability

Average Delay

Dependability

Element

Functional
Cycle

"ility"
MTBF

MTTR

P.C.

GLOSSARY

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

The Average Time Between Occurrences of a specified
malfunction or failure state for an assembly based on 3
an assumption that the time distribution of their oc-
currences is exponential.

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

A factor ranging from O to 1 used to determine the
time to restore an assembly's function following the
occurrence of a combination of two or three subassembly
or element malfunction and failure states.

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.

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

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.

The basic functional building block in the system
functional hierarchy. The MTBF and MITR data are input
at this level.

The performing of an assembly's function from start to
finish.

dependability, availability and reliability

Mean Time Between Failures or malfunctions for an element.
Mean Time To Restore an element's function by repair,
replacement or other means following occurrence of a

malfunction or failure. MTTR includes the time needed ¢
to detect malfunction or failure occurrence.

Printed Circuit
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Reliability

Subassembly

TASA

Unavailability

Unreliability

Use Time

The probability 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.

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

Tabular System Analysis: An orderly procedure for
developing a functional 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.

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 faildure state.

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

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-78-135
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SECTION I
INTRODUCTION

DEFINITION OF THE PROBLEM

The worth of a particular system or piece of equipment is deter-
mined primarily by the effectiveness with which it does its job. Em-
phasis on equipment reliability alone does not result in the required
level of cost and operational effectiveness. Other Ytactors, 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
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
budyset 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 (particularly

P




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 Reperts AFAL-TR-T78-45 [3] and AFAL-TR-135 [1L4], 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 1L. This approach will demonstrate the means for determining

bk the major subassembly contributor of system unreliability. This will
rgsult 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:




(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.

(4.) 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 14, 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
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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 240-five line for-
é ward link messages, T720-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

D Gy

hypothetical mission.

! PREVIEW OF THE REPORT CONTENT

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

ported in reference 1l as an application of the TASA/DEPEND Program
in a follow on to the system reliability assessment given in reference 3.
# i In appendices A, B, and C the DEPEND Program and the TASRA/TASA Models
are discussed.

Section IIT 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.
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SECTION II

SYSTEM AVAILABILITY, RELIABILITY,
DEPENDABILITY AND COST ESTIMATES

INTRODUCTION i
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, maintainability, 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 |

U S

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
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:1l 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 initial goals of the computations performed in this re-
port is the generation of availability, 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 1l by Battelle.

The actual estimates of the interrelated quantities of reliability,

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

e cmam— ~“~¢—--.i ]




TS

in a series of calculations that provided values for all three
essentially simultaneously (Appendix A). However, cost estimates

are addressed separately, based on the RCA/PRICE MODEL applied by
Battelle [14]. 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 first hour of operation CP-B will accomp-
lish system initialization and checkout, and will accept data from CP-A
which is currently on-station. These data include any messages that,
for any reason, CP-A has been unable to transmit.

During the following eight hours CP-B will be on-station providing
the command function. In the last hour of this eight hour period, CcpP-8
will also transfer any necessary data and untransmitted messages to CP-C.
At the end of the eight hours CP-C comes on-station, providing the com-
mand function. Finally, CP-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. b
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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 uéed.

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 abové. 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 1link 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




would require one cycle of L4.2 seconds transmission

time.

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 240 messages, 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.

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 T20 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

i 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 4.2 seconds. The T20

messages received during the report-back-link-only mission represent 2160

cycles of L.2 seconds each. See Functional Diagram Figure k.

Conference Link "Mission'" Subset. The conference~link-only mission

consists of:

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

DO  rSag T S N PTERN B A, 2 e T A

during the eight-hour on-station period.

An additional hour of conference link activity, to

Il
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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, or 2571 cycles of 4.2 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

of all links that it serves, whereas a failure of a unique element will
only affect its particular link. Because of such interactions, the
gvailability of the Ka-Band SATCOM Set, for example, is not calculated
from the availabilities calculated for its three links individually,

but instead is re-calculated by rolling up reliability and maintainability

from the basic building blocks of the system (Functional Diagram,

Fizure 6).

1k
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SYSTEM DESCRIPTION

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

stration, was installed in a 4950th Flight Test Wing C-135 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 1). The airborne SATCOM Terminal (AN/ASC-22)
consists of a 1000 watt millimeter wave transmittef, 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-
cludes 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
functional 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
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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, 4, 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 1k of
Report AFAL-TR-78-135, Part I, Volume I [14]. 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 AND PROCEDURES

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

tem under study have been prepared, using the TASA (Tabular System
Analysis) technique. This technique can accommodate failures, i.8.5
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 1L4. This

was accomplished for the existing (ADM) system by obtaining lists




WVYHOVIA TYNOILONNS NOILYZIVILINI W3LSAS 13S WOOJ1VS ANVE-YN

*0T 23Ty

H31NdWO0D
Z09L W10H

vL

(NOILVZITVILINI
ONISSIOOHd TVNDIS

991

H3AQV3Y 3dVvi-¥3dvd

8t

H344n8
IONVH/NOILVAITI

(249

H3ii08
JONVH/HLNWIZY

(43

H31NdWOD 10HINOD
SNOILVIINNWWOD

(44

W3L1SAS NOLLYDIAYN
IVILE3NI

24

INOILYZINVILINY
¥3iLNdWOD
2091 W10

Lyl

[

b

]

0L
(NOILYZINVILINI W3LSAS)
dNOY¥O W3aow
AGNVE-v

T

|

|

(4%

AINIWNDIY YNNIINY

I

L s
1

dNOYO 10HINOD
SNOILYIINNWIWOD

9

oz

602
(NOLLYZITVILINI WILSAS)
135S WODLVS
ONVE-UN

SE€T-84-YIL-TVdV t8d0ano§

T ——




A A 2

of "black boxés" (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-
ment 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 1k

and in Appendix A of this report.

Maintainability Predictions. The basic functional elements used in

the reliability predictions, as described above, are also used to predict
system maintainability. The maintainability predictions require infor-
mation on the MITR, (mean time to restore) needed to restore the operation
of any element after a failure has occurred. Only maintenance that would
be performed in flight, or while the equipment is in use, is considered

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

23




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 14 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. Availability (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 find the Ka-
Band SATCOM Set in an operational condition at that time. Availability
is a function of equipment reliability or its average time between
failures or malfunctions (ATRO) and the average time needed to restore

the equipment to normal operation or to provide an alternative ac-

ceptable mode of operation (ATTR). If the equipment exhibits a long

ATBO and a short ATTR, the probability of finding it in the normal
operational state will be high. On the other hand, if its ATBO is

short, and its ATTR is high. we would expect to find it in a nonoperating

e Ao musmu e ystpgmat =




AR R P )

Y A T T T MR

PP WY o v AR e M T <

state much of theée 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
1k, 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 functiocnal assemblies and combines these, in turn, into still
larger assemblies, continuing this process until the last functional

assembly of SATCOM Set is reached. At each level and for each functional

25
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block the availability, reliability, dependability, and maintainability
are calculated, using the TASA approach briefly discussed in Appendices
&S B, and €.

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 MITRs 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
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 1h.

SYSTEM "ARD" ESTIMATES

In performing the availability/dependability, reliability, and main-
tainability analyses for the Ka-Band SATCOM Set, estimates were generated
based on functional 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-Band SATCOM Set were obtained for a typical

mission. Table 1 lists the Ka-Band SATCOM Set and its functional states
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i
t
!
¢
!
:

26




o R o

& e

Sl

SRS A LT

R £ v AR AT DTN S NI A I A, s e o ¢ B oy S N

.

S

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-
3ibility that if, for example, the mode of message 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 ES81.

In Table 3 and Table 4, 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 MIBF was set to the base
value and the MTTR 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 MIBFs 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-
ments 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. TFigure 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

In most programs it is necessary to operate within certain mone-
tary constraints, and the available funding obviously has major impact
on the technical capabilities of any system to be procured. Information
on costing is needed so that intelligent decisions may be made in order

to obtain satisfactory equipment at an acceptable cost.

The Avionics Laboratory had access to the PRICE costing model de-
veloped by RCA, (Reference 1L4). The model, stored in a computer, can
estimate the cost of a variety of items, including airborne electronic
equipment. To obtain the cost eétimate, 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) equjpment 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 eguipment with those of the equipment in its memory bank
apoplies 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
equipment under test into functional boxes, permitting characterization
of individual system performance modes [1L]. 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 1L. 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 prepared by the methods discussed in Section IV and Appendix E.




TABLE 2 CONTRIBUTION TO SYSTEM COST
PERCENTAGE
[DENTIFICATION SYSTEM CosT

SeLr Test Unit

ReporT-Back DEMODULATOR

MeSSAGE PROCESSOR

Sync/Demux ConTROL

CopE GENERATOR

Low Noise AMPLIFIER
ForwARD/REPORT-BACK DEINTERLEAVER/DECODER
l1H VoLTAGE Power SuppLY

HicH Power AMPLIFIER
CONFERENCING DEMODULATOR/DECODER
Ka-BanD Mopem ConTROL PANEL
MoDULATOR

ANTENNA POINTING ELECTRONICS

Source: AFAL-TR-78-135
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SECTION III

PERCENTAGE CONTRIBUTION OF AN 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 Appendix
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
14 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 T 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-offs to determine the
most economical alternatives based on selected runs in relationship to
a specified availability as a goal.

SUMMARY AND CONCLUSIONS

A primary 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.
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TABLE 11 PERCENTAGE CONTRIBUTION TO ASSEMBLY TASA Nr. 2
UNAVAILABILITY BY ELEMENTS TASA Nr. 35 AND 81.

TASA Nr.
RUN ONE
RUN FIVE
RUN SEVEN
RUN EIGHT

TASA Nr.

35.1
3.4
2.0
1.4
4.3

2.4

L8

35.3
2

1.3
0.8
1.4

2.6

81.1
9.2
5.5
5.6
3.8
2.4

TOTAL
28.6
16.9
13.5
14.6

35 & 81
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SECTION IV

TRADE-OFF ANALYSIS IN THE SUBSYSTEM DESIGN PHASE

INTRODUCTION

A basic selection criterion for trade-offs during the design phase
of an avionic system is the dollar cost. The costs associated with
each equipment design alternative are computed, and the 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 equipment design and
development costs and maintenance or repair costs presented in this
study are hypothetical.

Making an equipment more reliable will usually increase its ini-
tial cost. This increase can, however, be more than offset by econo-
mics in maintenance and repair costs. When an equipment fails, there
is a loss of service 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.

Besides the increased equipment unavailability, there is the increased
cost of repair and maintenance.

As discussed by Blanchard and Lowry in their text entitled
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RELIALILITY

Cost of Failure Reporting

Related Cost of Design and
Development

Manufacturing Costs

Quality Assurance Testing

MATNTAINABILITY

Maintenance and Repair Cost

Spares Cost

Related Cost of Design and
Development

Standby Equipment

Total Repair Manhours

Technician Training

Cost of Testing

Figure 16. General Cost Categories relating to the
Equipment Reliability and Maintainability

Design




"Maintainability", trade-off techniques must not depend on an in-

tuitive process when considering increasingly complex systems and re-
sulting high cost in making a realistic decision [L4]. 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 operation
and maintenance cost. As discussed by Seiler in his text entitled
"System Cost Effectiveness", the total system cost may be reduced
without changing system effectiveness, by adjusting the balance be-
tween the R&D investment and operetion costs wherein the total cost,
TC = 4+1+0, is a minimum [27]. ~reriod costing is the most commonly

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

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




T —————

i 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.

T

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 [14]. The sub-

e e e i e e e

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 should be viewed as a square function.

v

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

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

s s

crease in acquisition cost of T%, as discussed in AFSC Design Hand-

book 1-9 [32]. This would suggest that the same increase in the equip-

shiseniiondiig

f; 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 i

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, 1L, 15, and 16. The model is described in

52
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RELIABILITY IMPROVEMENT FOR ELEMENT 35

SEE PROGRAM CODING, APPENDIX E

TABLE 12

OUTPUT

REGISTER

DATA
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9. 000
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Appendix E, with calculation procedures 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
14, 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-
grammable 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, M,., etc. A base line, RUN ONE,
was established with a MTBF ratio of M.=1, and exponent n of 2. Repair
cost for one failure of 11K dollars, equipment acquisition cost of
$LO6K, MTBF of 328 hours, N of 10 year operation period, and I rate
per vear 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
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$241,042. Table 13 shows again the minimum cost at $241,042 and in-
creasing cost at RUN ONE, (My=1), and RUNS TWO, THREE, FOUR, and FIVE.
Also, as the MTRF 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, n was set at 1.5 and in Table 15, n equals 1.0 as
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 $21L4,073 with a MTBF ratio of 1.692 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
(MT'TR) as an improvement in maintainability, RUN EIGHT, as shown in
Table 16.

MAINTAINABILITY IMPROVEMENT COST ESTIMATE

In RUN EIGHT, the MTBF was set to the base line of 328 hours and f :
the MTTR changed to one hour. This resulted in an availability cal-
culation of 0.9970 using the TASA/DEPEND MODEL. Since the MTTR
was reduced by half, the acquisition cost of $406,000 for the item
under study was inéreased to $434,420. This is based on the down-

time cost relationship as discussed in AFSC Design Handbook 1-9
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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 ini-
tial elements of the equipment maintainability design and develop-
i ment cost. Maintainability acquisition cost (COM) = 0.1 CD Ln Im,

CD 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 MITR. See Figure 17. An Alternative A was based on minimum cost
as the MIBF was varied with MITR fixed, while Alternative B was based
on changes in MITR 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-

e 8 b

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. ﬁ 4




SECTION V

CONCLUSIONS AND RECOMMENDATIONS

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

TASA/DEPEND PROGRAM

INTRODUCTION AND SUMMARY

This appendix discusses the use of the DEPEND computer program to obtain
values for dependability, availability, reliability and 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-

2ational 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-
sented in final project report (Reference 1L4). Part III of this report
is a User's Manual, containing instructions for use of the TASA/DEPEND 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 MTTR) 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-
tem dependability, availability, or reliability, it is necessary to consider

these qualities in the individual components and subsystems which are the
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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 functionél 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
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for &ifferent 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 and ultimately
the total nuwubers of messages transmitted and received during the
mission.

During the development of the functional hierarchy for the system,

mutually exclusive functional states are defined for each assembly

and 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-
dix 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

g and can include almost anything pertinent to the system's function [5].

Furthermore, because TASA considers all possible combinations of states,

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

the system together with the trees associated with other states that

P

are not actually faults. The approach is demonstrated using TASA

Nr. 104 in Appendix C, Figure C-1.

S—

The third part of the 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
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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 functional
states for all of the subassemblies 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-21T7TB and AFSC DH 1-9 can be used
to predict the MTBF and MITR for each element malfunction and failure
state [23] [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




report AFAL-TR-78-135 [14]. In any case, the credibility and inter-
pretation of the analysis results will depend on the validity and choice
of the element data used. Thus, it is necessary to document and 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 [14]. Op-
eration of the DEPEND program requires the user to supply four types
of data: (1) output control data; (2) assembly identifications and
functional state definitions; (3) element MTBF and MITR 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.

Output Control and Title (Table A-1). 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 .TRUE.
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

s

i

{
1

{

i

1

!

1

4
{

variable is .TRUE., 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

4 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-1 illustrates the control card format for the case where some
of the outputs are required .and the value of the ATTR Weighting Factor

i 0.8,

Assembly Identification and Functional State Definition (Table A-1).

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

ements, subassemblies and assemblies in the system and definitions of

S

their functional states. The cards may be in any order, but it is

recommended that the numeric sequence be retained within cards for a

Farp——

given functional block. The first three columns of each card are the
i identification numbers assigned for the element, subassembly or assem-
bly; the fourth column is a decimal point; and the fifth column is the

state number in the rance from O to 8. State number O is used to

Tk




denote the element, subassembly and assembly identifications. The
alphanumeric identification corresponding to the numeric identification
appeal 5 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 and failure state. If the number of element states (column 5)
is greater than L, 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. Exampler 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,
cstarting with the second card. This data consists of the consequence
assignments from the TASA Work Sheets. There may be up to 697 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).

TASA/DEPEND ANALYSIS DEMONSTRATION

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-T8-L5 [1L], [3].

Element Data Listings. Several types of outputs 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-4. 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 listiug of the DATA IDENTIFICATION, which describes

cach data element. The elements include functional blocks of the sys-
tem and the various possible states of malfunction or failure of

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

be readily identified, 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

5
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TABLE A-l

ELIMENT DATA INPUT
“ 1 A3E0CL 14155 43

. A6 1 1 ka2 5.177F02
0”1 1 1 €20, 1,175:2¢.2
3122 ¢ 1 6J)e 1.19PE¢72
gul 2 1 w2 532440

g 3 e | 1 42 1047,67

32 2 1 4e2 1927.62

B S L Tcbeul
I3« 3 L 4e2 37°2F .y

. 0235 3 1 4.2 18%9€.0
§%2 % 1 w.2 1€9&.0

995 1 1 4e2 12yi.0
101 2 1 42 851,.3

_. 102 2 _ 4 4e2 1Lu2t.u
102 2 1 bLe2 139C,.1
196 8 1 k.2 539,76

i

130 T 4e2 5luab

118 4 1 3ile 1.G0GZEC3
121 1 L 600e 1.820%#(5
122 1 1 600 142826004
166 2 1 53 5.0C0E¢08

ELEMENT 035 AND ELEMENT 081

RUN ONE MTBF X 1.0
RUN TWO MTBF X 1.3
RUN THREE MTBF X 1.5
RUN FOUR MTBF X 1.7
RUN FIVE MTBF X 2.0
RUN SIX MTBF X 2.5
RUN SEVEN MTBF X 3.0
RON EIGHT MTBF X 1.0

MTTR = 1.0

1.0

1.0

1'9

t.s
1.7528150.0
1.0

2417 137901
4.76

1.3 4570.0
1.6 135040

2.0

1.0

0.9¢ 2539.0
o5 655140
9.5 537%.1

Ce5 67487GC0.
Ce5 12541.3
l..'os

0.5

3e5

Ce5 5.030E#03
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ELEMENT DATA INPUT FOR VARIOUS RUNS

At

1401

2.0
0.5

7140 16570.0 G5

3042 511040 2.0

9.98
1.0
0.99
0.9 48347.9 0.5 1871.1 _C.5
0.5 1120401 1.97 10401.7 (.5

2101
2201
4001

3161

3201
33c1
£3401

03501

081021
39501
13101
10201
13301
14301
118¢C2

_ 11301

12101

12201 .

16602

P vt it

i

A e P e gt P -

Pttt g s
n e




N A S S AN AN g

B T RO Supsazrm e i TN

cs* 9043N3IERT .30=NdV (UNILMIOD WNN3LNV 34KSS ON 38V7) ZCHYX 22Z2=-20 ON
05606°003 T ¥0=ndV 43430k 2ONVM/FLNATLY
: 4 NOTLONNITYW v3CE™H ZdY¥l=~3dVa
EE 5 R L el L R N 130VEY Sd¥lenidVa
0s* §0+3200CT" U30Vu9:C SANIN 3IDNIZANCY CHY AJTu=2¥043Y “Lyc=yx
o T 7 3 S IR b ¢ _ 030Ve930 SHNIT ZINIE3IN0D INY Oc™k¥Cd C'iu=-§a
So+:TN52T" SATLONSHONT SHNITY 3INZ4IIN0D JNY XD7u=1:z0:39 CAVE=TH
L R e aRoangy " PR ik X e ST SR SAILVHIGONT SHNLT 0HIXIINOD CNY Cc¥Me0d CNY3=Vx
9N+3TTL6T G53v3930 SXNIT ONvE=Yx W
GNegnegh® o ... . 030V¥930 XNIT O¥YM40d ONV 3INILVYZHONI SANIT 3IN2E34N0N CAY £/¢
93+323%29° C30v¥930 MNIT w/e ONV ZAILVEISONI SHNIT 3INIIINND CNY ORYM%04
£04392685° X FATLVE3cONT SHNIT ONVO =% Ty
b (JFAL) (SNOILONNY NU%n0D) dNINE W3COW CNVe=%x
£24397¢65° ; W300K QiNVo=Yx XNIT ZONIIIND S OFCYYNEES
B FE3 4152 4 v ! W200W ONYL=9X = WNIY = ONZLIINGS ZATLTY TuCND
- ufariy IR G Sk e T ey (INIT 3UMSHIINIM) A4LCaY $30C0 P s
ro°t £0+270T65° W30CH QNVE=YX ANIT NIV e=L=023% QILrC=y
S  wCe3ne20TC < ~ W300W ONVu=VYx . ANIT XO9S=L~0<43N FATLY> 24CKT
re2°n
6°  nCe376552° KI0CH ONVE=UX
e

.uaoowaaaua.

<"y v

———

TTE04ZIETONY W30OR ONVB=UN ~ NIV LNVMYCA EFATL
y iR L R e T e e Y (ANIT O03VKa0d) <NGNO WACN. ChIc=Ya
27432027 : SAILUSEONT v ATy M
oz ke DL Y
TeLeE T 4)+437:887° SHELVRICOND W UhTE oYX
: x ; (o FALJ T Tch LB
tic2 ~ §n4305792° dd9 INGD LNV ; NOILdZ03% INV NOISSTASHVSL Mhve=9x 03I7"ou30
_Ssd°t .. £0+390286° S U D CIN O AN s R CONATLI32M QRY KOISSTASNY L CNYS =YX LY

LL AL ] ) J (CHYE=Va) ciiCe9 IC+INQT

LA 1 D210 & -1 B 35 NOISSINSNVAL GNVE=VX K0T 133¥800 ¥3I14c0C iJZ¥4CINT/ UL
29°s 404319567 NOISSIHSNVYL QNVE=¥X (MW COT NVYH1 SS3M 1NCIAC {3K04 3% INITI144nNI
a8 0+36359T° NOISS INSHYYL ONVE=YX (XYW SLlUM 3S) LNGIND 43MC4 3% 03045320
Gy B LAl NOISSTPANENL CThusepy
ree §9+300907 s e " : NGIL1<3Jd34 ONVe="X 03CY-C 33
et T T m0ezr 260 T R R o d NUIL4Z0ES (i™e=%x Qi
€0°T  nBe3NQ2CE" ; e 5 T 3501IY4 23AIZLEN YIv:4=0INY
202°n NOLLc35™ CPyueva
£me331922° h v Ty ) NOILVNINTY AMNINDLIES LSIVNCINT/ON
Jaze*n NDILVCEZh3Y ADNINL=04
L L Sk LV ] 3 A . i MR : YMIONYRIXT LV3INW NICRe5IL
21°2. 404362267 9NI9%VKHIA? 4t3mM On
X ‘ cs2°n 1 ONIZLTHAYE Ltin
FO°T 924324993 IINYI e3M00 WalaNil SHOTLIYITLIKEDD
. g1 go2°*n ety o L dIMCd TWNIWAZL SLOTEITRAENDT
0s° £+3%067T° *cW0D *1INOJ °*AWGE VIYG 3LVe=a9NVY J.¥ 3UNVe L7aN4CIMI/0w
_031°009 3 oot R AN e e < 5 E310dR0I MEINCD SKOLLIVIINNR 0D
({3 7190 SNI ASENWCINI/ZCM
7 ) 203°399 3 : K3L5A3 NOTLVLIAWE AMTLHIvI
co°s 294332276 L3NONIZ ¥0 NIV °*OMJ Ld3OX3 1ND GAV N3INTed *HNTTEN NN 34C15 el
02 ; ¥3LNe=0L 2,27 WUY
ot nJeZIESTTS é 39AITVS VY2K03 ARVHI>G
CIN°0O0R9ET _ s facd el ; (¥ MOa AaVIING) TWMIWN¥3L WOSLVS

—¥ist

A s

o0t £9+3062TT¢

_SunAt¥llaA . STHCIBLN . J3S°*3SN SFJAD _.__ . . 2 & : NOLAVOT4IANZD]

1121
932t
1as
ceats
#9003
i3
9'6CT
S°ect
4501
£49C3
AT
1°901
[T
2°g53
150
reile
FArEe 8
1208
pe2cs
2303
T3y
p*3°%
T*s¢
SecE
T30
re13
AL
100.
(A L
£°5t
2°s¢
Trsg
£e3g
§oug
Z'wg
T*°ag
ceag
1°cg
A%
2'2¢
12
vr28
143 £
(32 41
122

. cr22

1°32
*3e
1'%y
et
T*n

LR

BVl

Viel INZN3T3

YLIW ANV J9IWN ‘NOILVOIAIINAQI TELYT VYIVA INIWITI G-y 319Vl

P ——— e -




TG=NaV
00n°009 % _ Tlendv
T T 2 Ve oA OO
ggz*r % P
W300u GNVHeyN
> = 7 KI20M gMYLeux
02 e ;
WZQO0N ONVYS=UX
o, ~ W3UOA ONVu=VX
en2*y .t
i e . W3Q0W ONVE-YX
K300W ONVE=UX
p 2, S S T
L T e S
A SR e e
c¥9 INOG LNV
T e d¥9 INOD LNV,
202°% 4
o NOISSIWSNVNL ONYE-Y)
NOISSIWSNUV YL ONVE=YN
by . NOISSTHSNYZL ONVE=-Y)
$02%n b3
(7 AR R ¢
gozie e o
e/ SRR ST el B
ez, 3 o :
*dW0d °*INOID
eenc009 ¢} O ootk
SMY
©023°003 T
n9e*y %
fN3°0039¢€Y

00s° §r=3022822° 9C-39%2716°
& . _JCeTLRERE5S*  0043566666°
00s* £0=352E509° 90=-26522£9°
il . D243)2666E° Q043276656
906°% T T mnozA2gAGat  9N-3TYTR2TTC
126°%  27-3TenN2TC  GL-22400T°
0ng* %0-3549858° 40=27920,:6°
005° £N-2)06665° Gr-3FEifEl®
005° £9-322T292°% 90-7616829°

e L U nR=TLTHELEY  2C=FLIETH2C
T8 T T 20366888 MT=3528227°
00g° £0-2606525° Gr=3gnT312°
15686 °  N04ZREEEE"

of6 " 2L5PT° §M=395286T°
03s5° ” 329L58° 9r-Ti3AfE”
J343T28265° "4 3266666°
TR0 T T 2339201977 S0-3372TT2°
0eg* Lf=359292° GP=I64nFTT®

T ONNa3TNIL66° 004+ 3L65RER®

066 ° £9=3266925° 90-3T5689%°
TTognpe T 23-302020T°  GC0-2°:R2FT°
1543799365  MP4IT66066"

TUempey T 2ra3ggE28Rt 9L -3222226°
T04Z29T666° OL43656RE6"

0C0°f  27-23§625F° 9NP-3289979°

. DR T2H 805 0[+3656666"°
000°2 nC=3NCHITLY  L0=PananThe
252°t 27=35TILT2S  60=3%2274T°

- T 1343526065 00473656666°
erg2 £7-37TET58  9r=T0TE622°
92n e 2:-3870862°% T 9P-026T498°
age T £7-354%625% 9r=7csge9°
T T 0043594966 T 0047EREEER®

ors* 21-3365660° 9r-3299077°

Te00°Y T T iC-Z%6LPT2°% alf-7392562°
00z °t €3-390T0E2® 90-77626%%°
T 30431296566 NC47656666°

99s° 2.-2219%31° “gr-3ngorate
T J0eZnsf386°  NP42Q56F66°
0BG wC-3279290° LC-a9109%e°
0e1°2 20-3226211° 9r-i652509°
o LU+35TPR66°  NPIZHHELER®
TTemy ey T g 0e3082999%  97-3029802°
_ Y%4336£€R6° 0r476H6666°

‘eese T 2P=316%0TH* 2P =3R2055T°
. 00435§95%5° 043719066°
TTerget 20-326%475° 20-18%2T91°
114232606 °  0C43555466°

089°Y ° 25-332626F° G{~=366£622°
GR43720655° NO4I956666°

TTRL0Y T £0-392%5949° 20-190298°
9043587666 N0436287RA°

(ONIANICA VYNN3LNV gHSS ON 18Y7) 39NVY [22-%0 On

G i PR

d3440E 3YNVE/HINATZY
NOILSNNITIYM 37920 Yl
430v2Y 23vi->z2%4

Q2gvi930 SHNITY FINZ¥3INNT UNY XOVe=lda0z 3% ThiYk=%a
C30V4950 SHNIT ZONIHTINOD ONT CovH=Cd ChIE=5a
IATLYNIHONT SHNIT ZINEZVZ4MOS ONY ADve=Li%Ndz¥ ChYh=-ta
SAILVE30ONI SANIT ZONZEZINOD ChY CNrMels Thv™uy-ux

Jz7ue934 SHNIT Chve=-wx 9%

C30V¥920 XNIT CYvMACY ONY ZATLYNZJONT SHNIT 3INX2INOD NV E/N

T G3J0vb930 ANIT 8/a OMY

SEHOULIN  ALINIVIIYAY ALINIGYIASY 93S5¢3SN  S370A

2 e R b e

13NONID ¥0 XANIT

*‘WH02

(MW

ML F]

ALITIGYIIVAY ANV ALITIEVITEY ‘NOILVOILILNIAI THEYT VIVA INIWITH

SATLIVH330KT SHMT T ZTINIYIINGD TAY umMe0d
SAIL735¢ONT SANIT CAvo=v> 17

(SNOTLOMNS I 102) dli03) WILOW CNVe=Ta
ANIT 303¥ZIN0D G:C75C:0

221V ZONZeIANCD 2ATL> el !
ZONZ¥IINCD) dNCYY W3C0A Ch¥e=%a
ANIT NOVa=l20d3Y JZC04935

ALIT ANTE<L 10c=N ZATLU*ZoChI
(ONIT MIVu=120a78) cNO49 W3T 04 CAVE=-¥A
ANIT 029%M204 0=CY <20

OMIT

MNIY GdeMeCd ZPIi%?Telhl

OMIT G¥YXa04) dNOND 43034 CnTd=¥a
SATLTEISCAT GRT (M7E T

UNT CNVE Va

SAILVEI=CHT BcH CN3FE Y

Ve ChY8 WX

NOILg39338 ONV NOISSIKSHY-L IONV5=y X J=CvcS30
NOIL233ZM CNY HOISSIASNL:zL OHVE=-YX ON
WHYL="X) <N0EY TC4UINDGD THNI Ny

NCTI1339300 3304608 L23HACINIZON

60T NYHL SS3T) INclNn =3K04 4% INTIZTIzdNSn]
(xyW SLLvM 26) iNcLlO0 §FMCe 4z J:=0y% 23
RUOISSIASNYSL (Avu=yX

NNILe333d CONYu=%> 33274924

NOILla3y29 GHY ="x JN

TNIIvS ¥FALSTEFH XISV I-0Lny

NOI1d3T39 "Chva=v2

NNILVaENZ9 AININV ey LINNCINI/ON
KUILvoiIN3YS AMENL:=C

SNIQLEHTAS L1VEH ON
ONINVHIXE LV3H
3¥NTIVS ¥3IN0d TYNTIWYIL SNOTLVWITMINLAOD
dIM0d TN TENIL SNOTLVIINAWKOD

VivVO 21V:-39NVY QY 2OnYe LT032MCINT/ON
WILNAWO0I TININID SNOILYIINMINED]

VI¥O SHI LQZMNCINIZON

4 hILSAS NCILVSTAYN AwILINGNI
1d30X3 130 ONY d31inled *HNIEN ON 2aCLS MNal
U3 1Nad0S 2037 W03

33NIVI 23IM0c ARVWING

(U3M0d ANVATIbe) TUNIWR2L $CJUVS

NOILVITSIANECL

ONIONVHIXI QVIH 032V¥23)

Vivd IN3H3T3

9-V HTIHVL

1e12%
t°323
Tey1y
2021y
every
2°3¢1
9+531
5*507
%ot
£0301
FATY
T*201
PR T % §
2°501
1ec07
eesey
2+201
1e208
i*201
2+701
1°301
CoT0T
1°56
0°56
T°t8
PR L)
2e0e
1004
0°a
£°58
EAT
158
pecs
Eeag
2°ng
Teag
R
Yo£S
£t
2725
1e2g
te2s

RECLA)




N s

A RO i

point. Element label number 35.1, for example, and its associated
data identification, "Degraded RF Power Output (50 watt max.)" 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 4.0, the SATCOM Terminal (Primary Power), for example,

e i T

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 functional blocks is 4.2 seconds, although
there are several exceptions.

The column labelled MTBF, HRS, 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 tecst, 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 SCHEDULE

The actual operation of the DEPEND program is to perform the com-
putations for each functional assembly separately once all the nec-
essary input data are available. Prior to the start of any compu-

tations, a scheduling routine is used to determine the order in
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which the computations will be performed. This routine prints the
resultant analysis schedule, showing the elements/subassemblies 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 com-

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-T7.

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-1l.

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-
bility) 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- Qﬁ

ities for the assembly functional states are only printed in the

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

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-

o ik e it

ability, unreliability and unavailability for each non-normal state.
An example of such a System Data listing is shown in Table A-9.

Referring again to Table A-8, the second part of the Analysis

o

Summary records the probabilities of occurrence of each functional 13
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 is included to account for the occurrence of
states not explicitly defined, including those cases of four or more
simultaneous state occurrences. Included in thié part of the summary
are calculated predictions of the average time between occurrences of
the ngn-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 ATTR

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 Model 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

8l
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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 and 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 of
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-1, 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 wunavailability, unreliabil-
ity and undependability for each defined assembly state. An example
page of the output is shown in Table A-10. 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 amount 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-
sults are used in a top-down chain calculation, as discussed in

Appendix D.




AT NNH

N.
TRl
6°62 0°
£ e
£%92 ¢°
’.N ﬂ.

TR 0 B
ne re
Go2c 0*
101 2°6%

b A
e h 2
TeaT 0
w. °.
£e492 o°
1°s Q°
1°6  ne.
et
g*th Q°

IioLl 2°6¢

ol e LAY
002" %%
__Beug o
e ne
£e92_ 0°
nez2 Tpe
_s°2 _0°
-U. a.
g*i8 0°

708 L°sE 9°6Ff G°6%

ALITTOVIIYAVNN 072 ATOW3ISSY 0L NCILNGININOD 3IVINIDN g

£°68 2°6f

LK
0°
a°
0*
ne
o°
pe

e’

ne

26t

oDomoof

hete

c*
ne

LG
ne
ne

hete
168

.
@
o~

o 9
o o

6°92
T'6¢

9e

41
T°52

TIOR3 OMM
.

9°80T L°9°T 9°ENT <°3IIT 2°4"T 2°90T 2°v Y

ALITISVON3IA30NN 002 ATBW3SSVY 01 NOILNBINLINOD

Voo cCccooDa O
® o 0o 0 0 o o

e e o o o

QD aIaMmm

0°
9e

0

0°

ce
M.o
0°
[
ne
0°
ne
0°
ne

59

0°

ne

5°9

0
o
ne
ne

S3ivas

FOYINADE

ALITI&VITZ¥NA 002 ATBNISSY 0L NOTLAG ININOQ 39%INITUTJ

6

e°s1

ne
ae
v
ne

e mccne-

S3LVLS IN2KZTZ 8C/UNY ATeh3ISSPENS

ne
LT
ne
v
pe

2°7
0°
ne
ne
0°
L°7
ne
ae

6°80TF 2°00T7 9°9(T S°udT +°°

S31VIS INIH3T3 4C/7IMY ATER3ISSEENS

ANZHZTII J0/0HY ATel3ISS™

ne
e
ne
2°

80T 2°¢ 0T 9°«0T S*HIT H°QLT £°G0T T°6LT T°4°1

1

“ie

GT £°9CT 2°¢€CT

NI 80¢ ATWISSY HOA NOILVINAVI ALIAILISNIS 40 ATIWVXH

€y 33 3y

I3

B I e
e o 0 o 0 s
o

OT-V dIdVYL

31%1S
AT h35SY

IvioL

~s002

44202
9*eee
g°202
N ong
£*202
2%
L R

2ivisS

Alen3SSY

88




T

o R i i B AR i

MoVt b

PpRpp—

T S —

APPENDIX B

TASRA/TASA MODEL

The standard TASRA model discussed in AFAL-TR-78-135 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 the
delay in completing a communication that results if the equipment mal-
functions. The relationships of dependability, (D), and expected com-
munication delay, (ECD), to the reliability, availability, and oper-
ational usage of the functional assemblies of the system are described
in the following mathematical development.

The following definitions were developed by Mr. James Drennan

of (BCL) and presented in Reference 1k.

89
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(1) Reliability, R, is the probability that a specified
function, which is initially in a normal operating

i state, will continue without malfunction for a spec-

ified length of time.

(2) Availability, A, is the prebability that a specified

i ' function is in its normal operating state at a

ki

specified time.

Y B

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

.2 L

communication function after occurrence of a spec-
ified malfunetion state by the use of a specified
process of replacement, repair, or the utilization
ﬁ of degraded or alternate communication modes.
k. (4) ATBO is the average time between occurrences of
a specified malfunction state.
The ATTR and ATBC 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 MITR 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:

DI="A" R, . (B-1)
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)R" 5 (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 MTBFi. denote the specified value

Jjk

of the mean time between occurrence of the kE-}l malfunction type in the

jzﬂ elemental subassembly of the ir'-h functional assembly and MTRijk is

the corresponding specified mean time to restore the communication cap-
ability. The term to is used to designate a time when it is desirable
to initiate a communication that uses this subassembly. The subassembly

is required to operate normally for a time, t,.,, to complete the com-

ij

munication. The Poisson distribution is used to express the subassembly

reliability:




et e N

i 1
- t L ) (B~3)
K MTBF 1j MTBF
S e k- k=1 13k
R ?

where K denotes the number of communications disrupting malfunction

P W

types that can occur in the ng'elemental subassembly.

The following additional definitions and subsequent mathematical

developments were prepared by Mr. Drennan of BCL (Reference 1k).

'l'i = length of one functional cycle (mission)

of the 1t assembly consisting of I elements. !
t, = length of one use of the j-t—:-Il element of the §5
3 th F
i— assembly, | 4
Nij = number of uses of the th-element during one };
functional cycle of the iEh assembly. ib
B MRTijk = mean time to restore system operation following il

occurrence of the kEh type of failure or mal-

function in the th-element of the ish assembly.

ATBoijk = mean time between occurrence of the kgh failure

g b ‘

or malfunction state of the ;]g-l element of the

e,

iEE assembly

MRTi]k

ATBOijk {;

' = -
UA 13k l-e

= initial unavailability of the :)-tih element of the iE
it assembly associated with occurrence of the Xl ‘f
type of failure or malfunction during an interval of i
| 8

duration MRTijk' :

pA Nijtij S
Ui e ABO 1
URijk l-e ijk }

= unreliability of the jth element of the iEh assembly F

associated with the occurrence of the ksh type of

failure or malfunction during N, k6 uses.

ij




uses of the JEH

The number of standby intervals prior to the Ni

J

element of the iﬁﬁ assembly is Nij' Excluding the interval prior to

the first use, average length of these intervals is (Ti - Nijtij)/(Nij-l).

Hence, the probability of occurrence of the kEﬂ failure or malfunction

B s

state of the JEQ element during these standby intervals is the standby

unavailability.
3 B = Nt
i ST A
: UAS 1 : ATBO‘] j [(T N / (B—4a)
£ = - e . - - <
13k 15k ; (T, ijt“) (N1j 1)) “RTijk e
i { B i .
B b [(NLL 1) MRT“k] ;
3 i :
i ‘ 1 e ATBOijk
- T = =
| [(Ty - Nyt /O - D) > MRT,, (B 4b) !
The case of Equation B-la considers an initial interval of length MRTi

ik

and (Nij - 1) intervals between use. Equation B-Ub results because the

unavailability at a time earlier than one MRTijk before use is zero. In i

intervals of length MRTij

this case there are Ni during which the occur-

J

rence of a failure or malfunction will affect the assembly availability.

k

-

The unreliability, UR K? is the probability of occurrence of a

ij

failure or malfunction during an interval of duration, t.

]

, and is related

to the ATBOijk by:

B L R L P R N NP -

UR  =1-¢
13k

Combining equations B-l and B-5 gives an expression for the standby

unavailability in terms of the unreliability:




(Ti-Nijtij)
UAS .. = 1-(1-UR 13 ;

13k 13K

-N,.t. . )/(N,,~1)] < MRT

[CT-Ny5t540 My

[(Nufl) : Mkrijk]
- —C1- t
1 -(1 URi.ﬂ? ijk

13k

[(T -N

17Nyt / Ny~ DI > e

13k

Now the initial unavailability is defined as:

MRTijk

~ MTBF

UAOijk =1-e ijk

The combined unavailability is seen to be:

UA = 1-[(1-UAO

)]

1jk ijk

G

s ij
ijk) (1 URijk)

[(Ti_Nijtij)/(N

T.-
1 Ni4844 ]
= J-(i-UAO

-1)] < MRT

ij ijk

[ (Nij-l)mz'riik]

t

=) - (1-UA0i ) (1-UR,.,) ij

jk ijk

[('ri-talijtjlj)/(Nij-l)]3_1:1?.'1‘1jk

(B-6a)

(B-6b)

(B-7)

e - -




The values for unavailability and unreliability are combined to determine

the undependability:

UD,,, =UA, . +UR,. - (UA ) (B-9)

1jk 15k 15k e Py

Whenever a malfunction or failure causes unavailability or unreliability,

the time when the communication capability 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 (MRT.. /2). This is also the average delay for standby mal-

ijk
functions or failures when the average separation between uses is equal to

or greater than MRT *However, when the average use separation is less

ik
than MRT. 15 the average delay resulting from a standby malfunction or fail-

ure is [MRT.J (T NlJtl])/E . (Nij-l)]. Finally, an average delay equal

to MRTijk results from a malfunction or failure that occurs during use.

: % h
Hence, the expected delay that will result from occurrence of the kE—'type

th 1]
of malfunction or failure in the j— element or subassembly of the 1——1

assembly is obtained from summing the products of occurrence probability

and corresponding average delays:

EDLY =
UAOijk(MRTijk/Z)

(T1~N

tij

14848/

[MRTijk-(Ti-Nijtij)/z(NiJ-l

[(Ti-N t..)/ (N, ,-1)] < MRT,

kjij ij ijk  (B-10:)

l)MFx

: ;]
{1 (1-UR, . _;
(MRTijk

+ URys ° MRTkjk ; ((t, N1j ij)/(Nij'l)] > MRT

(B-10b

ijk

. _M_Jﬁmu-sus NP P




Considering the l‘/f:c'--}l combination of element states in the assembly

f . t ; o
4 analysis (i.e the m—b-row of the TASRA table) the unavailability, unrelia-

bility and undependability of the combination are calculated by the TASRA

¥ alcorithm:

(B-11a)

g 18 i 2 -
A =T # BygUygi + Byl -ua )

.

K
i R * :
] p SRR LT S PR 7 i
K
J ij )
i (B-11c)
D = - =
U » jgl kgl BiijDijk + (1 Bijk) (1 UDijk)

where Bijk = 1 if the TASRA table indicates a failure or malfunction of
& A 5

the kEE type in the j*-E element and Bijk = 0 if the table indicates that

such a failure or malfunction did not occur. The functionjgi is used to

indicate the product of J{ factors in the equation and ﬁJ means the pro-
: k=1

duct of K , factors in the equation (Appendix C).

The expected delay for the mih combination of element states is

evaluated by the algorithm:

(B-12)

It is seen that the only delay considered is that associated with failure

or malfunction states which the table indicates have occurred in the mE-}l

comuination.
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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 MRT values, a factor ranging 2
from O to 1 is supplied by the analyst and taken into account in restore

time calculations. This overlap factor, x, is applied so that the result-

ant value of MRTm will range from the maximum of the pertinent MRTijk values

to the sum of these values. The actual algorithm employed is:

{p-13)

Wi Xk
MRT = MAX(MRT, ., ) ?J Ii ( Boi ) Kjllj u']i
= MAX(MR +x off £ s, mr . )- maxomr |
" 1K ka1 g=1 fei =g T MK 01 gm1

This value is transformed into an expected restore time by multiplying it

by the undependability:

ERT = UD - MRT (B-14)
m m m

If s denotes the assembly state assigned by the analyst as the conse-
quence of the occurrence of the mEh-combination of elements states, then
the values of UAm, URm, UDm’ EDLYm and ERTm determined as above are sum-
med into the corresponding registers for the szh-assembly state. When all
of the M combinations of states have been considered, the computer registers
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 are evaluated for each assembly state as follows:

DLY = EDLY /UD (B-15)
S S S

and
MRT = ERT /UD (B-16)
S S s
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Combined values of these parameters for the iih-assembly are evaluated by:

S
DLY, = (z EDLY) /(1-D,) (B-17)
s=1 8
and .
MRT, = [ £ ERT \ /(1-D,) (B-18)
i oy s i

where Di is the probability of normal operation of the iEi-assembly for the
entire functional cycle (mission); that is, the dependability.

A value of average time between occurrences of malfuncitons, ATBO, is
derived from the values of use time, Ti’ and the dependability calculated
for each state of the assembly. For this calculation the Poisson distri-

F < .th +th
bution is assumed to hold so that for the j— state of the i— assembly:
=T (B‘l9)
ATBOiJ, = 1__6)_7
%8¢ ij
This value should be used with caution since the time distribution of mal-
fuctions for higher level assemblies may differ from Poisson. However, the
expression of reliability in terms of an average (or expected) time between

failures is a familiar practice and the ATBO values are computed to satisfy

this need.

{
2
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APPENDIX C

TABULAR SYSTEM ANALYSIS

THE TASRA CONCEPT

L T DI B B DD B oy . .

The TASRA mathematical theory is based on the state variables

approach and the MARKOV chain model, as discussed by Blazek, Easterday

and others [5]. In the state of variables approach, 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-

ample, consider the use of two components, one with a failed state a'be

and the other with a failed state ab'c and a degraded state abe'. The

possible combination of eight states and their transitions is shown in

In TASRA, this same concept is used. To ease the under-

Figure C-1.

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 TASRA/TASA Tables

(See example in Table C-2.) As stated before, the design/reliability

engineer/analyst may work with signal flow diagrams or functional

block diagrams with which he already is accustomed. Let us first

convert Figure C-1 to a block diagram, which may be represented as

shown in Figure C-2, where a, b, and ¢ combinations represent the

components' states. The combinations of component states are handled

on the TASRA/TASA tables.

The Tabular Work Sheets, Tables C-1 and C-2, are used as aids



Figure C-1 STATE DIAGRAM FOR ASSEMBLY 104

SUBASSEMBLY

SUB
UBASSEMBLY STATE 118.1

STATE 166.1

SUBASSEMBLY

STATE 166.2

Figure C-2 Block Diagram for ASSEMBLY 104
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TABLE_C-1
Assy. Nr.
104.0
104.1
104,2

3

A

5

56

7

8

STATE IDENTIFICATION WORK SHEET EXAMPLE
STATE IDENTIFICATION

Ka-Band MODEM Group (System Initialization)
Unable to Start System

Alternate Initialization MODE Required

Col Input Assy. STATE IDENTIFICATION

T 318%1 Paper Tape Reader Malfunction

2 1166.1 Unable to Load Master Clock

8 166.2 Alternate Tnitialization MODE Required
2

6

¥

8

g

10

11

12

1

1

15

USED IN ASSEMBLIES: USES_ASSEMBLIES:

TASA Number TASA Number

209 Ka-Band SATCOM Set 118 Paper Tape Reader

(System Initialization) 166 Signal Processing

Initialization)




Card

TABLE C-2 TASRA/TASA TABLE WORK SHEET

Column
1
2
3
4
5
6
7
8
9
10
11
12

1 U

(2)
(3)

13
14
15
16
17
18
19
20

21

22

23

24

25

26
74 - 78

2
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to guide the analyst in considering the effects of the various com-
binations 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
TASRA which only addresses reliability, whereas TASA includes means to
consider availability and dependability based on known MTTR values for
the elements under analysis (See Equations B-lla, B-11b, and B-llc in

Appendix B).




'
3

TASRA/TASA WORK SHEETS (Example, Table C-2)

Preprinted tables of up to 28 pages of 25 lines per page are a
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 "1's" or less are included.
The analysis proceeds by assigning input subassembly states to columns
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 row of the table the con-
sequences of the combination of input malfunction or failure states de-
noted by the "1'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 "probability of non-occur-
rence" associated with each "0". By multiplying the probabilities as-

sociated with each of the "1's" and "0's" in a row, one term is obtained
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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
state. There is a corresponding model for each malfunction and failure
state for each assembly throughout the system hierarchy. Note the sum-
mary of rules in Figure C~3 and the mathematical model in Figure C-L
(References 5 and 13).

An application of the TASA analysis tool is illustrated in the
following example. Let Assembly 104 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 104 will also be in-
operative. However, INPUT Subassembly state 166.1 and Subassembly state
166.2 in TABLE C-1 are parallel so that Assembly 104 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-1.

The TASA work sheet for this example is shown in Table C-2 [1k4].
First note that consequence state "9" is reserved for identifying impos-
cible combinations of subassembly states. Since it is required that
the functional state definitions be mutually exclusive, it is impossible
for one subassembly to be in both the degraded (not failed) state and
the failed state. When the TASA work sheet directs consideration of such

a state combination, the impossibility is indicated by entering "9"




B —

* FOR EACH ZERO IN THE TASA TABLE FOR A SUBASSEMBLY SUB~
STITUTE THE PROBABILITY OF NORMAL OPERATION AT TIME t

* FOR EACH ONE IN THE TASA TABLE FOR A SUBASSEMBLY SUB-
STITUTE THE PROBABILITY THAT THE SUBASSEMBLY IS INOPER-
ABLE AT TIME ¢t

* MULTIPLY THE PROBABILITIES IN EACH ROW OF THE TASA TABLE

* SUM THE PROBABILITY PRODUCTS FCR 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

| Py = (2=F, NP HA*P ) NORMAL OPERATION
P; = (1-P,)Py(1-Pc)+P,(1-Py)(1-P )+
P_(1-P, )P +P P (1-P.) INOPERABLE
By = (LeP o H1-BplB, DEGRADED
Py = 1-(Py*P+Py) OTHER MODES

WHERE: Pa’ Pb’ PC = Probability of Inoperative state
for Subassembly a, b, c.

P1 = Probability that the assembly is in an in-
operative state as a result of no more than
three simultaneous subassembly failures.

P, = Probability that the assembly is in a de-
graded operational state.

P3 = Probability of simultaneous failures of
more than three subassemblies.

Py = Probability of normal operation of assembly.

| Figure C-4  STATE VARIABLE MATHEMATICAL MODEL
3 FOR EXAMPLE ASSEMBLY




as a consequence state.

The complete documentation (Figure C-5) of each of the engineer-
ing decisions pertaining to the consequences of a given combination of
subassembly malfunction or failure 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
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.

T
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APPENDIX D

SENSITIVITY CALCULATIONS

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 [14]. The results are presented in terms of
the percentage contribution of each element or subassembly state to the un-
availability, unreliability and undependability for each defined assembly
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
first step of establishing a maximum contribution Flow Diagram, as shown
in Figure D-1, to the next step of using the calculation procedures given
in Table D-1.

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.

A calculation procedure was developed using the TI-58 Programmable
Calculator and the PC-100A Printer [31]. Table D-1 presents the user in-
struction and its program code listing. As illustrated in Table D-2, this
procedure will provide a means to caliculate the percentage contribution
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, 34.5% of the system (TASA Nr. 2) unavail-
ability is contributed by State 2.1, and 24.8% is contributed by Assembly
State 208.1. From Table D-2 it is seen that Subassembly 20L4.1 is respon-
sible for 22.8% of Assembly 208 contribution, and 2L.3% of Assembly 208
is attributed to Assemtly State 208.1. Therefore, (22.8/24.3) x 24.8% =
23.3% contribution to the total system by Subassembly 20L4.1.

This process is 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-4 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-4 - Unreliability, and Table D-5 - Undependability.

System States 2.1 and 2.6 were selected to illustrate the use of this
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TABLE Nr. D-3 PERCENTACE CONTRIBUTION RUN ONE
SUBASSEMBLY TO SYSTEM |
_X_ UNAVAILABILITY __ UNRELIABILITY ___ UNDEPENDABILITY
4 Assy Assy ID |Z% Assy Sys ID [Number of| Subassy |%Subassy| #Subassy
State-Sys State Subassy ID State to Sys !
A B g D E Er A i
| 2.9 |E 4 2.9 2.1 0 = i 2.9
| 6.6 |E209.1 | 6.6 0 . S S
1 24.8 208.1 24.3 1 204,1 22.8123.3
| 23.3 204.1 3.7 1 E 14.1 B.7:4 5.6
23.3 20)}01 34,? 1 200.1 25-7 1703

173 200.1 28.3 1 B 308.1 4.6 2.8
17.3 | 200.1 | 28.3 1 39.1| 23.6] 14.4
164 39.1 | 29.6 1 B seal az.e) 62 3
4.4 39.1 | 29.6 1 38.1| 16.6| 8.1 |
8.1 38.1 | 19.3 1 Al ata boel 1.8
8.1 38.1 | 19.3 1 F 324 7.81 9.3
8.1 38v1 | 19.3 1 48 350 T RN
24,9 | 208.6 | 12.7 2.6 20,7 10.9| 21.4

21.4 | 204.7 | 33.5 200.7| 33.4] 21.3

21.3 200.7 36.7 39.6 28.1 16;i7

58,61 35} 16.1
E 35.2] 35.0] 13.9

1611 39'6 35'2
16.1 38.6 Lko.5

16.1 38.6 | 40.5 E 35.3 5.8 e ]
21.3 | 200.7 | 36.7 108.7 BBl Bl

| 24,9 | 208.6 | 12.7 2ot.8] 1.1 2.2 |

' é 2.2 | 204.8 2.4 200.8 WS
{ 1.3 200.8 1.5 39.7 1.3 1.1
I ‘ 1.3 39.7 1.6 38.7 1.6 141

lol 3817 1'9
l.l 38!? 1'9

E 34.2 8] 1.9
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TABLE Nr. D-4 PERCENTAGE CONTRIBUTION

AR S il

: SUBASSEMBLY TO SYSTEM K O
- __ UNAVAILABILITY _X UNRELIABILITY ___ UNDEPENDABILITY
- % Assy Assy ID |% Assy Sys ID HNumber 6?r_5ubassy #Subassy| #Subassy
~i i State-Sys State Subassy ID' State to Sys
u A B c D E B A
i i 4.7 E u.l 4.7 2.1 - - 4.7
i 6.2 |E 209.1 0.2 - : 0.2

31.6 | 208.1| 40.6 20,1 |- 39.2 {1 30.5 i

P

30,5 2001 45,6 E 14,1 12.0 8.0 T

§ 30.5 204.,1 Ls.6 200.1 33.6 22.5

£ 108.1 12.8 7.6

22,5 200.1 37.7

oY R p—

g2.5 | -200.3.1 .. 37.7
k.91 39.1 39.7
14.9 39.1 39.7

39.1 25.0 | 14.9

4o.1 13.0 k.9

38.1 26.7 { 10.0 3

10.0 | 38.1 30.7 E 31,1 7.0 2.4
10.0 | 38.1 30.7 E 32.1 6.4 | 2.1
10,1 38.1 30.7 3331 16.9 5.54_
10.9 208.6 15.1 2.6 204,7 12.¢ 9.2

e
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TABLE Nr. D-5 PERCENTAGE CONTRIBUTION
o SUBASSEMBLY TO SYSTEM  RUN ONE
__ UNAVAILABILITY __ UNRELIABILITY _ X UNDEPENDABILITY
% tear Assy ID |% Assy Sys ID [Number of| Subassy |Z#Subassy| #Subassy
Sta.Re-Sys 2 Sta.t&e 3 Sugassy IB' SZ?te to Sys
bt B  H.1]. b.5 211 0 - = 4,5
1.1 E 209.1 | 1.1 0 e - T
30.4 | 208.1 | 33.0 1 2okt -F 29,5 | ‘27,2
27.2 | 204.1 | 34.7 1 @SN 8.8 65
27.2 | 204.1 | 34.7 1" feogn’ F-25.8 |-“20.2
20,2 200.1 | 28.3 1 E1108.1 L.,6 32
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 I
16.8 39.1 | 29.6 1 38.1 | 16.6 9.4
9.4 38.1 | 19.3 1 vt a) 1 L,2 1.9w
% 9.4 38.1 | 19.3 Eieiaad 7.8 2.5
9.4 38.1° 1 19.3 I P33 T2 3.—»4
12.6 | 208.6 | 13.6 2.6 T TS i T
10.4 | 204.7 | 33.5 1 $2oo.r | 7554 10,5 |
10.3 | 200.7 | 36.7 1 39.6 | 28.6 7.9 |
7.9 | 39.6 | 35.1 1 |36 ] 3509, reei]
7.9 38.6 | 40.5 1ok 9w 4350 6.8 |
7.9 38.6 | 40.5 1 E 35.3 Sl b e
10.3 200.7 | 36.7 1 F108,7 8.6 2.8 1
12.7 | 208.6 | 13.6 WY IR E ERN j’
1.h | 204.8 | 1.4 1 | 200.8 s ) 1aM '
1.4 | 200.8 | 1.5 1 39.7 1.3 1: 1.21) |
1.2 39.7 | 1.6 1 38.7 .84 1.2 !
1.2 38.7 | 1.9 I Pag 1.5 1.8
.2 ] | 3057 |29 1 F %.3 | 0.3 | o0.2 | i
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calculator procedure and to compare the differences in element to system
percentage contribution for each element "ility." For example, the per-
centage contribution of Element 35.2 for Unavailability is 13.9%, for
Unreliability is 4.8%, and for Undependability is 6.8%. Thus, the per-
centage contribution as a criterion should be carefully considered in
terms of realistic applications. The differences would also indicate
whether reliability or maintainability should be the driving factor.

Ka-Band SATCOM SET PERCENTAGE CONTRIBUTION

Ka-Band 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 High 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.




and Undependability

TABLE D-6 TASA Nr. 2 Ka-Band System Functions
Percentage Contribution to Unavailability, Unreliability

RUN ONE

TASA Nrfp %UAV %URE

%UDE

TASA Nr

BUAV

%URE

2.1

2.6

u.l

35.2

209.1

35.3

14,1

3.2

108.1

4.3

Lho.a

108.7

31.1

32.1

2.7

33.1

101.1

102.1

103.1

%UDE
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APPENDIX E

RELIABILITY-AVAILABILITY MINIMUM COST
DECISION MODEL

INTRODUCTION

An optimum economic system reliability or availability, which
is the degree of reliability and/or maintainability at a minimum cost
is difficult to realize in practice. This is because estimating the
variations in manufacturing, design and maintenance costs is very com-
plex for a given reliability or availability.

The first step in any optimization procedure should be an ex-
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 #eriod off ‘tima.  Thus,. total
system cost 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 14 of their text entitled
"Economic Decision Analysis', addresses a basic approach for a mini-
mum cost decision model [15]. This approach was applied to the formula-
tion of 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

i applies:

§ TC = AX® + B/X + C

g‘ where:

;?; TC = total cost of activity,
n =

exponent of X describing the cost to MTBF ratio,

X = a common decision variable,

A, B, and C are a constant. (See Figure E-1)

: XMP I
jb ' = ) / //
3 e

\‘

‘_._

COST RATIO

4 MTBF RATIO X

Figure E-1  FORMULATION OF THE MINIMUM COST MODEL
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The total cost is a measure of effectiveness. The variable 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 cost 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:

gic nAXn+l

_ (n+1)[B
. nh

The value of X found by this means will be a minimum and is de-
signated the minimum cost point (XMP).
ASSUMPTIONS
a. MIBF = 328 hows, based on findinzs by Battelle in a recently
completed study [1L].
System operated for ten years.
Interest rate of 9%.
Base hypothetical acquisition cost $406K.
Base hypothetical restoration cost $11K per failure.
Let n = 2, an exponent of X, a common decision variable as

related to acquisition cost per findings by Battelle using the
RCA-PRICE cost model.

Each system is operated and maintained for about 5400 hours
per year.




CALCULATION PROCEDURES AND PROGRAM CODING

A program was formulated for the TI-58 programmable calculator [31]

based on the equations listed in Tables E-1A 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

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).

Store estimated restoration cost per
failure for the assembly under study
to register 07 as (CF).

Step 5. Store the cost to MTBF ratio power

factor "n" to register 16 (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 = 6.418 when label C
is activated. See Table E-1B equa-
tions for PWF.
In Steps 8A, 8B, 8C, and 8D, the base MTBF, total acquisition
cost, restoration cost per failure and cost to MTBF power factor

values as entered earlier will be printed as MF = 328, CB = L06,

CF = 11, and n = 2.0.
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Caleculate Cost Ratio

Step 9. Select a MTBF ratio (M,) starting at
1.0 See equation on Table E-1B
Print this value M, ="1.0.

Step 9A. Compute (Cy) and print out the cost
ratio value. C,. = 1.0.

Total Cost Calculation

Step 10. The total cost of the assembly unger study is com-
puted when Label E is activated. Note that in Table E-1B the equation
for FB at Step 10 will give the number of failures per period. At
Step 10A, Fyr gives the number of failures per periéd as related to
the MTBF ratio and presented as Fy, = 16,463. 1In Step 10B, the annual
equivalent acquisition cost is computed and printed as CR = 63,213 and
in Step 10C the annual cost of maintenance is computed and printed as
CM = 181,098. 1In Step 10D, the total equivalent annual acquisition

cost is computed and printed as CTC = 24k, 361.

EA

Minimum Cost Calculation

Step 11. Calculate the minimum cost ratio XMP (see equations
in Table E-1B, where in Step 11A, A equals the total acquisition cost
(CB) divided by the present worth factor (PWF) and printed out as
63,263. In Ster 11B, B equals the product of the restoration cost
for each failure (CF) times the failures per year (FB) and printed as
181,098. 1In Step 11C, the ratio of the base line values, B divided by
nA wherein n is the exponent of the Cost to MIBF relationship results
in a print out of 1.431. Since n = 2, minimum cost ratio (XMP) in
Step 11D equals 1.127T.

Step 12. At this point, this value of XMP is entered into Step 12

to calculate the minimum cost at the MTBF ratio of XMP, resulting in




N
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Fyr failures per year equals 14.608 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 minimum

total cost (MC ) equals 241.042 in Step 12E.

TCEA
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