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ABSTRACT

We consider the effects of implementation technology
on the life cycle cost of large digital systems. Models are
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developed and applied to the resulting partitions and
conclusions are drawn concerning the attributes of various
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Chapter 1

INTRODUCTION

The aim of this study is to develop concepts and tools for

und erstanding the influence of partitioning on the life-cy-

cle cost of a system.

Throughout this study three types of boards will be con-

sidered as esarnples to illustrate the concepts being devel-

aped. These three board types are being used by the U.S.

fIavy for various types of equipment. The types considered

are:

1. Type 1A: A small PC card trith space for up to 8

IC’s and a single 40-pin connector,

2. Type 2A: A PC card rJith space for up to 1s IC’S

and a single loo-pin connector.

3. Type 5X: A PC card with space for up to 55 IC’S

and trro connectors: a loo-pin connector for the

bark plane connection and a X0-pin test point con-

nector to be used fur diagnostic purposes only.
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Chapter 2 describes the extensions to the Design

Automation system at Stanford to calculate the following

life-cycle-cost parameters for a digital design specified

hierarchically by means of the SCALD [NM78 1 design system:

estimated procurement cost, heat dissipation, weight and vo-

lume, reliability, and system testability.

This program accesses the hierarchical data base contain-

ing the description of a system, including its partitioning

ad apply the appropriate algorithm to calculate the parame-

ter for the total system in a bottom-up fashion.

In chapter 3, the influence of technology on the partion-

ing problem is discussl;d. As aIn example, a major portion of

the S-l computer system [HI4781 is partitioned into boards of

type 5S and into masterslice integrated circuits with up to

1000 gates per IC.

Chapter L+ addresses the problems associated with auto-

mat ed a 1 g o r i t hrns for partitioning digital systems.

In chapter 5, the influence of partitioning on a system’s

testability is discussed.
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Chapter 2

DEVELOPHENT OF LIFE-CYCLE-COST-FACTOR EVALUATION TOOLS

2 . 1LIFE CYCLE COST HODEL

2.1.1 Introduction

The life- CjpCle-COSt Il\OdETl used in this study is similar

to that used in NIL-HDBK-246. Emphasis has been placed on

parameters that are a function of the partitioning of the

s }'S t em.

The total life cycle cost CT is broken into two major ca-

tegories : Acquisition cost, CA and Lifetime Support cost,

CS.

CT= CA + cs i2.11

The acquisition cost consists of the following major com-

p c n e n t s :

1 . ccst of rcsearcl1, logical/physical design (CRD)

2. cost of fabrication (CFAB)

3. cost of installation (CI1lST)
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4. cost of documentation (CDOC)

5. cost of supporting equipment (e.g. tools, test

equipment) (CSUPP)

6. cost of facilities (CFACIL)

Costs (3-6) are relatively independent of the partition-

ing and technology. R/D cost (CRD) is affected by the par-

titioning and by the implementation technology (e.g. stan-

dard components versus custom integrated circuits). The

cost of diagnostic test generation differs due to the dif-

f erence in board complexities and the different number of

board types. cost of fabrication is the total cost of

equipment to be procured.

The fraction of the acqui sition cost which is relevant to

the partitioning problem can be expressed by the following

relationship:

c A = CD( 11 + SUM [KE(i) s CH(i) I 1 2 . 2 1

. -I.- f...1 II ( 1 1

r!her2 CD(l) = Design cost for a design with partition 1;

NE(i 1 = ‘!‘he number of ulli ts of typ2 i to be procured;

CN( i 1 = IJnit cost of module type i;



n(l) = The number of module types for partition 1;

In IIIL-I-IDBK-2116, an example is given comparing the design

cost of a SErl module design (1A or 2A) to a non-standard de-

sign such as 5X. It is postulated that the d2sign cost of

the SEH module implementation is very small, while the de-

sign cost for the non-standard design is very big!>. It is

clem that the logic design cost of each of the implem2nta-

tions is roughly the same. H o w e v e r , the physical (packag-

ing) design cost can be much higher for non-standard packag-

i ng t e c h n o l o g y .

2.1.3 Life-Supnort Cost

. . Life support cost is mor2 difficult to moc?el due to vari-

ous logistics organizations involved. Only the partitioning

sensitive cost parameters will be given here:

cs = [n(lJECLI I + [n(l)sCSC”NL] -f- Cspares + Crepair 12.31

uhere CL I = Cost of introducing a line item into the

supply /s ‘5 t em

csc = shelf cost per year of maintaining a line
.

item in the supply system

N L = planned op2rational life of the equipment

Cspares = cost of spares required over the system’s

life-time
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Crepair = cost of all repairs made during the system’s

lifetime.

In order to eStiiRate  the cost of spare5, the number of

spare modules for each typ e must be derived from reliability

calculations. For a given module type j, Pj(nj) is defined

as the probability that nj spares of module type j will be

sufficient over the planned life, HL, of the equipment.

Assuming independence of failure among madules and a con-

stant failure rate for individual modules, then it can be

shoxn that Pj(nj> is given by the Poisson distribution func-

tion as follows:

Pj(nj> = P(wj<nj) z SUpI [ ef%(-@j) f Qj*fwj ] / wj! E2.41

uj=O.. .nj

wh e r e u j = total number of failures of the jth module during

pilrioc! NL;

f3j = expected number of failures of module type

j during period tIL.

Sj may be computed from the relationship:

W = Lj % NL * ItE(j)

rrhere Lj= failure rate for t2)e jth module.

- G -
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~ T h e adequacy of the equipment spares is the product of

Pj(nj) over all modules and it must be greater than some mi-

nimum acceptable value A, or s

PRODUCT Pj(nj) > A

j=l..,n(I>

Cspares = ‘SUM nj * CH( jl

j=l...n(lJ

12.6 I

12.7 I

In an ideal repair situation (the Perfect repair mod211,

the faulty modules are isolated and then replaced by spares.

Ho L:orking (not faulty) modules are replaced. This requires

n2ar perfect diagnostic routines and/or undesirably 1 ong

IITTF,‘s. The other approach replaces all suspected modules

at onc2 (the unnecessary repair model 1. Many good modules

r.rill go through unnecessary repair procedures, Current re-

s2arch is f ocussing on modelling diagnostic resolution be-

cause it is the key factor in c alculating repair costs.

2.1.4 HTTP Con--traint-A -2

Tile time required to p2rf orrn maintenance may be quanti-

f i ed hy THF and TTID, where:

‘iIIr”=f ield r~aintenance tim2

TND=repnir depot maintenance time

- 7 -



Each maintenace period may be broken into four activities:

prepare, isolate, replacement(repair1 and checkout. Hean-

time-to-repair is simply the expected time to complete these

activities,i.e.
.

NTTR = ECTM) l2.81

In the repair depot, the time to isolate the failed com-

ponent within a module is an exponential function of the mo-

dule circuit complexity, while the time to prepare, replace

pi 11 d c h e c I< out is relatively constant.

MTTRD = Tl + T2 s SUN [e ** (Kl~PiJl 12.91

* -l- ,.1 . . n ( 1)

LJ h e I- e : T 1 , T2 = constant overhead

Kl = model constant

Pi = itlr module complexity measure (e.g. pin count>

In the field, t h e time to isolate the failed module is a

function of system conple,:ity, module complexity and the

diagnostic resolution. Hnnc e

flTTRF = T3 + T4 * SUM t e s* (K2 -t KlsPi/DCi)) I i2.101 \

i=l,...n(lI

rJhere T3, T11 = constant overhead

K2 = mcdel constant due to system complexity

D(i) = clia~gno5tic resolution of module i (O<D<l)

The following system design constraint must be met:

- 3 -



HTTRF < IITTRF max 12.111

IITTRD < IITTRD mas 12.121

The cost of repair in LCCF is :

Crepair = Labor Cost * (IITTRF + IITTRD) s NE * NL S FRsys

t2.131

Estimating IITTP serves two purposes. One is to compute

repair cost. The other is to estimate the system availabil-

ity, AV.

AV = MTBF 1 (IITBF -t mm) 12.141

During the mission time, the field availablilty AVF must

meet certain minimum requirements:

A V F = IITBF 1 01~5~ + IITTRF) > AVFmin 12-151

IITBF = 1 / FRsys

2.1.5 R e p il i t-- Cost ColrlUat-iC;oli AnalysisI‘

The following analysis provides a repair cost model for a

1 0 g i c s y s t 3 m u s i II g modular logic boards, Its purpose is to

furnish a convenient tool to make repair cost comparisons

betL!een systeras implemented with different board sizes.

Khen a failure is detected, depending on the diagnostic

resolution of the diagnostic routines, two different repair

procedures may take place:

- 9 -



1 - perfect repair - only the faulty board is replaced

-3
L. random repair - some number of cards are replaced

even though only one card is faulty.

Let I3 br2 the number of boards per some arbitrary function

such that it is the smallest entity that the diagnostics can

verify. k’hen such function failure occurs, the number of

boards to be replaced will be a random variable from 1 to m.

H e n c e , the expected value is (m+l)/2.

Let K be the ratio betrJeen the large board arca and small

board area. If a function takes A large boards, it will

take at least !:*.A small boards. The cost of each board is

assuned to be proportional to the board area (this is a

questionable assumption made in [NIL-HDBE-246  11.

The ratio of t 11 e failure rates is also K. In

tMIL-HNDBK-2461, a higher failure rate is credited to the

large boards due to the lack of high-quality testing at the

present time. Furthermore, no connector/backplane faults

are accounted for here. Questionable small boards are as-

sumed to be not repairable. Large boards are are assumed to

be reI:ai red at a cost of 50X of the original board cost.

Therefore, each large board that has been replaced has a

- 10 -



sal~*aged value of 50%. The following table highlights the

comparison betKeen SEM-IA and 5S boards.

1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

small board large board
(SEMI (5X 1

--------------------_______________I____-------------
nur.tber of boards 6++A A
13 e r* f ‘.! II c t i 0 n
--------------------__________________I_-------------
average board 100 600
cost ($1

rlaan nunber of boards. . -
to be replaced/failure

(6A+1)/2 (A+1>/2

(cost of new boards) (GA+1)~100/2 CA+1>~600/2
-----------------------------------------------------
repair cost of the 0 300
faulty board ($1
--------------------______________L_____-------------
repaired boards \Talue 0 (A+1)~600/2
-----------------------------------------------------
net cost per failure (6A+1)*100/2 300

repair (5) = 300.~ + 50

From this simple comparison, the net cost per each fai-

lure assuming random repair strongly favor the large board.

Note that w e a s s u ??I e that both systems meet the MTTR and

Availability constraints. Labor cost for repair task is not

included.

- 11 -



2 . 2 RELTPIBILIITY  VODEL

2 . 2 . 1 TntroductionZ-.----*-

In this subsection, the current version of the model is

presented. The goal of the model is to try to determine,

and to quantify if possible, the difference in the reliabil-

ity of tr.Jo system implementations that differ only in the

size of the circuit board.

fin important assumption is that an attempt is made to re-

pair every fault that is detected. A failure in a module

will not necessarily cause a system crash if that module is

a member of a set of redundant modules. However, if a

failed redundant module is not repaired, the system is left

vulnerable to a crash if other redundant modules of the set

fail. Thus, it is reasonable to assume that an attempt is

made to repair all detected faults.

The failure rate of the system, FRsys, is defined to be

the sum of the failure rates of all of tile modules in the

sys tern. The mean-time- betraeen-f ai lures of the system,

M T B F s y s , is given by l/FRsys. If the system is used for a

mission of time duration T, then the average number of fai-

lures that iJill. occur during t h e mission is T/HTBFsys =

T’iFRsys.

- 12 -



In the fol1orJing paragraphs, we will attempt to determine

the differ2nce in the system failure rates of two implemen-

tations of a system desicgn. If the efficiency of the fault

diagnosis and repair procedures are the same for both imple-

mentations, then the implementation with the lower failure

rate is more likely to succ2ssfully complete the mission

without experi2ncing a system crash.

The two board sizes will be called small (S) and large

CL>. The ratio of the area of the large board to the area

of the small board is KA.

The basic elements of the system will be tal:en to be

electronic devices (ICS, resistors, capacitors, etc.), cir-

cui t boards and connectors. The failure rate of tJle system

is the sum of the failure rates of all of the basic ele-

m e n t s . TIl e S YS t L3!il failure rate is broken dorcrn into three

components, devices CD>, boards (B) and connectors (Cl.

F R s y s = FR-D -+ FR-B + FR-C 12.161

2 2.?. DOal-C!S

I!e :Jill indicate the parameters for a large board imple-

mentation by a subscript (1) and those for a small board im-

- 13 -



plementation by a subscript (2). Let mL\(z) & the number of

smsll boards that are in a small-board implementation. It

is assumed that the packaging, density is the same for the

small boards and large boards. The number of large boards

in the large-board implementation will then be:

NBC 1) = NB(2)IKA f2.171

Let FRb(2) be the failure rate of a small board. If the

failure rate of the board is proportional to the area of the

ho? rd,- then the failure rate of a large board is:

FRbCl) = KA 3 FRb(2) L2.181

The t0ta.L failure rate for the boards in a small-

and large-board implemented system are FR-B(2) and FR-B(l),

respectively, where

E’R-B(2) = NBC21 -s FRb(2) 12.191

FR-B( 1) = I:A?~FIIb(2)~i-NB(2>/t:A = KB(21sFRbC2) = FR-B(2) 12.201

This result should be obvious since we assume that the

board failure rate is a function of board area and both sys-

tems have equal board area.

- 14 -



2 3.2.- Connectors 3nd Backplane------.- CL

There is a well know rule? called Rent's Rule, that

gives a relationship between the n um b e r 0 f connector pins

used per board and the number -of chips per board. The rule

is as follows:

1ICP = 1iPPC s (NCPB ++s t-1 I2.211

r~h e r e

NCPB: maximum number of components per board.

HPPC: number of pins per component.

NCP: number of connector pins for a given board

The parameter r is usually in the range 1.60, ,701. If the

chip density for boards is proportional to the board area,

then on the average,

E A = NCFS(I) / lICFE(2) 12.221

Then NCP(l) / NCP( 2) = 1: A S IC r KY231

Let KC be the average number of connector pins used on a

small board. The failure rates of the connectors in a

snall- and larg e-board implemented system are:

FR-C(2) = NB(2)~KC~FRc(2) 12.241

FR-cc 1) = (E;:“iX ~~)~EC~NB(~)~FRC(~)/KA L2.251

respectively, rJhere FRc(2) is the failure rate of a single

connection. F u r t h e rm o r e , the backplane failure rate is a

- 15 -



function of backplane area, uhich in turn is a function of

the number of connector pins. For simplicity, FRcC2) should

include connector failure rate and backplane failure rate.

The assumption is made here that both implementations are

not limited by connector capacity limitations; this assump-

tion may not always b? realistic.

2 .2.4 Cevices

The device failure rate is almost implementation-indepen-

dent. The primary difference is that the small-board imple-

mentation requires more driver chips to drive the board-to-

board signals. In c? small-board implemstitation, the

board-to-board signals are more numerous a n d require a

higher drive capability (due to higher line capacitances and

fanout) than do similar signals in a large-board implexlenta-

tion. It has been observed that the reliability of an elec-

tronic device decreases as its junction temperatures in-

creases . T t? u s , the small-board implementation requires a

larger number of a device-type that are relatively less re-

liable than most other devices.

- 16 -



Let FR-D( 11 be the failure rate of the devices in a

large-board implementation. T h e n

FP.-D(2) = (1 + ED) s FR-D( 1) 12.261

brhere 0 < KD < 1, is the failure rate of the devices in a

small-board implementation. KD represents the fractional

increase in the overall device failure rate that is attri-

butable to the extra driver chips.

At this point, we wan t t 0 compare the system failure

rates FRsys(2) (small-board) and FRsys(l1 (large-board).

FRdiff = FRsys(21 -FRsys(lI

= FR-B(2) - FR-R(l) + FR-C(2) - FR-C(l)

+ FR-D(2) - FR-D(l)

= [EH3(2PFRb(2) - NB(2)"FRb(2)1

-I- INB(2) ~GCxFRc(2)~(  1 - (EAf*rI/KAI 1

+ t~~-D(i)s(l + k;D - 111 l2.271

The first term vanishes. The others are positive quantities

because

11 - (KA”++r,)/I;.Al > 0 if r<l, and KD>O.

Thus, we conclude that system with large carels has better

reliability than that of the system with small cards,

FRsys(2) > FRsys( 11 (2.281

‘r h t? difference -11 failure ra-te is contributed by the addi-

tional devices and connectors required in a small card sys-

ter:!.
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In the previous sections, a LCCF model for digital sys-

tems was developed. This model differs from the similar- one

used in IlIIL-HD3K-246 1 particularly because the emphasis has

been placed on the factors that are a function of the parti-

tioning of a design.

Although it is very difficult to draw conclusions without

having accurate data, a few observations can be made: the

aquisition cost is a relatively small portion of the life

cycle cost. This cost is higher for larger boards, mainly

due to the higher cost of physical design and to the decres-

ing probability that a given design will be used again.

The support cost model centers around the f rcquency of

repair, the number of spares required and the MTTR const-

raint - These in turn depend on the reliability of the sys-

ten and on t h n quality of the diagnostic procedures Cdiag-

nostic resolution>. A comparison k’as made between system

with large and s:nall boards. It was concluded that a design

with larger boards is more reliable due to the reduced need

for of f-board drivers and for connectors. Contrary to

1 MIL-HDEK- 21rG I Lie conclude that the repair cost for larger

boar-d syste!ns can be smaller.

- 18 -



Diagnostic resolution is defined as the probability of a

functional diagnosis procedure to isolate a failure to a re-

placeable unit (a board). Larger boards have definite ad-

vantages over smaller ones in this regard. Since this mea-

sure involves both hardware design as diagnostic programming

evaluation, mu.ch more research is needed in this area.
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Chapter 3

THE INFLUENCE OF TECHNOLOGY ON THE PARTITIONING PROBLEM

In order to evaluate the influence of technology it is

necessary to isolate several important parameters:

I . The set of primitive modules to be used. This in-

dicates the level of integration used in the de-

sign.

2. The nature of the technology employed (TTL, ECL,

IIOS, etc.)

3. The nature of a design (control logic, arithmetic

1.1 n i t , memory, etc. 1

4. Th 2 nature of the packaging philosophy employed

(e.g. printed circuit board size).

111 order to study the influence of the level of integra-

ticn on the partitioning proSlerrl an existing design for

rihich a mu1 t i 1 eve1 functional partitioning is available was

- 20 -



studied. This system is the Stanford-l mark 1 processor

i 1lt1178 I . This machine has been built at Lawrence Livermore

Laboratory. It is a 36-bit* , architecture with a speed of

about 5 Hips, implemented using Motorola MECL-IUK technol-

ogy- The design consists of about 5000 integrated circuits,

The reason for choosing this example for an initial test

is the existence of a machine-readable design specification,

which includes a functional partitioning at several levels.

Some of th Design Automation tools available at Stanford

t tVa77, VA781 were adapted for this study.

Various parts of the Stanford-l processor can be used to

provide some insight into the influence of the nature of the

design: (random) control logic vs. regular lagic.

3 -2 EEST 5:~ TOOLS At/D EXA?!?L.ES  USED-r--- --. -- -

3 1-2. DesiclnSC:?CI) snftwqre and S-lc., c

T h e SC.FILD system was obtained from Lawrence Livermore Lab

[ PIi! I and installed on the IBY 370/165. Til c complete de-

sign of the S-l processor was obtained from LarJrence Liver-

l*lore Lab and installed on the IBiI 370/165.
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The SCALD system allows only partitioning of a design

into boards i.e. one level of physical hierarchy. Software

has be2n completed for using f-our levels four levels of phy-

sical hierarchy i.e. chips, boards, racks, cabinets. A pro-

gram has been rJritten to convert the SCALD output into a

list of signal nets for each chip, board, rack and cabinet.

Trio different manual partitions of the EBOX of the S-l

system were carried out. The EBOS is one of tuo major sub-

systems of the S-l processor; the second subsystem is the

IBOS. The EGOS contains approximately lGO0 MECL-1OK circuit

packages. T h e first will partition the s ys t cm into 1000

gate custon LSI circuits. Th e second will partition the

EBOX into boards of type 5X. In addition to the original

design of the S-1, which contains 500 IC’s per board, this

p r 0 1.7 i d 2 s three different manual partitions.

In the next chapter, a n attempt to partition the EBOX by

neans of an automatic partitioning algorithm into boards of

tJ’F3 tii, 2A and 5X will be described.



3.3.2 Inuact of I,!51 on systein Partitionir~q- --

In order to dicuss the effects on System partitioning of

an IC technology, it is necessary to discuss briefly the na-

ture of the limitations of the ICs themselves. There are

fOU?T primary limitations: gate count, pin count, heat dissi-

pCAiOP, and drive capability. These limitations will be dis-

cussed, and the tradeoffs identified.

The first limitation is that of gate count. A high speed

technology, such as ECL, is usually limited by the heat that

can be dissipated by the chip. To obtain the high perfor-

m a n c e , each gate must dissipate a certain amount of power.

In a technology of this type, as chips get larger and lar-

g-CT, the problem of heat dissipation is mot-e serious t Ii a n

t h i! increased cost of the die.

In 14MOS and CIIOS technologies, on the other hand, cost is

a more fundamental limitation. It is easily possible to pro-

duce chips so large that they are impossible to build eco-

nomically, but that tJould work well if they were built. Here

cost dictates the maximum gate count that may be used.

In all IC technologies, t h e maximum gate count per chip

is rapidly increasing (by roughly a factor of 1.5 per year).
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In 1979, these limits stood at about 1000 gates/chip for

high performance, and at about 10000 gates/chip for high

density logic.

The second IC limitation is pinout. The IC must communi-

cate rJiith the rest of the system, and it must do this

through the pins of the package in which it is mounted. The

number of pins required varies according to Red’s rule

I2.211. This is an empirically observed relationship, and

not an ironclad lark, but it does hold over a wide range of

systems. There are exceptions, a II d they will be discussed

later.

High speed designs cannot afford to spend time multiplex-

i-ng different data over the same pins. Furthermore, more

pins mus t be devoted to grounds, power supplies, and clocks

to insure signal integrity.

In practic2 pinouts of IC’s for high performance systems

tend to be close to the largest available limit. New pack-

,?,ges with larg2r pinouts are not easily introduced b2cause

the tooling costs are enormous. The largest packages that

are c!idely used commercially are the 64 pin dual inline

package, the 68 pin JEDEC chip carrier, and the 64 pin In-

tel-311 package [lIa79 1. Recognizing the need for larger pack-
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ages in the future, houeverr JEDEC standards are available

for up to 156 pin packages, some of which have already been

constructed for use in military systems [C1791. Further pro-

gress in this direction is inevitabie.

There are trJ0 common cases rrhere exceptions to Rent’s

rule are observed. The first exception occurs in the case of

memories and other highly regular structures, such as PLAS.

In these cases, the number of pins may only grow as the log

of the number of gates. Thus a 64K random access memory,

probably the most complex part in production at this time,

reqrlires only 16 pins. Furthermore, the same rule holds

true for collections of these devices; a two dimensional ar-

ray of these devices can be IJired on a 2 sided PC board,

with no denser wiring being required as the array grows lar-

ger. As digital systems grorJ larger, increasingly large sec-

tions of systems are composed of these regular structures,

s i n c e t h e y ars easy to design and test. T h e S-1 processor,

for example, is designed around its micro-code memories,

which are regular arrays.

The second c,rxception to Rent’s rule may occur as a com-

plete system is put onto a single chip. A typical microcom-

puter, for example, requires 4 0 p i n s . however, many of these
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are taken up by internal system functions, such as address

and data busses, that are not visible to the user. If these

functions are moved onto the processor chip, then these pins

are available for user functions. Commercial examples of

this type of effect are the Hostek 3570 or the Zilog Z-S.

There are only S required pins on these processors, leaving

32 rihose use is defined by the internal programming. In this

example, t h e addition of the RAM and ROM to the original

processor vastly decreased the required number of pins,

rather than increasing them as Rent’s rule would predict.

The third problem faced by an IC designer is heat. Relia-

bility demands that the maximum chip temperature be kept be-

low a certain limit, and the package has to dissipate the

heat developed by IC bli thout allouing the temperature to

rise too far. This is a major problem with high performance

technologies, that limits the number of gates that can be

placed on a chip, as discussEd earlier.

Hew designs for packages help to alleviate this problem

s onewha t - The neu Intel-3N packags [IIa79 I, and some of the

implamentations  of the JEDEC chip carriers allow for in-

creased heat sinking ability. This comes at the expense of

decreased pacl:ing density (in the vertical direction).
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Another problem faced by the chip designer is drive

capability. This is a problem in both the high performance

area, [Jhich requires cant rolled impedance environments, and

in the high density areas, where the problem is the transla-

tion of the high impedance, low power signals found inside

the chip to the low impedance, high power signals used for

chip to chip communication.

In the high performance area* precious pins must often be

dedicated for extra grounds, because of the impedance of the

wire bonds and the speed of the transitions. In both the

high performance and the high density cases? the drivers can

use a signif icant fraction of the power of a chip, and are

relatively slow compared to the rest of the circuitry. This

problem for 110s technologies is dicussed i n detail in

[MC79 I. The conclusion is that as NOS technologies move to

higher densities, the output drivers will increase in abso-

lute speed, but decrease in speed relative to the internal

gates. Hence the communication problem between two IIOS chips

IJill get r-lorse.
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3.3.3 Effects of LSI on Oer;ia Criteria4 II - ----z

Uhen designing a new system, the decision has to be made

rihether or not to use LSI type technology. The decision will

be based on the following factors: cost, performance, deuel-

opment time, reliability, testability, and repairability.

Each of these factors is influenced strongly by the use of

LSI, and each in turn affects the system partitioning.

The first, and often foremost factor is cost. Many dif-

ferent costs are affected by th2 decision to us2 LSI, a 1-A 0 I1 g

then are d2V2lOFWIIt  COStS, production costs, and repair

costs. Therefore life cycl2 cost is strongly affected by

the decision to use LSI.

Development costs are, in general, higher with LSI than

with HSI, in terms of both direct and indirect costs. There

ar2 t w o najor methodologies that are possible for a large

system; either standard components may be intcrconn2cted to

perform the desired function, or new components may be dc-

signed, and then interconnected. Traditional PC board design

falls in the first category, and design with LSI falls into

t 11 e S?COr?d.
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The first alternative, a PC card with conventional ICs,

is very well understood, and many tools are available to

help with the design. PC boards, even multi- layer onest are

comparatively easy to change, and hence easy to debug. A’l-
l

ternative forms of construction, s u c h a s wire-wrap, are

available that provide similiar performance and are even ea-

sier to change, although they require more space.

The second alternative involves designing IC components,

which is a much more difficult problem. The tools necessary

to mechanize this process are still in research stages, and

much of the udrk must be done by hand. It is extremely dif-

ficult to build breadboards that will give useful informa-

tion about the performance of the final system, so almost

all of the design must be done with the aid of s’imulators.

Once a breadboard system is designed, and masks fabricated,

th2n modifications to that system are difficult at best. Any

errors must trait until the next turnaround to be corrected,

For these reasons, the cost of dev2loping a system composed

of LSI is mu c h h i g I~ e r than the cost of developing a system

I01. interconnected standard components.

Once the system has been designed, then the cost of pro-

duction is the next major cost to b2 considered. Here LSI,
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because of its smaller parts count, has a significant edge

at high volumes. PC-type technologies have the edge at very

low volumes.

Once the system is in the field, the major cost is  the

repair and maintenance cost. A LSI system may be either ea-

sier or harder to troubleshoot and repair than a MS1 type

s ys t e3. This is discussed Clore fully under repairability.

The reliability of a LSI system is almost always better

than that of an equivalent HSI system. One of the primary

causes of failures in a n y system is interconnections,

rJhether in the form of wire bonds, IC sockets, or PC connec-

tors. An integrated system minimizes these problems. rt

will consume less poWerr a n d hence help the reliability of

the porter and cooling systems.

It is in repairability, however, that a LSI system may

far outdo other inplemsntations. The ideal self-diagnosing

system would have an indicator light on each board, that

g o e s on when there is a problem, while the system continues

to perform normally. During the next preventive maintenance

period, th2 board can be replaced. Memory subsystems attain

this level of diagnosability now, thanks to the use of er-

ror-correcting codes. In principle the techniques exist to
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ext2nd this type of per-f ormanc2 to other, 12ss regular,

portions of digital systems. The problem, however, is that

thes2 techniques, such as triple modular redundancy, require

a large overhead in terms of extra logic. LSI may make it

possible to impl2ment this extra logic necessary without

raising the cost of the syst2m by an equivalent amount.

Performance is another area srhere LSI has an advantage.

In high spe2d logic, the interchip delays are often the per-

formance limiting factor. LSI can reduce the number of these

delays to a minimum. LSI implementations consume consider-

ably less poEer per gate function, since most of the gates

are only driving other gates on the same chip. Weight and

volume are also reduced; not only from the smaller size of

the circuits themselves, but from the smaller power supplies

and cooling apparatus tilat is required. Hence the proper use

of LSI can result in a system that is higher in performance,

smaller in size, and more reliable than other implementa-

tions.

There is one unique feature of LSI that must also be con-

sidered when making partitioning decisions. This is the pin

count problem. LSI devices have high pin counts, and an ag-

gregation of t ii em 14 i 1 1 h a v e still higher i/o pin require-
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merits, as discussed in the section on the limitations of IC

technology.

Each of these factors influences the partitioning of the

system in different ways. To get the advantages of LSI, the

number and length of interconnections should b2 minimized.

This improves both r2liability and performance. The perfor-

mance is improved by several factors; each interconnection

requires power to drive it, and will delay its signal somew-

hat.

3.3.4 Implications  of LSI for l*Inmory Subsystems- - --- L

One specific case that must be considered is memory. In

n-early any computer system built today, the main memory will

be made of LSI components. Furthermore, modern system archi-

tectures ma) require other m2mory subsystems. In the S-1

s )‘s t em, for example, ther2 are 3 micro-code stores in addi-

tion to the main memory. Ilemory structures are ideally

suited for LSI design, for they require pin counts that grow

only rJi th th2 log of the number of bits in the m2mory. With

the addition of a small amount of hardware a memory can at

least discover and report its oxn errors. A generalization

of this technique, error correcting codes allows improved
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reliability and diagnosability, with relatively small over-

h e a d . L!hen these codes are used, the memory usually gives

advance notice of any degradation and repair may be post-

poned until a more convenient time. The exact failing conpo-

nent in the memory array can be pinpointed easily. Since me-

mory is such a common structure, and since such porJerf ul

techniques arz available for improving its reliability, it

deserves a closer s -t. u d y . IIOLJ  can LSI be used to fabricate

the require=! meizory, and what effect does it have on system

partitioning?

The nos t economical method of constructing a main memory

involves large arrays of memory chips. This is true for sev-

era1 reasons: to minimize the overshoot and ringing on the

data and address lines, t h e line inductance must be kept

low. This implies that the wires from the line drivers to

the chips should be as short as possible. Line drivers tend

to carry large amounts of current and for this reason they

are unreliable. They also consume comparatively large am-

ounts of power. Therefore, designers like to minimize the

number of line drivers in a system. The only way to get

short lines from th2 drivers to the memory chips and minim-

ize the nunber of driver chips is to have large arrays of

m e m 0 r y chips LJith driver chips at the periphery. Nearly all
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commercial  semiconductor memory systems are built this way.

Clearly, to mirlimize component count, which Idi. 11 tend to

mininize cost and increase reliability, a system must have

the ability to support large, dense arrays of memory chips.

I n t h e construction of main memories, this characteristic

rdill not change as LSI memory chips get larger, since the

prinary constraint on main memory is cost, which is roughly

independent of chip complexity. Small special purpose memo-

ries, such as control stores, will not need to be imple-

mented as arrays, however, LJ h e II the LSI densities get

higher.

Unfortunately, there is a direct trade-off between memory

size, in chips, and the ability to use error correcting
. -
codes. I I? o r d e r  t o  b2 immune to single memory chip fai-

lures, t h e single error correcting cod2s require that no

more than 1 bit of any word be stored in a given chip. This

uny, if any chip fails completely, th2re will be at most one

error in the resulting word, and this can be corrected by

the error correcting code. Hultiple bit 2rror  correcting

codes are l<llorzIl, but they are much harder to implement and

involve coIlsiderablp higher overhead. This implies that the

n em 0 r y wi 11 always have at least as many chips in a memory

as there ar2 bits in a word. A minimum size memory, there-
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fore, will not have f eL:er chips as the scale of L s I

increases. Instead the number of chips will remain the sane,

and the capacity of the memor’y.rJill  grow.

For memory, the conclusions may be summarized as follows:

main memories, which already have good reliability and re-

pairability, will get larger as LSI technology advances.

They will not get physically smaller past a certain limit,

since the) need a minimum chip count to obtain the error de-

tection and correction desired. Auxilliary memories, on the

other hand, rJil1 continue to shrink. These memories will not

get the benefit of error correcting codes, at least on the

c!lip level, and hence will not be immune to chip failures.

tiotJ?ver t these memories IJi 11 have drastically reduced size
. -
and power dissipation.

3.4 RFSUI,TS

3.4.1 S-l System Partitionins into r?asterslice LC’s

To . .2 7~ a n i n e the result of IC technology upon the parti-

tioning of a large digital s y s t e m , we partitioned the EBOX

of the S-l into LSI chips. Ti12  assumptions that were made

about the chips are appropriate to 1979 high perf ornance

technology.
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IIe assumed 1000 gates/chip and 150 signal pins/chip as

appropriate limits for a performance oriented technology in

1979. This type of density has been demonstrated for high

performance ECL [ Pr79 I. The method t h a t  was used to parti-
.

tion the processor into LSI chips was rather simple: each

chip in the existing design was assigned to one of the LSI

chips.

It was not clear that this method would be adequate since

the S-l was not designed with this type of technology in

mind . In the large wire-wrap board technology used, the de-

signers of the S-l were faced with entirely different tra-

deof fs than designers working with IC technologies. The S-l

ZJC?S designed to minimize chip count, and little attention
. -

IJ~S paid to the problems of interconnections, especially

within a board. The strategy used was to supply a surplus of

interconnection points, so that simple pin allocation algor-
r.

ithms rJould rJorlc well [~1\178 1. In an IC technology, we ex-

pected the opposite to be true, that is, that in a parallel

machine like ti.12 S-l, interconnections would he the limiting

factor, not gate count.

s 0 II? 2.x h a t suprisingly, the partitioning worked fairly

r:-21 1. It LJirS not alLJays possible to meet the goal of 150
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pins/chip, but in all cases it was easy to see how this goal

cou3.d be met if the circuitry was designed with an LSI im-

plementation in mind, rdithout changing the architecture.

As expected, the most important limitation on the amount

of logic that could be put on one chip was the I/O pin

count. The limit on the number of gates to a chip teas seldom

reached, a n d t h E: II on 1 y in the more regular parts of the ma-

chine.

The effects on reliability and testability of this ap-

proach are summarized elsewhere in the report-

3.4.2 Partitioni.nq  2 Masterslic;e Dpsiqn ante .PJC Cc7rds

In the specific case of the lA, 2A, and 5X boards, which

one is best suited for new systems imp1 emen t cd rJi th LS I ? The

1 ii board is not acceptable, for it does not have enough pins

for even on2 LSI device. Commercial micro- processor makers

h a v e already f ounrl that 40 pins is not nearly enough, and

the nerJ gr2neration processors, in a wide variety of proc-

cesses, all have more than 40 pins. This is true of both

high density and high performance logic families.
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The 2A and 5X boards both have the same number of pins,

and so t h e m a x i m u m number of gates that could be put on

either board, if space was not a limiting factor, is the

sane. According to Rent’s rule, it will only be possible to

put 2-3 G4 pin packages on one 100 pin board, This small

number of chips can be put on a 2A board, and so a 2A board

r:il! be most appropriate for random or semi-random logic im-

plemznted in LSI.

I?emories and other structured logic forms, however, do

not obey Rent’s rule. It is possible to put as many memory

chips as space allows on a card, without exceeding 100 pins.

It is highly advantageous to do this, since memories typi-

cally have a fixed overhsad/card in terms of their peri-

p h 2 :- a 1 components, such as line drivers, on card power regu-

lators, and error correction and detection circuitry. Thus

for the regular parts of the system, the 5X cards will prove

superior. As systems become more complicated, there will be

a tendency .for r.lore portions of the system to assume a regu-

lar form.

Therefore, t 11 2 best card of the three is the 5X type, for

general purpos-? use in a LSI system. If the system consists

l?rinarily  of random logic, then the 2A ma) be a better
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choice. None of these boards, however, is optimum for LSI,

for none of them have have enough pins. If the 5X boards are

used, t 11 f n Ii\an>’ boards wi 11 be only partially full, f 0 r

there will not be enough I/O pins to allow any more logic to

be placed on the board. This space could be used, however,

for adding logic to increase a system’s testability. T h e 2 A

buard dO2S ilOt suffer so much from this problem, but it does

not allorz for the implementation of arrays of chips. Thus it

IJill suffer in performance.

tihat is needed is a board large enough to allow the effi-

cient implenentation of arrays of chips, with a large enough

pin count to allow the same board to be filled with random

logic. Such a board, with current packaging technology,

crould be rougill y the same size as a 5X board, but with about

300 pins. This is enough pins to support about 16 chips of

1000 gate/chip LSI.

3.4.3 &rtitj.oninq & 2 Con v,rentional Desiun onto PC Cardsp--w

Th 2 manual partition of the ECOS onto 5X boards was car-

ried out

tablished

using a few basic groundrules. These rules Mere es-

in an effort to constrain the resulting partition

to be a realistic sample of the use of the 5X board technol-
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ogy. Several partitioning techniques were used LJ i t h i n t h e

structure of the groundrules to arrive at the final result.

The outcome of the project then represents a reasonable at-

tenpt to utilize the 5X boards to implement a portion of a

large high performance digital computer. Although the entire

S-l processor zdas not partitioned, the EBOX contains logic

representative of both functional data and address paths and

randc:a control logic. The EBOX also includes a sizable con-

trol store memory to provide a representative RAM array por-

tion of the design.

3.4.3.1 Groundrules and T2chniques

The groundrules were chosen such that the partition pro-

duced uould represent an actual functional design using the

5X boards. The primary constraining groundrule was of course

that the configuration of the 5X board be followed. That is,

a maximum of 55 integrated circut packages and a maximum of

100 signal I/O pins. In addition, an attempt teas made to

construct a partition WI1 i c 11 used the mininurn number of

boards and the minimum number different board types.

Since the S-l design utilized Motorola’s HECL 10K logic

f a 12 i 1 y , t h 2 partition teas implemented taking into account
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the wiring rules  for  ECL logic. These rules have to do with

maintaining the transmission line integrity of the n e t s

which interconnect the logic elements. The main requirement

imposed by these rules was t h a t  o f  a v o i d i n g  s t u b  c o n n e c t i o n s

o n  n e t s that cross from one card to another. This mear;s that

signals rshich cross card boundaries should be sourced on one

c a r d  a n d  o n l y h a v e  l o a d s  o n  t h e  s o u r c e  c a r d or exactly one

d e s t i n a t i o n  c a r d .

A final groundrule was to leave the original S-f design

i n t a c t  a n d t h e r e f o r e  t h e  p a r t i t i o n must contain all logic

e l ements  and  all connec tions of the actual S-l EEOX. This

r u l e w a s  sstablished partially to m a i n t a i n  a c o m m o n a l i t y

ainong the various partitions being carried out and partially

t o  i n s u r e  t h a t  t h e  r e s u l t i n g p a r t i t i o n r e p r e s e n t e d  a  t r u e l y

functional design. S i n c e  t h e  S - l design was a hierarchical

s p e c i f i c a t i o n o f  t h e  f u n c t i o n  o f  t h e  p r o c e s s o r , the decision

t o  follo!J  t h e  d e s i g n exactly should not impose any undue

constriants upon t h e  p a r t i t i o n i n g e f f o r t .

TLJO  major techniques vere einployed during the partition-

ing e f f o r t . The f i r s t  was t o  u t i l i z e  t h e  f u n c t i o n a l  b r e a k -

d o w n  o f  t h e  d e s i g n  a s  i t was created to define the physical

boundaries of the partition. The s e c o n d  w a s  t o  e x t r a c t  b i t
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slice collections of the logic. This later technique has the

advantage that multiple uses of a single board type a r e  a

direct result. These ~PJO app’roaches, however, turned out to

be almost diametrically opposed in their respective goals.

The problem is that the S-l design is based upon a 3G-bit

word and therefore contains a large number of 36-hit data

paths. Consequently.. a functional block with one input data

path and one output data path tends to exhaust the I/O pins

available on a 5X board. The solution to this problem is of

course to bit slice several functional blocks and platie them

together one the same board. This solution, h o w e v e r , p r o -

duces boards which are less functionally defined and so for-

feits the diagnosability and understandability of a true

1 functional partition.

In addition to the above techniques, t 11 e partition was

carried out in several iterations. This allowed the first

attempts to f ecus on global information and thus create a

general partition strategy blhich was as functional and logi-

cal as possible. Later iterations w?re then used to move

around pieces of logic and fine tune the partition to meet

the technology requirements.
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3.4.3.2 Partition Results

Tll e outcome of the partition effort of the EBOX onto 5X

boards can be summarized as follows:

Number of Boards 45

Humber of Board Types 22

Average ?\‘:!I-? her of Chips/Board 37

Average Number of I/O Connections / Board 90

These r e s u l t s  w e r e obtained after several iterations and

rjith two nntable exceptions to the groundrules.

The first exception has to do with assumed changes to the

ariginal design. In many places throughout the EBOX, diag-

nostic multiplexors l:ere incorporated to allow for t h e 0 b -

servation of various signals and data paths. Most of these

multiplexors select 1 of 36 signals in a data path .to be

sent to the console for display. Since the partition that

IJas obtained contains many bit slice type boards, the multi-

plewors of the original design were spread across several

boards. This causes unnecessary use of signal I/O pins,

since the multiplexors are cut into pieces. All of the sig-

nals to be selected for vision purposes on a given board
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could just as ~211 be selected by one whole multiplexor

rather than several partial multiplexors. Consequently, it

was assumed that appropriate design changes could be gener-

ated that would not affect the functional behavior of the

processor but would decrease the number of I/O pins required

by somi2 of the bit slice boards.

The second exception has to do with the uiring rules for

ECL logic. Specifically, the daisy-chaining rule was vio-

lated in some instances in order to decrease the number of

I/O pins required on some boards. The violation occurs uhen

a control signal generated on one board is needed by two or

more bit sliced boards. Rather than use multiple I/O pins

on the source board according to the rules, only one copy of

the signal was sent and it was daisy -chained to the destina-

tion boards.

The primar) limitation encountered during this project

u a s t h e number of signal I/O pins allowed on each board.

H e n c e , the partitioxing effort I.Jas essentially driven by the

attempt to utilize as many logic packages per board as pos-

sible within the I/O constraint. On a few rare occasions, a

portion of the design was encountered which was essentially

self-contained. These blocks of logic tended to fill a
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board with logic packages and not exhaust the available I/O

p i n s . The RAM chip arrays are the primary examples of this

situation.

3.4.3.3 Conclusions

T h e  ErjOX seems to have been a good typical example of the

logic of a digital system. This is based on the empirically

established guideline for the relationship between the num-

ber of signal I/O pins on a board and the number of circuit

packages on that board, known as Rent’s Rule. Solving this

equation 12.21 I for r with NCP equal to 100 and NPPC equal

to 14 and HCF13 equal to 37 yields r=0.66. This is in strong

agreement with the previous empirical data.

Partitioning of the EBOX was done with a strong emphasis

on bit slicing because of the I/O constraints. Unf ortu-

natcly, the design did not lend itself well to bit slciing.

In several instances, the liberal use of control signals,

that is a very horizontal control structure, precluded the

use of the desired bit slice because too many I/O pins Idere

required for the control signals. This horizontal control

structure a;>proach is good for generality and for ease of

modification, but too many control signals severely hinder
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the bit slicing technique. There were also cases where the

clarity of the control design interfered with an optimal bit

slicing arrangement. One such case is the structure of the

shifter multiplexor in the shift box. The design was struc-

tured around a simple binary encoding of the shift amount.

This means that the first stage of the shifter required all

the bits that IJere a multiple of 16 to be in the same slice.

Since the word size is 36 bits, this amounts to needing ev-

ery fourth bit on the same board. Consequently, the first

stage of the shifter could not be included in the bit slice

which contained its inputs, even though there was ample chip

space on the shift box boards. The conclusion here is that,

in general, the EBOX design does not lend itself to the bit

- slicing technique of partitioning.

The original design of the S-l processor uas carried out

assuming a packag i rig technology which allorJed 500 circuit

packages on each board and essentially an unlimited number

of I/O pins. In short, this means that little or no thought

needed to be given to the partitionability of the design at

d e s i g n  time. HoEever, partitioning the design onto a more

restrictive packaging technology becomes a much more diffi-

c 11 1 t p I‘ 0 b 1 e XI . Although partitioning may be successfully com-

plet-ctd, t h 2 final result does not make optimum use of the
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c a p a b i l i t i e s  o f  t h e  p a c k a g i n g  t e c h n o l o g y .  I n  c o n c l u s i o n ,  t h e

c o n s t r a i n t 5  o f  t h e  t a r g e t  p a c k a g i n g t e c h n o l o g y  m u s t  b e  c o n -

s i d e r e d  a s  p a r t o f  t h e i n i t i a l  d e s i g n c o n s t r a i n t s  i n  o r d e r

t o  a t t a i n  a n  o p t i m u m  s y s t e m  d e s i g n .
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4.1

C h a p t e r  4

A  CO~IPARISO~I  O F  IIANUAL A N D  AUTOI~IATED  P A R T I T I O N I N G

SURVEY E PRETJIOUS It’OPJ’ OH PARTITIONINGL-r,\ -

T h e r e a r e  two b a s i c a l l y d i f f e r e n t  a p p r o a c h e s  t o  o b -

t a i n i n g a n  o p t i m a l  s y s tern p a r t i t i o n i n g .

The f i r s t  o n e c o n s i d e r s  t h e  p r o b l e m  f r o m t h e  p o i n t

o f  v i e w  o f  s y n t h e s i s  whereby  o n e t r i e s t o  o p t i m i z e  s o m e  o b -

j e c t i v e  f u n c t i o n . H o s t  w o r k  i n  t h i s  a r e a  h a s  d e a l t  w i t h  r e -

l a t i v e l y  ~12211 s y s t e m s  a n d / o r w i t h  s i m p l e o b j e c t i v e  func-

t i o n s .

A  s e c o n d  a p p r o a c h  i s  t o anal>-ze t h e  p r o p e r t i e s  o f  a

g i v e n  d e s i g n  a s  a f u n c t i o n  o f  t h e  p a r t i t i o n i n g . T h i s  p a r t i -

t i o n i n g  i s  u s u a l l y o b t a i n e d  m a n u a l l y  ( t h i s  i s t h e  a p p r o a c h

used a l m o s t  e x c l u s i v e l y  i n  i n d u s t r i a l  p r a c t i c e ) .

T h e  p r o b l e m  o f  p a r t i t i o n i n g  a d i g i t a l  s y s t e m  i s  u s u -

a l l y  f o r m u l a t e d  a s  f o l l o w s : g i v e n  a  s e t o f  c o m p o n e n t s  CC i  1,

i= ,...,1 N C  a n d  a  s e t  o f  s i g n a l  n e t s  N(j), j=l,. .  .,NS , p a r -

t i t i o n  t h i s  d e s i g n  i n t o  a m i n i m u m  n u m b e r  o f  s u b s e t s ( p a r t i -

t i o n  elements) s u b j e c t  t o  t h e  f o l l o w i n g  c o n s t r a i n t s :
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1 . t h e  s i z e  o f  e v e r y  p a r t i t i o n  e l e m e n t  s h o u l d  n o t  e x -

c e e d  K C P P  c o m p o n e n t s .

2 . t h e  n u m b e r  o f  s i g n a l n e t s , connecting t h e  p a r t i -

t i o n  elcmcnt t o  t h e  r e s t o f  t h e  d e s i g n  s h o u l d  n o t

e x c e e d  NSPP.

O f t e n  s l i g h t l y  d i f f e r e n t  a n d  m o r e  c o m p l i c a t e d  o b j e c -

t i v e f u n c t i o n s  c a n  b e  m i n i m i z e d , d e p e n d i n g  o n t h e  e x a c t  n a -

t u r e  o f  t h e p r o b l e m . I n  ILaG a n a l g o r i t h m  i s  d i s c u s s e d

t h a t  m i n i m i z e s t h e  n u m b e r  o f  c o n n e c t  i o n s b e t w e e n  p a r t i t i o n

elemt?nts. I n  ILL691 t h e  o b j e c t i v e f u n c t i o n  i s  t o  m i n i m i z e

t h e  d e l a y i n  a  d i g i t a l s ys t em, s u b j e c t  t o c o n s t r a i n t s  o f

maximum area  and maximum number o f  e x t e r n a l  p i n s  p e r  parti-

* t - i o n  e l e m e n t . I n  (KL701, t h e  a u t h o r s  d e s c r i b e  a n  a l g o r i t h m

f o r  p a r t i t i o n i n g  a  g r a p h  w i t h w e i g h t e d  e d g e s  i n t o  s u b g r a p h s

s u c h  t h a t t h c3_ sum of t h e  w e i g h t s  o f a l l  t h e  c u t e d g e s  i s

m i n i m i z e d , s u b j e c t  t o  a  m a x i m u m  s i z e  f o r  e a c h  s u b g r a p h . I n

[R0711  a  h e u r i s t i c  a l g o r i t h m  i s d i s c u s s e d  f o r  p a r t i t i o n i n g  a

c i r c u i t s u b j e c t to t h e  us\~a1 c o n s t r a i n t s  o f maximum number

O f c o m p o n e n t s and maximum n u m b e r  o f e x t e r n a l  s i g n a l s p e L-

p a r t i t i o n e lement  . T h i s a l g o r i t h m allocJs d u p l i c a t i o n  o f

c o m p o n e n t s i f  t h i s r e s u l t s  i n  a  s m a l l e r n u m b e r  o f  m o d u l e s .

F o r  a  s i m p l e  e x a m p l e , a  g a t e r e d u n d a n c y  o f  21X l e a d s  t o  a n
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o p t i m a l  r e s u l t . T h e  p a p e r  d o e s  n o t  d i s c u s s  t h e  i n f l u e n c e  o f

t h i s  r e d u n d a n c y  o n  t h e  t e s t a b i l i t y o f  a  d e s i g n . I n  [RN721

t h e  ALHS p a r t i t i o n i n g  s y s t e m  i s  d e s c r i b e d . T h i s  s y s t e m ,  d e -

v e l o p e d  a t  IBli, r e s u l t s  i n  p a r t i t i o n s t h a t  a r e  c o m p a r a b l e  t o

m a n u a l l y  o b t a i n e d  p a r t i t i o n s , b u t  d o e s s o  i n  a  m o r e  c o s t - e f -

f e c t i v e  m a n n e r . T h e  ALHS s y s t e m  c o n s i s t s  o f  t w o  m a j o r  pro-

grams : a  g r o u p  g e n e r a t i o n  p r o g r a m  (GGP) t h a t  f o r m s  c l u s t e r s

o f  c o m p o n e n t s  a n d  a  g r o u p  a l l o c a t i o n  p r o g r a m  ( G A P ) t h a t  a s -

s i g n s  t h e s e g r o u p s  t o p a r t i t i o n  e l e m e n t s . I n  tCG7rt1 t h e

p r o b l e m  o f  p a r t i t i o n i n g a  s y s t e m  s u b j e c t  t o  m i n i m a l  l i f e - c y -

c l e  c o s t  i s  e x p l o r e d . I n t h i s  p a p e r  t h e  f o l l o w i n g  a s s u m p -

t i o n s  a r e  m a d e : t h e  l i f e - c y c l e  c o s t  i s  s u b s t a n t i a l l y  h i g h e r

(10 to 100 t i m e s ) t h a II t h e i n i t i a l p r o c u r e m e n t c o s t .

liaintcnance  i s p e r f o r m e d  u s i n g  a d i s c a r d  a t f a i l u r e  s t r a -

t e g y . A maJor f a c t o r  i n  t h e  l o g i s t i c s  c o s t i s  t h e  n u m b e r

a n d  v a r i e t y  o f  s p a r e  m o d u l e s . I n o r d e r  f o r  a  s y s t e m  t o  b e

a d e q u a t e l y m a i n t a i n a b l e  t h e r e m u s t  b e a h i g h p r o b a b i l i t y

t h a t  a  spar2 m o d u l e  will b e a v a i l a b l e  w h e n  a  f a i l u r e  o c c u r s

d u r i n g  a  p r e s c r i b e d  m i s s i o n  t i m e . A n  i m p o r t a n t  p r o b l e m  a s -

s o c i a t e d w i t h  s u c h a n  a p p r o a c h i s  t h e n e e d  f o r a d e q u a t e

f a u l t d i a g n o s i s  i n o r d e r  t o p i n p o i n t t h e  f a i l e d m o d u l e .

However, i n  p r a c t i c e  i t  i s o f t e n  d i f f i c u l t  t o  a c h i e v e  t h i s

a c c u r a c y  i n  f a u l t  l o c a t i o n  a n d  a s a  r e s u l t  m a n y  g o o d  m o d u l e s
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a r e  a l s o  d i s c a r d e d , r e s u l t i n g  i n  i n c r e a s e d  maintainance  c o s t

a n d  i n  a  r e d u c e d  p r o b a b i l i t y  t h a t  t h e  s y s t e m  w i l l  r e m a i n  o p -

e r a t i o n a l  f o r  a  g i v e n  m i s s i o n t i m e . T h e  a l g o r i t h m  p r o p o s e d

i n  [CJ74  1 t r i e s  t o  e s t i m a t e a n d  m i n i m i z e t o t a l  l i f e - c y c l e

c o s t s  s u b j e c t  t o  t h e  follorJing c o n s t r a i n t s f o r  e v e r y  p a r t i -

t i o n  e l e m e n t : maximum a r e a , m a x i m u m  n u m b e r  o f  e x t e r n a l  s i g -

n a l s , maximu-?,., h e a t  d i s s i p a t i o n , m a x i m u m  f a i l u r e  r a t e .

A  m o r e  e x t e n s i v e  s u r v e y o f  t h e  p a r t i t i o n i n g  p r o b l e m

c a n  b e  f o u n d  i n  [ Ha72 I a n d  i n  [Ko72 I.

O n e  o f  t h e c o n s t r a i n t s  t h a t  o f t e n  l i m i t s  t h e  opti-

mality o f  a  p a r t i t i o n  i s t h e  m a x i m u m  n u m b e r  o f  e x t e r n a l  p i n s

allo:Jed f o r  e v e r y  p a r t i t i o n  e l e m e n t . E x p e r i m e n t a l  e v i d e n c e ,

* c o l l e c t e d  a t  IB11, l e a d s  t o  Rent’s  r u l e  I2.211:

fi;Cp = NPPC ?i (NCPB %?C r)

w h e r e NCP =  nuzber o f  e x t e r n a l  s i g n a l s  p e r  p a r t i t i o n  e l e m e n t

NPPC = numbir?r o f  p i n s  p e r  c o m p o n e n t

NCPB = n u m b e r  o f  c o m p o n e n t s  p e r  p a r t i t i o n  e l e m e n t

r = 0.6.....0.8

T h e  f o l l o w i n g t a b l e  i l l u s t r a t e s  t h i s  r u l e :

JiCPP NCPP SE 0.66
-----------___-_----------------

2 1.53
5 2.89

10 4.57
20 7. 22
50 13.22

100 20.89
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200 33.01
500 60 . 4'4

1000 9 5 . 5 0
2000 150.90
5000 27 6 .26

10000 4 3 6 . 5 2

I n  [Hi701  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  n u m b e r  o f  e x -

t e r n a l  p i n s  a n d t h e  s i z e  o f  a  p a r t i t i o n e l e m e n t  i s  s t u d i e d

i n  m o r e  d e t a i l . I n  t h e  w o r s t  c a s e  t h e nunber o f  e x t e r n a l

s i g n a l s i s  o b v i o u s l y  e q u a l  t o  t h e  t o t a l  n u m b e r  o f  s i g n a l s  i n

t h a t  p a r t i t i o n  e l e m e n t . T h e  n u m b e r o f  e x t e r n a l  s i g n a l s  i s

r e d u c e d  b y  s h a r i n g  o f  p i n s  a n d b y  b u r y i n g  o f  s i g n a l s . I n

[Ra70  1 a more r e f i n e d  v e r s i o n  o f  R e n t ’s r u l e  i s  p r e s e n t e d .

I t  i s c l e a r  t h a t  R e n t ’s  r u l e  i s  a  h e u r i s t i c  t o o l  t h a t  c a n  b e

e f f e c t i v e  i n  c e r t a i n  c a s e s . T h i s  r u l e  c a n n o t  a l w a y s  b e  a p -

p l i e d  c o r r e c t l y . A  s i m p l e  i l l u s t r a t i o n  o f  t h i s  i s  t h e  e x i s -

t e n c e  o f  m i c r o p r o c e s s o r s w i t h  e q u i v a l e n t  g a t e  c o u n t s  f a r  e x -

c e e d i n g  1000 a n d  w i t h  o n l y  4 0  - 6 4  e x t e r n a l  c o n n e c t i o n s .  I t

i s  o b v i o u s  t h a t  i n t e l l i g e n t  f u n c t i o n a l  p a r t i t i o n i n g  o f  a  d e -

s i g n  c a n g r e a t l y  i m p r o v e  o n t h e  e x t e r n a l p i n  r e q u i r e m e n t s

sugggested  b y  R e n t ’s  r u l e .

4.2 .RGCORITHVSAUT@tI?.TE!? ~‘.4RTITIOlII:~G
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4 . 2. 1 I n t r 0 c?.u c t i 0 !I.

A l t h o u g h  f o r  s m a l l  d e s i g n s  i t i s  p o s s i b l e  t o  o b t a i n

a u t o m a t e d  p a r t i t i o n i n g r e s u l t s  t h a t  a r e  c o m p a r a b l e  t o  m a n u a l

o n e s  [RI1721 i t  i s  n o t  c l e a r  t h a t  t h e  s a m e  r e s u l t s  c a n  b e  o b -

t a i n e d  f o r  l a r g e r  d e s i g n s .

T h e r e f o r e , a s  a n  e x t e n s i o n  t o  t h e  p r e v i o u s  s e c t i o n ,

some a u t o n n t e d  p a r t i t i o n i n g  a l g o r i t h m s w e r e imp1 emen t ed and

i n t e g r a t e d i n t o t h e S t a n f o r d D e s i g n A u t o m a t i o n S y s t e m

[!‘a781. Ti:is c a p a b i l i t y  teas u s e d  t o  c o m p a r e  t h e  r e s u l t s  o f

t!lese methociis  WI th manually g e n e r a t e d  f u n c t i o n a l  p a r t i t i o n s

f o r  reasona51y l a r g e  d e s i g n s .

4.2.2 S_esuertt.ilal- Partitioni:la  Alqorithrrl

T!\e sirzplest  o f t h e s e  a l g o r i t h m s  i s  t h e s e q u e n t i a l  c o n -

s t r u c t i v e  a l g o r i t h m  [f;o721. T h i s a l g o r i t h m  a s s i g n s  c o m p o -

n e n t s  o n e a t  a  t i m e to a b o a r d  u n t i l  t h a t h o a r d ’s  const-

rzints a r e  r e a c h e d . It then s t a r t s  t h e n e x t  b o a r d and

c o n t i n u e s  u n t i l  a l l  t h e  c o m p o n e n t s  a r e  p l a c e d .

T h i s  algorithm r e q u i r e s a  c o m p l e t e  l o g i c d e s c r i p t i o n  o f

t h e  c i r c u i t  a n d b o t h  a  c o n n e c t o r  c a p a c i t y c o n s t r a i n t  a n d  a

b o a r d  a r e a  c o n s t r a i n t . I t  a t t e m p t s t o  m i n i m i z e  t h e  n u m b e r
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o f  b o a r d s . T h e  s e q u e n t i a l  c o n s t r u c t i v e  a l g o r i t h m  i n  d e t a i l

i s :

(STEP  1) S e l e c t a n  i n i t i a l  ( s e e d )  c o m p o n e n t .

(STEP  2) A s s i g n  t h i s  c o m p o n e n t  t o  t h e  b o a r d .

(STE? 3) U p d a t e  t h e  e x t e r n a l  c o n n e c t i o n  l i s t . T h i s

l i s t  c o n t a i n s  a l l  t h e n e t s  t h a t  c o n n e c t  t o

b o t h  a  c o m p o n e n t  o n  t h e b o a r d  a n d  a  c o m p o -

n e n t  n o t  o n  t h e  b o a r d .

(STEP  4) U p d a t e t h e n e x t  p o s s i b l e c o m p o n e n t s e t .

T h e s e  c o m p o n e n t s  a r e t h e  c o m p o n e n t s t h a t

a r e d i r e c t l y  c o n n e c t e d t o  c o m p o n e n t s  a l -

r e a d y  o n t h e  b o a r d  o r  s i m p l y t h e  u n p l a c e d

c o m p o n e n t s t h a t  c o n n e c t  t o t h e  n e t s  i n  t h e

e x t e r n a l  n e t  l i s t .

( S T E P  5) S e l e c t  a  c o m p o n e n t  f r o m  t h e  p o s s i b l e  compo-

neslt s e t . T h i s s e l e c t i o n s h o u l d  b e  b a s e d

o n  t h e  m i n i m i z a t i o n  o f s o m e  f u n c t i o n  o f  t h e

nux b e r 0 f c o n n e c t i o n s  i t s p l a c e m e n t  w o u l d
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a d d  a n d  t h e  a m o u n t  o f  s p a c e  o n  t h e  b o a r d  i t

w i l l  u s e . T h i s  f u n c t i o n  s h o u l d  a c c o u n t  f o r

i n t e g r a t e d  c i r c u i t s  w i t h m u l i t p l e  s e c t i o n s

a n d  c o n n e c t i o n s t h a t  b e c o m e  i n t e r n a l to a

b o a r d  w h e n  t h e  l a s t  c o m p o n e n t  t h a t  c o n n e c t s

t o a  g i v e n net is p l a c e d  o n t h e same

b o a r d  D O n l y  c o m p o n e n t s  t h a t  w i l l  n o t  c a u s e

t h e  c o n s t r a i n t s t o  b e  e x c e e d e d  c a n b e  s e -

lected.

S t e p s  2 - 5  a r e  r e p e a t e d  u n t i l  t h e r e  a r e  n o  m o r e  com-

p 0 II en t s l e f t  i n  t h e  n e x t p o s s i b l e  c o m p o n e n t  s e t  rdhose

p l a c e m e n t  uill n o t  v i o l a t e  o n e  o f  t h e  c o n s t r a i n t s .

(STEP  6) I f  then e x t  p o s s i b l e  c o m p o n e n t  s e t  i s  e m p t y

a n d t h e c o n s t r a i n t s  h a v e  n o t b e e n  r e a c h e d

t fl e 11 s e l e c t a n y  u n p l a c e d c o m p o n e n t t h a t

w i l l  n o t c a u s e t h e c o n s t r a i n t s  t o b e  e x -

c e e d e d  t h e n  g o  t o  s t e p  2 . T h i s i s  t h e  c a s e

w h e r e  a l l  t h e  c o m p o n e n t s  o n  t h i s  b o a r d  c o n -

n e c t  o n l y t o  c o m p o n e n t s  a l r e a d y p l a c e d  o n

o t h e r  b o a r d s  a n d  n o t  t o  a n y  u n p l a c e d  c o m p o -

n e n t s .
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( S T E P  7) T h e  c o n s t r a i n t s h a v e  b e e n  r e a c h e d s o  t h i s

b o a r d  i s  c o m p l e t e . G o  t o s t e p  1  t o  s t a r t

t h e  n e x t  b o a ’r d .

T h i s  s e q u e n t i a l  c o n s t r u c t i v e  a l g o r i t h m  i s  s t r a i g h t f o r w a r d  t o

i m p l e m e n t , r u n s  i n  a  f i x e d  a m o u n t o f  t i m e , a n d  a l w a y s  re-

s u l  t s in a f e a s i b l e  p a r t i t i o n . U n f o r t u n a t e l y  s i n c e t h e

p l a c e m e n t  d e c i s i o n s  a r e b a s e d  o n  o n l y  a  v e r y s m a l l  p a r t  o f

t h e  i n f o r m a t i o n a v a i l a b l e  t h e  r e s u l t i n g  p a r t i t i o n s a r e  f a r

f r o m  o p t i m a l . A  m o r e  c a r e f u l s e l e c t i o n  o f  s e e d  c o m p o n e n t s

m a y i m p r o v e  t h e  r e s u l t s . A l l o w i n g  i n t e r a c t i v e  s e l e c t i o n  o f

s e e d  conponants  m a y b e  a  p o s s i b l e  i m p r o v e m e n t . A  t w o  l e v e l

l o o k  a h e a d m a y a l s o  h e l p . T h i s  w o u l d  i n v o l v e b a s i n g  t h e

c o m p o n e n t  s e l e c t i o n  d e c i s i o n  n o t  o n l y o n  t h e  e f f e c t s  o f  t h e

c o m p o n e n t s  p l a c e m e n t  b u t  a l s o  o n  t h e e f f e c t s  o f  t h e  p o s s i b l e

p l a c e m e n t  o f  t h e  u n p l a c e d  c o m p o n e n t s i t  c o n n e c t s  t o , T h i s

two l e v e l  l o o k - a h e a d w o u l d  r e q u i r e  a  m u c h m o r e  c o m p l i c a t e d

a l g o r i t h m  a n d  r e s u l t i n  a t  l e a s t  a n  o r d e r o f  m a g n i t u d e  i n -

c r e a s e  i n  e x e c u t i o n  t i m e .

T h e  p a r a l l e l c o n s t r u c t i v e  a l g o r i t h m IKo721 a t t e m p t s  t o

utilize morr2 o f  t h e a v a i l a b l e  i n f o r m a t i o n . T h i s  a l g o r i t h m
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c o n s t r u c t s  b o a r d s i n  a  p a r a l l e l m a n n e r  s o  t h e d e c i s i o n  o n

p l a c i n g  a n y  g i v e n  c o m p o n e n t  i s m a d e  b a s e d  o n  i n f o r m a t i o n  o n

a l l  t h e b o a r d s  i n t h e  s y s t e m i n s t e a d  o f j u s t  o n e b o a r d .

T h i s  a l g o r i t h m  r e q u i r e s  a  c o m p l e t e l o g i c  d e s c r i p t i o n  o f  t h e
.

c i r c u i t  a n d  b o t h  a  b o a r d c o n n e c t i o n  c o n s t r a i n t  a n d  a  c o m p o -

n e n t s  pnr b o a r d c o n s t r a i n t . I t  a l s o  a t t e m p t s t o  m i n i m i z e

t h e  n u m b e r  o f  b o a r d s . T h e  p a r a l l e l  c o n s t r u c t i v e  a l g o r i t h m

i n  d e t a i l  i s :

( S T E P  1) Oecide on a t a r g e t number N of b o a r d s .

T h i s  c a n  e i t h e r b e  d o n e  b y  t h e u s e r  o r  b y

t h e  a l g o r i t h m  u s i n g  s o m e  f u n c t i o n . F o r  ex-

a m p l e ,  a f u n c t i o n  o f  t h e  n u m b e r o f  t o t a l

c o m p o n e n t s a n d  c o n n e c t i o n s  c o u l d  b e  u s e d .

( S T E P  2) S e l e c t  a  s e e d c o m p o n e n t  f o r  e a c h  o f  t h e  N

b o a r d s  b y : -1

(a) P i c k  s o m e  u n p l a c e d  c o m p o n e n t .

(b) P l a c e  t h i s  c o m p o n e n t  o n  t h e  b o a r d .

(cl L o c a t e  a l l  tile c o m p o n e n t s  t h a t  a r e  c o n n e c t e d

t o  a  c o m p o n e n t  o n  t h e  b o a r d .
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Cd) If n 0 n e o f  these c o m p o n e n t s a r e a l r e a d y

p l a c e d  o n a  b o a r d a n d  c o n s t r a i n t s a r e  n o t

e x c e e d e d  t h e n  p l a c e  t h e s e c o m p o n e n t s  o n  t h e

b o a r d .

(e) R e p e a t  s t e p s Cc) a n d  Cd) u n t i l  e i t h e r  a n  a l -

r e a d y  p l a c e d  c o m p o n e n t  i s r e a c h e d  o r  c o n s  t-

raints a r e  e x c e e d e d .

(I) Repeat  s t e p s  (a) t h r o u g h  (e) u n t i l  a l l  t h e

b o a r d s  a r e  s e e d e d .

(STEP  3) A s s i g n  t h e  r e m a i n i n g  u n p l a c e d  c o m p o n e n t s  t o

t h e  b o a r d s  b y :

(a) c a l c u l a t e  t h e  c o s t s , b o t h  s p a c e  a n d  c o n n e c -

t i o n , o f  p l a c i n g e a c h  r e m a i n i n g  c o m p o n e n t  o n

e a c h  b o a r d .

(b> S e l e c t  o n e  c o m p o n e n t  f o r  e a c h  b o a r d  t h a t  c a n

b e  a d d e d  a t t h e  l e a s t  c o s t  a n d s t i l l  m e e t s

t h e c o n s t r a i n t s .

(cl P l a c e t h e s e c o m p o n e n t s  o n t h e i r  r e s p e c t i v e

b o a r d s .

Cd) R e p e a t  s t e p s  (a) t h r o u g h  Cc) u n t i l  a l l  t h e

c o m p o n e n t s  a r e  p l a c e d  o r u n t i l  n o  c o m p o n e n t s
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c a II b e p l a c e d w i t h o u t e x c e e d i n g -the c o n s t -

rain+s.

I f  a l l t h e  c o m p o n e n t s  h a v e b e e n  p l a c e d  t h e n a  f e a s i b l e

p a r t i t i o n  h a s  b e e n f o u n d . I f  a l l  t h e c o m p o n e n t s  h a v e  n o t

b e e n  p l a c e d  t h e n t h e  n u m b e r  o f  b o a r d s  ( S T E P  1) c a n  b e  in-

creased a n d  the a l g o r i t h m  r e p e a t e d  ur t h e r e m a i n i n g  c o m p o -

n e n t s  c a n  b e  p l a c e d  o n  m o r e  b o a r d s e i t h e r  b y  h a n d  o r  b y  r e -

p e a t i n g  t h i s  o r  a n y o t h e r  p a r t i t i o n i n g  a l g o r i t h m .

T h e  q u a l i t y  a n d  ever1  the c o m p l e t i o n  o f  a  f e a s i b l e  p a r t i -

t i o n  d e p e n d s  h e a v i l y o n  t h e  o r i g i n a l  d e c i s i o n o n  t h e  b.oard

n u m b e r . I t  m a y  t a k e  s e v e r a l i t e r a t i o n s  o f  t h e  a l g o r i t h m  t o

g e t  a  “b e s t  *’ o r  e v e n  s u c c e s s f u l  f e a s i b l e  p a r t i t i o n .

The p a r a l l e l  c o n s t r u c t i v e  a l g o r i t h m i s  s t r a i g h t f o r w a r d  t o

i m p l e m e n t a n d  e a c h  i t e r a t i o n  t a k e s  a  f i x e d  a m o u n t  o f  t i m e .

4 . 2 . 4 Eis 3PVPC  tclr r?ethodb

12. E. Donath and A. J. Hoffman [ DI-i.72  1 h a v e  d e v i s e d

a n o t h e r  c o n s t r u c t i v e  a l g o r i t h m  b a s e d  o n  e i g e n v e c t o r s  o f  c o n -

n e c t i o n  m a t r i c e s , T h e y  u s e  t h e s e  e i g e n v e c t o r s  t o  c a l c u l a t e

a  d i s t a n c e  m e a s u r e  b e t w e e n  e a c h p a i r  o f  c o m p o n e n t s . T h e s e
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d i s t a n c e  m e a s u r e s  a r e t h e n  u s e d  t o  d e c i d e w h i c h  c o m p o n e n t s

s h o u l d  b e g r o u p e d  t o g e t h e r  a n d w h i c h c 0 m p 0 n e n t s s h o u l d  b e

seperated  o n t o  d i f f e r e n t  b o a r d s .

The f i r s t  s t e p  i n  t h i s  a l g o r i t h m  i s  t h e  c o n s t r u c t i o n  o f  a

cunnsction  m a t r i x . T h i s  m a t r i x  h a s a n  e n t r y  f o r  e a c h  p a i r

o f  c o m p o n e n t s ; t h e r e f o r e  i t  i s  o f  o r d e r  n  x  n where n  i s  t h e

nunber o f  co:nponents. T h e  v a l u e  o f  e a c h  e n t r y i,j i n  t h e

m a t r i x  i s r e l a t e d  t o  h o w  h e a v i l y t h e  c o m p o n e n t s  i  a n d  j  a r e

m u t u a l l y  c o n n e c t e d . I f  t h e y a r e  n o t  d i r e c t l y  c o n n e c t e d  t h e

e n t r y  i s  z e r o . D o n a t h  a n d  H o f m a n  d e f i n e t h e s e  e n t r i e s  a s

f o l l o w s :

C i j = sur1 Gi j(n)

n ftij

w h e r e  Nij i s t h e  s e t  o f  n e t s  t h a t  c o n n e c t  t o  b o t h  c o m p o n e n t s

i and j a n d  Gij(n)  i s  d e f i n e d  a s :

4  f  n if n is even
inl

Gij(n> =

4 f 11 if n is odd
Inl - 1
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f n  i s a  c o n s t a n t  a s s o c i a t e d  w i t h  t h e  n?t, u s u a l l y  o n e  i f  t h e

rret i s  i n t e r n a l  t o  t h e  s y s t e m  a n d  o n e  h a l f  i f  t h e  n e t  i s  e x -

t e r n a l  t o  t h e  s y s t e m .

T h e  s e c o n d  s t e p i s  t o  c o n s t r u c t  a d e g r e e  m a t r i x . T h i s

m a t r i x  a l s o i s  o f o r d e r n x n a n d  h a s  e n t r i e s d e f i n e d  a s

follorJs:

Dij = 0 i f  i=j

D i j  = C i j  i f  i-=j

T h e  t h i r d  s t e p  i s  t o  c o n s t r u c t  a  t r a c e  z e r o  r n a t r i x . T h i s

rmtrix c a n b e a n y m a t r i x o f  o r d e r  n x n and e n t r i e s  s u c h

that:

Uij = 0 i f  i=j

and

Uii = 0

T h e  f o u r t h  s t e p  i s  t h e c o m p u t a t i o n  o f  t h e  eigenvalues  L r

and e i g e n v e c t o r s X r  o f  t h e  m a t r i x  C-D-+-U.

T h e  f i f t h s t e p  i s t h e  s e l e c t i o n  o f a  t a r g e t n u m b e r  o f

b o a r d s  k. T h i s carI b e  g i v e n  b y  t h e  u s e r o r  c a l c u l a t e d  i n

s o m e  m a n n e r .
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T h e sixth step is to d e f i n e  Yk=L1+L2+L3+.  .  .+Lk w h e r e

Ll.. . L k  ar2 the k l a r g e s t eigenvalues. T h e  t r a c e  z e r o  m a -

t  r i x  s h o u l d b 2  v a r i e d a n d  s t e p s  f o u r and *SlX r e p e a t e d  t o

m i n i m i z e  Yk.

The s e v e n t h  s t e p  i s  t o c o n s t r u c t  a  d i s t a n c e  m a t r i x  u s i n g

t h e  k eigenvectors t h a t  c o r r e s p o n d  t o  t h e  1~ l a r g e s t  eigenva-

lues. I t  h a s  ord2r n x n and each entry i s  c a l c u l a t e d  a s

follo5Js:

D i j  = (Xri-Xrj)

Sm.all d i s t a n c e s  (Di j  v a l u e s ) i rn p 1 y t h a t  c o m p o n e n t s  i a n d  j

a r e  s t r o n g l y conn2cted  a n d  f a v o r b e i n g  p l a c e d  o n t-h2 s a n e

b o a r d .

D o n a t h a 11 d li o f f m a n s  11 g  g  2s t t h e u s 2  o f t h e f 01 lotding

methcd t o  a s s i g n  c o m p o n e n t s t o  b o a r d s .

(STEP  1) A s s i g n  e a c h c o m p o n e n t  t o a  u n i q u e s i n g l e

e l e m e n t  g r o u p .

( S T E P  21 S o r t  a l l  e d g e s , c o n n n c  t  i o n s  b e t w e e n  g r o u p s ,

i n  ord2r o f  i n c r e a s i n g  distanc2.
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( S T E P  3) PI a k e a coxplcte  p a s s t h r o u g h  t h i s s o r t e d

l i s t  a n d  f o r  e a c h  e d g e  (i, j) c o m b i n e  g r o u p s

i a n d j i f t’h c i r c o m b i n a t i o n  rJi1.1 n o t  v i o -

l a t e  a n y  c o n s t r a i n t s . T h e s e  g r o u p s  m u s t  b e

combin2d i n s u c h a  m a n n e r t h a t  e a c h new

g r o u p  c a n  b e  s p l i t  b a c k i n t o  t h e  g r o u p s  i t

uas r?.ade  u p  o f .

(STEP  4) R e p e a t  s t e p s  2 a n d  3  u n t i l  n o m o r e  g r o u p s

c a n  b e  c o m b i n e d .

(STEP 5) S e l e c t  t h e  b i g g e s t  k  g r o u p s ,  w h e r e  k  i s  t h e

targ2t number o f  b o a r d s and c a l l t h e s e

g r o u p s  t h e  b a s i s  s e t . T h e  r e m a i n i n g  g r o u p s

f o r m  t h e  e x c e s s  s e t .

(STEP  6) P i c k  t h e  l a r g e s t  g r o u p  i n  t h e  e x c e s s  s e t .

( S T E P  7) Herg e i t  w i t h t h e  b a s i s g r o u p  t h a t w i l l

yeald t h e sr.lallest i n c r e a s e i n  p i n c o u n t

a n d  d o e s r i o t  violatc  a n y  c o n s t r a i n t s .
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( S T E P  8) I f  n o m e r g e  i s p o s s i b l e  t h e n d i v i d e  t h i s

s m a l l e s t  g r o u p i n t o  t h e  t w o  g r o u p s i t  w a s

m a d e f r 0 in . I f  t h e  g r o u p  c o n t a i n s  o n l y  o n e

c o m p o n e n t  s o n o  d i v i s i o n  i s p o s s i b l e  t h e n

t h e p a r t i t i o n i n g  s h o u l d b e  t e r m i n a t e d a s

unsucc2ssful-

( S T E P  9) R e p e a t  s t e p s  6  t h r o u g h  8 u n t i l  a l l  t h e  e x -

c e s s g r o u p s  a r e c o m b i n e d w i t h  t h e b a s i s

g r o u p s .

I f  t h e a l g o r i t h m  t2rminates a s  u n s u c c e s s f u l  th2n the t a r -

g e t  n u m b e r o f  b o a r d s  c a n  b e  r e v i s e d  uprJard  a n d  t h e  a l g o r i t h m

r e p e a t e d . A s u g g e s t e d  a l t e r n a t i v e  i s  t o  c a l c u l a t e  t h e  d i s -

t a n c e  m a t r i x us i n g t h i s a l g o r i t h m  a n d t h e n  d o t h e  a c t u a l

c o m p o n e n t a s s i g n m e n t  rdith o n e  o f  t h e  o t h e r  a l g o r i t h m s  u s i n g

t h e  d i s t a n c e  m a t r i x as an aid in c o m p o n e n t  placement  deci-

s i o n s .

T h i s  a l g o r i t h m  i s m u c h  m o r e  d i f f i c u l t  t o i m p l e m e n t  t h a n

t h e  o t h e r  c o n s t r u c t i v e  a l g o r i t h m s .
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A f a m i l y o f  n o n - c o n s t r u c t i v e a l g o r i t h m s a l s o e x i s t s .

T h e s e  a l g o r i t h m s a r e  t h e  i t e r a t i v e i m p r o v e m e n t  a l g o r i t h m s .

T h e s e  a l g o r i t h m s  t a k e  a n  a l r e a d y  p a r t i t i o n e d  c i r c u i t  a n d  t r y

t o i m p r o v e  t h i s p a r t i t i o n  b y m o v i n g a n d / o r i n t e r c h a n g i n g

c o m p o n e n t s . Th e i n i t i a l  p a r t i t i o n i n g  c a n  b e  d o n e  m a n u a l l y ,

b y  u s i n g  a  c o n s t r u c t i v e  a l g o r i t h m , o r  b y  s o m e  randon  techni-

clue. T h e s e a l g o r i t h m s c a n  b e  a s  s i m p l e  a s  a  r a n d o m  pairwise

i n t e r c h a n g e o r  a s e l a b o r a t e  a s t h e  i n t e r a c t i v e i t e r a t i v e

t e c h n i q u e  o f  Hanan, Nennone, a n d  W o l f f  1 IiH74b I . T h e  pair-

raise i n t e r c h a n g e  a l g o r i t h m  i s  i m p l e m e n t e d  a s  f o l l o w s :

( S T E P  1) P i c k  t w o c o m p o n e n t s , o n e o n  e a c h o f  t w o

b o a r d s .

( S T E P  2) C o m p a r e  t h e trJ0 c o m p o n e n t s a n d  i f inter-

c h a n g i n g t h em w i 1 1 i m p r o v e  t h e  p a r t i t i o n i n g

thsn i n t e r c h a n g e  t h e m .

(STEP  3) R e p e a t  s t e p s 1  a n d  2  u n t i l  s o m e  t e r m i n a t i o n

c o n d i t i o n i s  m e t . P o s s i b l e t e r m i n a t i o n

c o n d i t i o n s  i n c l u d e  t i m e l i m i t s , n u m b e r  o f

i n t e r c h a n g e  l i m i t s , a n d  a  m i n i m u m  n u m b e r  o f
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s e q u e n t i a l c o m p a r i s o n s  t h a t r e s u l t  i n  n o

i n t e r c h a n g e .

S i n c e  f o r a n y  c i r c u i t o f  p r a c t i c a l s i z e  a n e x h a u s t i v e

pair[rise  i n t e r c h a n g e  c a n  t a k e  a n a l m o s t  u n l i m i t e d  a m o u n t  o f

t i n e , s e l e c t i o n  o f  t h e  s e q u e n c e  o f  p a i r s  t o  b e  i n t e r c h a n g e d

i s t’ e r y i m p o r t a n t . S i n c e  t h e r e  i s  n o  rt2ally g o o d  w a y  t o  s e -

l e c t  t h e s e  s e q u e n c e s o f  p a i r s  a u t o m a t i c a l l y  Hanan, Mennone,

a n d  IJolff  l e a v e  t h i s s e l e c t i o n  t o  t h e  u s e r . T h e i r  i n t e r a c -

t i v e  i t e r a t i v e  a l g o r i t h m  i s  i m p l e m e n t e d  a s  f o l l o w s :

(STEP  1) G e n e r a t e  a n  i n i t i a l  p a r t i t i o n u s i n g  a  p a r -

a l l e l  c o n s t r u c t i v e  algorithm-

(STEP  21 R e m o v e  s o m e  c o m p o n e n t s  f r o m  s o m e  b o a r d s  i n -

t e r a c t i v e l y . R e m o v a l s a r e  r e s t r i c t e d  t o

t h e  l a s t  c o m p o n e n t  o r c o m p o n e n t s  p l a c e d  o n

e a c h  b o a r d  b y  t h e p a r a l l e l  c o n s t r u c t i v e  a l -

g o r i t h m . T h i s i n s u r e s  t h a t t h e  p h y s i c a l

c o n s t r a i n t s  o f  t h e  b o a r d s  a r e  n o t  v i o l a t e d .

( S T E P  3) R e a s s i g n  t h e r e m o v e d  c o m p o n e n t s t o  b o a r d s

i n  o n e  o f  t w o  w a y s . E i t h e r  a s s i g n  t h e m  b y
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u s e r  c o m m a n d  o r  b y  t h e  u s e  o f  t h e  l a s t  p a r t

o f  t h e  p a r a l l e l c o n s t r u c t i v e  a l g o r i t h m .

T h e  i n t e r a c t i v e  i t e r a t i v e  a l g o r i t h m  c a n  b e  i m p l e m e n t e d  i n

a straightforL3ard m a n n e r  a n d  r e s u l t s in a f e a s i b l e  p a r t i -

t i o n . I t  i s  l i m i t e d  b y  t h e  f a c t  t h a t  i t  i s  n o t  e n t i r e l y  a u -

t o m a t i c  a n d  d o e s  r e q u i r e  u s e r  i n p u t  t o  b e  s u c c e s s f u l .

4 *.2.b ?t*:nr?Gtic  Partiticninq-\. E f f e c t s

I f  t h e  o n l y s u c c e s s  c r i t e r i a c o n s i d e r e d  i s  t h e  m i n i m i z a -

t i o n  o f  b o ard n u m b e r  and the o n l y  c o n s t r a i n t s  a r e  a  c o n n e c -

t i o n  l i m i t a n d  a  c o m p o n e n t  p e r  b o a r d  l i m i t  t h e n  s o m e  f o r m  o f

t h e s e  a l g o r i t h m s  c a n  b e  u s e d  t o  g e n e r a t e  f e a s i b l e  p a r t i t i o n s

1.1 i t h a  g o o d s u c c e s s r a t e . U n f o r t u n a t e l y  t h e s e  a l g o r i t h m s  d o

n o t  t a k e  i n t o a c c 0 u n t 0 t h e r v e r y  i m p o r t a n t  s u c c e s s  c r i t e r i a

s u c h  a s  s y s t e m  r e l i a b i l i t y , s y s t e m  t e s t a b i l i t y , a n d  c i r c u i t

Irf3;:rci rep2atability.

A l t h o u g h  t h e  s y s t e m  r e l i a b i l i t y  d e p e n d s m o r e  o n  t h e  o r i -

g i n a l  d e s i g n  a n d  o n  t h e  c o n s t r a i n t s t h a n  o n  t h e  a c t u a l  p a r -

t i t i o n i n g  s o m e  t h i n g s c a n  b e  d o n e  i n a  p a r t i t i o n i n g  a l g o r -

i t h m  t o  i m p r o v e r e l i a b i l i t y . T h e  p r o b a b i l i t y  o f a  s y s t e m

failure i n  a  g i v e n  t i m e  i n t e r v a l ,  i s  d e f i n e d  a s  follorJs:

FRsys= F R - D  +  F R - B  + F R - C

LJ ii e r 2 :
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F R - D  i s  t h e  comporlent f a i l u r e  r a t e .

F R - B  i s  t h e  b o a r d  f a i l u r e  r a t e .

F R - C  i s  t h e  c o n n e c t o r / b a c k p l a n e  f a i l u r e  r a t e ,

T h e  component  f a i l u r e  r a t e s  d e p e n d u p o n  t h e  n u m b e r  a n d  t y p e

o f  c o m p o n e n t s  u s e d , a s  g i v e n  i n  t h e  o r i g i n a l  d e s i g n , a n d  o n

t h e  cozponext  o p e r a t i n g t2nperatures. T h e  p a r t i t i o n g  a l g o r -

i t h m  c a n  improve th2 compon2nt r e l i a b i l i t y  b y  i n s u r i n g  t h a t

h e a t  g e n e r a t i n g  c o m p o n e n t s a r e  n o t  c l u s t e r e d  t o g e t h e r  c r e a t -

i n g  h i g h  o p e r a t i n g  t e m p e r a t u r e s . T h e  a l g o r i t h m  c a n  b e  modi-

f i e d  s o  that c o m p o n e n t  p l a c e m e n t d e c i s i o n s  a r e  b a s e d  o n  m u -

t u a l  power  d i s s i p a t i o n  a s uell a s  i n t e r c o n n e c t i v i t y . S i n c e

m i n i m i z i n g t h e  nunb2r o f  b o a r d s  a n d  c o n n e c t i o n s a l s o  t e n d s

t o  m i n i m i z e t h e  b o a r d , c o n n e c t i o n , and b a c k p l a n e  f a i l u r e

r a t e s  a u t o m a t i c p a r t i t i o n i n g  a l g o r i t h m s f o r  t h e m o s t  p a r t

a d e q u a t e l y  h a n d l e  r e l i a b i l i t y  coilstraints.

T e s t a b i l i t y  a l s o  d e p e n d s  o n t h e  o r i g i n a l  c o n s t r a i n t s  b u t

p a r t i t i o n i n g  h a s a wide r a n g i n g  i n f l u e n c e o n  t e s t a b i l i t y .

Goundan [ GH76 1 h a s  d e v e l o p e d  a n a l g o r i t h m  t h a t u s e s  f a u l t

c l a s s i s o l a t i o n  atld f a u l t  c l a s s  s p l i t t i n g  t o  i n c r e a s e  t e s t a -

b i l i t y . H i s a l g o r i t h m  a t t e m p t s t o  f i n d  a  p a r t i t i o n  i n  rJhich

t h e  naximun  number  o f  b o a r d s  t o w h i c h  a n y f a u l t  i s  r e s o l v a -

b l e  i s  m i n i m i z e d . T h e  a l g o r i t h m f i r s t  l o c a t e s  a l l  equiva-
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nh t h i r d  i n a d e q u a t e l y c o n s i d e r e d  c o n s t r a i n t is that of

c i r c u i t  beard rep2atability. Repair c o s t s a s  w e l l  a s  ini-

t i a l ’ s y s t e m c o s t s d e p e n d  h e a v i l y o n  t h e  n u m b e r o f  c i r c u i t

b o a r d  t y p e s  u s e d  ir1 a  s y s t e m . None o f  t h e s e  a l g o r i t h m s  at-

tW!?pt i n a n y L.l a y t o  g e n e r a t e  o r u s e s t a n d a r d  t y p e s  o f

b o a r d s .

l e n t  f a u l t s . All c o m p o n e n t s  w i t h  t h e  s a m e  e q u i v a l e n t  f a u l t

a r e  c o m b i n e d  i n t o  a  s e t  called a  g a t e  c l u s t e r . T h e s e  g a t e

c l u s t e r s  a r e  t r e a t e d  a s ‘s u p e r ’ c o m p o n e n t s  a n d  p a r t i t i o n e d

u s i n g s o m e  o t h e r  a l g o r i t h m . F a u l t  s p l i t t i n g  t e c h n i q u e s  a r e

th2n u s e d  t o  e n h a n c e  t h e  t e s t a b i l i t y  o f  t h e  r e s u l t i n g  p a r t i -

t i o n .

. -

L+ . 2.7 Ra~:ul ts_L*d-

R e s u l t s : T h e  S - l  EBOX R E G I S T E R  F I L E  w a s  autoalatially p a r -

t i t i o n e d  i n t o  1 1 2 5 - I C  b o a r d s  a s  c o m p a r e d  t o 8  b o a r d s  o b -

t a i n e d  b y  m a n u a l  p a r t i t i o n i n g . T h e  e l e v e n t h  b o a r d  h a d  o n l y  3

m o d u l e s  o n  i t .

The c o n n e c t i o n  l i m i t s  were r e a c h e d w e l l  b e f o r e  t h e  s p a c e

l i m i t s  w e r e  r e a c h e d  i n  t h e a u t o m a t i c  p a r t i t i o n i n g  s o  c h a n g -

i n g  t h e  srace l i m i t  t o  5 5  IC’s a n d  evm c h a n g i n g  t h e  s p a c e

a n d  c o n n e c t i o n IJ e i g h t i n g f a c t o r s  h a d  n o s i g n i f i c a n t  e f f e c t

01 1 t h e  p a r t i t i o n i n g .
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T h e  r e s u l t s o f  p a r t i t i o n i n g  t h e E b o x  o f  t h e S - l  s y s t e m

rJi t h  m e m o r y  r e m o v e d (all c o n n e c t i o n s t o  m e m o r y  s e c t i o n s  a r e

t r e a t e d  a s  externa.1  1 a r e s h o’w n i n T a b l e  4 .  1  f o r  t h e  s e r i a l

a l g o r i t h m .

i
I e IC’S # B o a r d s max. Cunnec t i 01~s a v e r a g e  -;f
I Soard t o  a n y  B o a r d C o n n e c t i o n s
I --------------------_____________l___l__--------------
I 10 9G 101 G8
I 20 47 1 7 4 124
I 40 24 3 2 5 205
I 80 12 524 376
I 160 G 804 6 0 3
I 320 3 1230 1119
I 4GO 2 1228 1228
I ---------------------a----- l__-----------------_cI____
I T a b l e 4 . 1
I

i
I
I
I
I
I
I
I
I
I
I
1
I
I

- T h e  r e s u l t s o f  p a r t i t i o n i n g t h e Ebox o f  t h e S - l  s y s t e m

nith o n l y  p a r t  o f  t h e  m e m o r y r e m o v e d  a r e  s h o w n  i n  T a b l e  4 . 2

f o r  t h e  s e r i a l  a l g o r i t h m .

I 1
I

I tf IC’S m a x .  S C o n n . A v e r a g e I
I p e r  B o a r d t o  a n y  B o a r d * C o n n . I
I  - - - - - - - - - - t: of - - - - - - - - - - - - - B o a r d I
I 1nt av max Eoards l i m i t a c t u a l I
I - - - - - - - - - - - - - - - - - __l_____________----_______I____________ I
I85 *
I 18 15 1;

20 1 40 4 0 35 I
69 100 100 91 I

I 55 16 37 65 1011 100 98 I
I -----------------.-WC- - - - _________-__--_-----____I____ I
I T a b l e  4 . 2 I
I I
L-- -
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i i
I Board Size f Goal-d5 A s e L- a g e # I
I Connectio,ns I
I I
I 10 96 70 I
I 20 43 122 I
I 40 2'1 * 199 I
I 30 12 335 I
I 160 6 531 I
I 320 3 904 I
I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I
I T a b l e  4 . 3 I
I I

i i
I 14 a n u a 1 Sequential Pat-al lel I
I b r d p i n piil i c p i n i c p i n i c I
1 si ze l i m i t av a v aw a v a v a v I
I - - - - - ------------------------~-----~~~~~~~~~---~-~ I
I 1s 100 0 “7 17 91 15 92 15 I
I 55 lllil 94 33 93 17 93 17 i
I- - _ - - - - - - - - - - - - - - - - - - - - - - - - _------------------------- I
I T a b l e  4.4 I
I I

T a b l e  4. 3  s h o w s  t h e  a v e r a g e n u m b e r  o f  b o a r d s  a n d  connlzc-

t o r  p i n s i n  f u n c t i o n  o f  t h e  b o a r d  s i z e . T a b l e  4.4 c o m p a r e s

b o a r d  t y p e s  2 A a n d  5 X  f o r  b o t h  m a n u a l a n d  a u t o m a t i c  parti-

t  i o n i n g  a p p r o a c h e s .
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4 . 3 cot~crJusI@t~s

A l l t h e p r a c t i c a l autolnatic p a r t i t i o n i n g a l g o r i t h m s

a v a i l a b l e a t  t h e p r e s e n t t i m e a r e  h e u r i s t i c  i n n a t u r e .

T h e s e  a l g o r i t h m s  s p a n  a  w i d e r a n g e  o f  c o m p l e x i t y  a n d  e f f e c -

t  iveness  . T h e y c a n  b e  r e s o n a b l y e f f e c t i v e  w h e n t h e  o n l y

c o n s t r a i n t s  a r e c o m p o n e n t  p e r b o a r d  l i m i t s a n d  c o n n e c t i o n

l i m i t s  a n d t:hen t h e o b j e c t i v e  i s t h e  m i n i m i z a t i o n o f  t h e

n u n b e r  o f b o a r d s  e U n f o r t u n a t e l y  t h e i r e f f e c t i v e n e s s  w h e n

t h e  c r i t e r i a  i n c l u d e s  s u c h  t h i n g s  a s b o a r d  r e p e a t a b i l i t y  a n d

t e s t a b i l i t y  i s s o  l o w  t h a t  t h e i r  p r a c t i c a l  u s e  i s  l i m i t e d .
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C h a p t e r  5

THE IHFLUENCE OF PARTITIONING ON SYSTEM TESTABILITY

5 . 1 I~~T??OMKTIO~

T h e  p a r t i t i o n i n g  o f  a  s y s t e m c a n  a f f e c t  t h e  a b i l i t y

o f  t h a t  s y s t e m  t o  r e m a i n o p e r a t i o n a l  o v e r  t h e  g i v e n  m i s s i o n

t i m e . Two d i f f e r e n t  p a r t i t i o n s  w i l l  h a v e  d i f f e r e n t  f a i l u r e

rat  es  when t h e  f a i l u r e r a t e s  o f t h e  b o a r d s a n d  c o n n e c t o r

p i n s a r e  i n c l u d e d . A l s o , e a c h  p a r t i t i o n  w i l l  h a v e  a  d i f f e r -

e n t  s p a r i n g  r e q u i r e m e n t . A n y  r e s t r i c t i o n o n  t h e  n u m b e r  o f

s p a r e s  t h a t c a n  b e i n c l u d e d  d u r i n g a  m i s s i o n e f f e c t i v e l y

l i m i t s  t h e n u m b e r  a n d nature o f t h e  r e p a i r s ( t h r o u g h  r e -

p l a c e m e n t  o f  f a u l t y  b o a r d s > t h a t  c a n  b e  m a d e . I;!e w i l l  d e -

v e l o p  a  m o d e l f o r  p r e d i c t i n g t h e  m i s s i o n  s u r v i v a l  p r o b a b i l -

i t y  o f a  s y s t e m  g i v e n  d a t a o n  i t s  p a r t i t i o n . U s i n g  t h i s

m o d e l , w2 c a n c o m p a r e  t h e  m i s s i o n  s u r v i v a l p r o b a b i l i t y  o f

t w o  p a r t i t i o n s  o f a  s y s t e m  (i.e f o r  t h e s a m e  s y s t e m  inple-

m e n - t e d  tJith t w o  d i f f e r e n t  p r i n t e d  c i r c u i t  b o a r d  s i z e s ) .

A f u n d a m e n t a l  q u e s t i o n  i s h o w  d o e s  p a r t i t i o n i n g  a f -

f e c t  t h e  t 2stability  o f  a c i r c u i t ? T o  p r o v i d e i n s i g h t  a n d
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d a t a  t o  h e l p a n s w e r  t h a t  q u e s t i o n , t h e f o l l o w i n g  w a s  s t u -

d i e d : g i v e n  s p e c i f i c  t e s t i n g  a n d  d i a g n o s i s  p r o c e d u r e s ,  o n e

c a n  d e v e l o p  h e u r i s t i c  a n d a l g o r i t h m i c  procedures  f o r  measur-

i rig t h e  d e t e c t a b i l i t y  a n d  d i a g n o s a b i l i t y  o f  t h e  t e s t s . The

a n a l y s i s  p r o c e d u r e  c a n b e  a p p l i e d  t o  p a r t i t i o n s o f  a  g i v e n

s y s t e m  t h a t r e s u l t  f r o m  t h e u s e  o f d i f f e r e n t  p a r t i t i o n i n g

algorithms a n d  b o a r d  s i z e s . T h e  g o a l  o f  t h i s  s t u d y  w i l l  b e

t o  n o t e  a n d e x p l a i n  t h e  c o n d i t i o n s  t h a t  l e a d t o  t h e  h i g h e r

le[lels  o f  d e t e c t a b i l i t y  a n d  d i a g n o s a b i l i t y .

I n  m o s t  d i g i t a l  s y s t e m s , p r o c e d u r e s  c a l l e d  f a u l t  r e c o v e r y

p r o c e d u r e s a r e  p r o v i d e d t0 a1‘d i n  s y s t e m r e c o v e r y f r o m

faults. E x a m p l e s  o f  f a u l t  r e c o v e r y  p r o c e d u r e s  art? f a u l t  d e -

t e c t i o n  t e s t i n g , f a u l t  diagnosis a n d  rep1acement o f ’ f a u l t y

f i e l d - r e p l a c e a b l e - u n i t s . F a u l t s  t h a t  a r e  s u c c e s s f u l l y  h a n -

d l e d  b y  t h e  f a u l t  r e c o v e r y  p r o c e d u r e s  r e s u l t  i n  m i n i m a l ,  i f

any, s )’ s t em d o w n t i m e . O t h e r  f a u l t s  c a n  c a u s e s e v e r e  a n d

l e n g t h y  s y s t e m  o u t a g e s . I n  s u c h  c a s e s , a  c r a f t s m a n  o r  f i e l d

e n g i n e e r  a n d / o r e x t e r n a l  m a i n t e n a n c e e q u i p m e n t m u s t  b e  u s e d

t o  b r i n g  t h e  s y s t e m  u p . T h i s  s i t u a t i o n  c a n  o f t e n  r e s u l t  i n

w i d e s p r e a d  r e p l a c e m e n t  o f  s u s p e c t e d  c i r c u i t s , rJhich  Kill b e

c 7. 1 I -7 d c? r3 2 13 0 Iit r? 1 0 11 S r e p a i r  c o n d i t i o n .
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Let cov = t I.1 e p r o b a b i l i t y  t h a t a  f a u l t  i s  s u c c e s s f u l l y

h a n d l e d  b y  t h e  f a u l t  r e c o v e r y  p r o c e d u r e s

1 - cov =  t h e  p r o b a b i l i t y  t h a t  a  f a u l t  r e s u l t s  i n  a n

a n o m a l o u s r e p a i r  c o n d i t i o n .

It c a n  b e shoiiln  t h a t  u n d e r  c e r t a i n r e a s o n a b l e  a s s u m p t i o n s ,

t I1 -3 m e a n  t i m e  b e t w e e n  a n o m a l o u s  r e p a i r  s i t u a t i o n s  i s :

iITTF! = l/(( I-C9VPFRsys) m-11

T h e  i m p o r t a n t i t e m  t o  n o t e  i s t h a t  a  s m a l l e r  s y s t e m  f a i l u r e

r a t e i n c r e a s e s t h e  m e a n  t i m e  b e t w e e n  a n o m a l o u s  r e p a i r  c o n d i -

t i o n s .

I n c r e a s i n g  C O V r2ill a l s o i n c r e a s e  t h e s y s t e m ’s  m i s s i o n

s u r v i v a b i l i t y . T h e  uay t o  i n c r e a s e  t h e v a l u e  o f  C O V  i s  t o

i m p r o v e  t h e fnul t  r e c o v e r y  p r o c e d u r e s . L a t e r  w e  w i l l  exa-

m i n e  t h e  e f f e c t  o f  c i r c u i t  b o a r d s i z e  o n  t h e  q u a l i t y  o f  t h e

f a u l t  r e c o v e r y  p r o c e d u r e s . HoEever, b e f o r e  t h i s  n e x t  s t e p

c a n  b e  c a r r i e d  o u t , i t  i s  n e c e s s a r y  t o  h a v e  knorcrledge  o f  t h e

f a u l t . d e t e c t i o n a n d  d i a g n o s i s p r o c e d u r e s t h a t  a r e u s e d  o n

t h e c l a s s  o f  s y s t e m s t h a t  a r e  o f  c o n c e r n . S o m e  f a u l t  r e c o v -

e r y  p r o c e d u r e s can b e i n s e n s i t i v e  t o c i r c u i t  b o a r d s i z e ,

w h i l e  o t h e r  o t h e r s  c a n  b e h i g h l y  s e n s i t i v e  t o  b o a r d  s i z e .
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5 . 3 TESTABII, TTY IJEASIlR~PfENT-

5 . 3 . 1 Introducticn

S o m e  o f  t h e  p a r a m e t e r s  t h a t  i n f l u e n c e  t e s t a b i l i t y  a r e :

1 . T e s t  Faint R a t i o  (TPR)

2 . Number  o f  l e v e l s  o f  c o m b i n a t i o n a l  l o g i c

3 . Number  o f  l e v e l s  o f  s e q u e n t i a l  l o g i c

4 . A b i l i t y  t o synchroni ze t h e  sequential  l o g i c to a

g i v e n  s t a t e .

I f  NE? assume t h a t  t h e  d e s i g n i s  n o t  s u p p o s e d t o  c h a n g e

w h e n  g o i n g  t o  a  d i f f e r e n t p a r t i t i o n i n g , t h e  o n l y  p a r a m e t e r

rjllich i s  p a r t i t i o n - d e p e n d e n t  i s  t h e T P R  ( d e f i n e d  a s  t h e  r a -

t i o  between t h e n u m b e r 0 f p i n s a v a i l a b l e  a t tile c o n n e c t o r

a n d  t h e  t o t a l  n u m b e r  o f  s i g n a l s  o n  t h e  b o a r d .

H o w e v e r , i f  w e a l l o w  t h e  d e s i g n  t o c h a n g e  ( w i t h o u t  a f -

f e c t i n g  i t  f u n c t i o n a l l y ) w e  can i n c r e a s e  t h e  T P R . One way

t o  d o t h i s  i s  u s e multiplexers t o  o b s e r v e t h e  u n r e a c h a b l e

l i n e s  w i t h i n  a  b o a r d .
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5 . 3 . 2 T e s t  P o i n t  F?atioA-- - - - - -

I n  t h e  p r e v i o u s  s e c t i o n ,  a s i m p l e  m o d e l  f o r  t e s t a b i l i t y

Las ec! o n  t h e  t e s t  p o i n t  r a t i o  (TPR) Idas d i s c u s s e d .

TPR = NOS / TXS l5.21

w h e r e  HOS = n u m b e r  o f  o b s e r v a b l e  s i g n a l s .

Th’S = t o t a l  number  o f  s i g n a l s .

A  w o r s t - c a s e  estircate f o r  THS a s s u m e s  t h a t  e v e r y  s i g n a l  c o n -

n e c t s  e x a c t l y  tLJ0 p i n s . T h e n  TfIS c a n  b e  d e r i v e d  a s  f o l l o w s :

TtiS = OrCP -t liC1IP s NPPCI 1 2 EL31

w h e r e  IICP  = n u m b e r  o f  c o n n e c t o r  p i n s

NCIIP = n u m b e r  o f  c o m p o n e n t s  p e r  b o a r d

NPPC = nunb?r o f  a c t i v e  p i n s  p e r  component.

A  r e a s o n a b l e e s t i m a t e  f o r  NPPC i s  1 2 . B o t h  EICP and NCIIP d e -

p e n d  o n  t h e  a c t u a l  b o a r d  c h a r a c t e r i s t i c s .  T h e  f o l l o w i n g  t a -

b l e  g i v e s  TPT: f o r  e a c h  o f  t h e  t h r e e b o a r d  t y p e s  c o n s i d e r e d

i n  t h i s  s t u d y .

i i
I T)Ipe I HCP 1 ?ICHP i TNS I NOS 1 TPR I
I - - - - - - - - - - - - - - - - - - - - - - v - - - - - - - - - - - w - - - - i
I Ifi I 1

I I~“0 I
6 I 112 I 40 I 0.351 I

I 2A 1s I 3lG I 100 I 0.316 I
I 5x 1 1 0 0 I 55 I 360 I 130 I O.lS4 I
I ---------------e-w___--------------___-~~~-~~~---~-~ I
I T a b l e 5 . 1 I
I I
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5.3.3 E e s 0 ? u t i 0 r-!

I n  naa~ly l a r g e  s y s t e m s  diagrlosis i s  p e r f o r m e d  u s i n g  f u n c -

t i o n a l  d i a g n o s t i c s . T h e  r e s u l t  o f s u c h  a  i n c o m p l e t e  d i a g -

n o s t i c  p r o c e d u r e  i s t o  i s o l a t e  t h e  f a u l t  t o  a  f u n c t i o n a l  en-

t i t ) : . L e t a  f u n c t i o n F be i m p l e m e n t e d  f r o m fl lO!J--level

cor\ponents. T h e n  t h e  number  o f  b o a r d s  o v e r  w h i c h  t h e  f u n c -

t i o n  i s  s p r e a d l i e s  b e t w e e n  n  a n d  WNCPB, w h e r e  MCPB i s  the

maxinu;n number  o f  c o m p o n e n t s  p e r  b o a r d . H e n c e , t h e  p r o b a -

b i l i t y  o f  iscls?tiilg  a f a i l u r e  t h r o u g h  f u n c t i o n a l  d i a g n o s t i c s

i s  l a r g e r  f-r a large- b o a r d  i m p l e m e n t a t i o n .

I n  calc?-tlating t h e  PITTR c o n s t r a i n t s , i t  i s  d e s i r a b l e  t o

a c h i e v e o n l y  i d e n t i f y i n g a n d  r e p l a c i n g t h e f a i l e d b o a r d .

.  U n n e c e s s a r y  s w a p p i n g o f  s u s p e c t e d  b o a r d s  n o t o n l y  r e q u i r e s

more s p a r i n g  b u t  i t  a l s o  i n c r e a s e s  t h e  rITTR. ble c a n  d e f i n e

d i a g n o s t i c  r e s o l u t i o n  a s  t h e  p r o b a b i l i t y  o f  i s o l a t i n g  a  f a i -

l u r e  t o  a  s i n g l e  b o a r d  b y  r u n n n i n g  a  s e t  o f  f u n c t i o n a l  Aiag-

nostics. D i a g n o s t i c r e s o l u t i o n  c a n  b e u s e d  a s  a  q u a n t i t a -

t i v e  m e a s u r e  o f  t h e  q u a l i t y  o f  t h e  p a r t i t i o n i n g . D i a g n o s t i c

r e s o l u t i o n  i s  a f u n c t i o n  o f  t h e  h a r d w a r e  d e s i g n a s  w e l l  a s

o f  t h e  d i a g n o s t i c prograIn. O n e  p o s s i b l e  w a y o f  c o m p a r i n g

t h e  d i a g n o s t i c  r e s o l u t i o n o f  t w o  s y s t e m s  w o u l d  b e  t o  p e r f o r m

a  f u n c t i o n a l  f a u l t s i m u l a t i o n  o f  t h e  d e s i g n  a l t e r n a t i v e s .
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5.4-l I n t r od I! c t i PI!

T o  ctvaluate  the e f f e c t s  o f d i f f e r e n t  b o a r d  s i z e s  o n  s y s -

t e m  t e s t a b i l i t y  soxe m e t h o d  o f m e a s u r i n g  t e s t a b i l i t y  i s  r e -

quired. T h e r e f o r e  a  testability e s t i m a t i o n  p r o g r a m  w a s  i m -

p l e m e n t e d  a n d  i n t e g r a t e d  i n t o  t h e S t a n f o r d  D e s i g n  A u t o m a t i o n

systxl. T h i s  c a p a b i l i t y w a s  u s e d  t o  s t u d y the e f f e c t s  o f

p a r t i t i o n i n g a n d  b o a r d  s i z e  o n  t e s t a b i l i t y .

5 . 4 . 2 -5 t?ki1.it.l E s t i m a t i o n  A l g o r i t h m

The a l g o r i t h m  u s e d  i n t h e  t e s t a b i l i t y  e s t i m a t i o n  p r o g r a m

L! c? s b a s e d  o n  a n  a l g o r i t h m  d e v e l o p e d  b y  S t e p h e n s o n  a n d  G r a s o n

[-St7G I  t o  p r o v i d e  a  n u m e r i c a l e s t i m a t e  o f  t h e  e a s e  o f  g e n e r -

a t i n g f a u l t  d2tection t e s t s  f o r  r e g i s t e r - t r a n s f e r  l e v e l  c i r -

c u i t  d e s i g n s . S i n c e t h e  t e s t a b i l i t y  o f  a  c i r c u i t  i s  a  f u n c -

t i o n  o f h o w  e a s y  i t i s  t o o b s e r v e  a n d  c o n t r o l i t s  s i g n a l

linb,s, S t e p h e n s o n  a n d  G r a s o n  d e f i n e d  th2 f o u r  f o l l o w i n g  v a -

l u e s . T h e  o b s e r v a b i l i t y  o f  a  g i v e n s i g n a l  i s  a  m e a s u r e  o f

h o w  e a s y it is to d e t e r m i n e LJ h a t t h e  l o g i c  v a l u e o f  t h a t

s i g n a l  i s . I t  i s a  r e a l  n u m b e r  b e t w e e n  0  a n d  1 w i t h  l a r g e r

v a l u e s  f o r  m o r e  o b s e r v a b l e  s i g n a l s . T h e  c o n t r o l l a b i l i t y  o f

a  g i v e n s i g n a l is a m e a s u r e  o f  h o w e a s y  i t  i s t o  c o n t r o l
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what t h e  l o g i c v a l u e  o f  t h a t  s i g n a l  i s . L i k e w i s e it is a

r e a l  n u m b e r betrJeen  0 a II cl 1 LJ i t h l a r g e r  v a l u e s f o r  m o r e

c o n t r o l l a b l e  s i g n a l s . T h e  O b s e r v a b i l i t y  T r a n s f e r  F a c t o r  i s

a  v a l u e  d e f i n e d  f o r  e a c h  m o d u l e tyr)e. I t  h a s  a  r e a l  v a l u e

b?ttrJein  0  a n d  1 a n d  i s  u s e d f o r  t h e  c a l c u l a t i o n o f  t h e  ob-

s e r v a b i l i t i e s  o f  t h e  i n p u t  s i g n a l s  t o  a  m o d u l e  g i v e n  t h e  ob-

ser:2abilities o f  t h e  m o d u l e ’s o u t p u t  s i g n a l s . S i m i l a r l y  t h e

C o n t r o l l a b i l i t y  T r a n s f e r  F a c t o r  i s  a v a l u e  d e f i n e d  f o r  e a c h

m o d u l e  t y p e . It h a s  a  r e a l  v a l u e b e t w e e n  0  a n d  1 a n d  i s

u s e d  f o r t 11 2 c a l c u l a t i o n o f  t h e c o n t r o l l a b i l i t i e s  o f t 11 e

o u t p u t  s i g n a l s  o f  t h e  m o d u l e g i v e n  t h e  c o n t r o l l a b i l i t i e s  o f

t h e  i n p u t s t o  t h e  m o d u l e .

Eef ore e x e c u t i n g  t h e a l g o r i t h m b o t h  O b s e r v a b i l i t y and

C o n t r o l l a b i l i t y  T r a n s f e r 1’actors  f o r  a l l  t h e  c o m p o n e n t s  w2r2

c a l c u l a t e d  b y  h a n d  a n d  s t o r e d i n  a  l i b r a r y . T h e s e  f a c t o r s

w e r e  c a l c u l a t e d  u s i n g  t h e  m e t h o d  d e v e l o p e d  b y  S.tephenson a n d

G r a s o n  [St7G]. T h e f i r s t  s e c t i o n  o f  t h e a l g o r i t h m  c a l c u -

l a t e s a n O b s e r v a b i l i t y  T r a n s f e r F a c t o r  f o r e a c h  b o a r d  a s

fcllot!s:

1. Assigtl  a  v a l u e  of 1 t o  t h e  o b s e r v a b i l i t y  v a l u e  o f

e a c h  o u t p u t  s i g n a l o n  t h e  b o a r d . T h e s e a r e  t h e

s i g n a l s  t h a t o r i g i n a t e  o n  t h i s  b o a r d a n d  c o n n e c t

t o  a n o t h e r  b o a r d .
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The

2 . A s s i g n  a  v a l u e  o f  0 t o  t h e  o b s e r v a b i l i t y  v a l u e  o f

t h e r e m a i II i n g s i g n a l s  o n  t h e  b o a r d .

?- . S e l e c t a  coinponent  o n t h e  b o a r d .

4 . C a l c u l a t e  t h e  a v e r a g e  o f t h e  o b s e r v a b i l i t y  v a l u e s

o f  the c o m p o n e n t  ‘s o u t p u t s .

5 . Nultiply  t h i s  a v e r a g e  b y t h e  r.n~:~uonent  ‘ s  O b s e r v a -

b i l i t y T r a n s f e r  F a c t o r .

6. A s s i g n  t h i s  v a l u e  t o  e a c h  o f  t h e  c o m p o n e n t ’s  i n p u t

s i g n a l o b s e r v a b i l i t i e s  w h e r e  i t i s  l a r g e r t h a n

t h a t  s i g n a l ’s o b s e r v a b i l i t y  v a l u e .

7 . R e p e a t  s t e p s 3 to G u n t i l  a l l  t h e cor.\ponents  o n

t h e  b o a r d h a v e  b e e n  s e l e c t e d .

8. R e p e a t  s t e p s  3  t o  7  u n t i l t h e  t o t a l  c h a n g e  i n  a l l

o f t h e  i n p u t o b s e r v a b i l i t i e s  i s 1 PYS t h a n s o m e

c o n s t a n t .

9 . C a l c u l a t e  t h e a v e r a g e o b s e r v a b l i t y v a l u e  o f t h e

s i g n a l s  t h a t  a r e  i n p u t s  t o  t h e  b o a r d . T h i s v a l u e

i s  t h e  b o a r d  O b s e r v a b i l i t y  T r a n s f e r  F a c t o r .

n e x t  s t e p

T r a n s f e r  F a c t o r s

i s

i n

to c a l c u l a t e t h e  b o a r d

t h e  foll3rJing m a n n e r :

C o n t r o l l a b i l i t y
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1. A s s i g n  a  v a l u e of 1 to the c o n t r o l l a b i l i t y  v a l u e

o f  e a c h  i n p u t  s i g n a l  o n  t h e  b o a r d .

2 . A s s i g n  a  v a l u e of 0 to the c o n t r o l l a b i l i t y  v a l u e

o f  t h e  r e m a i n i n g  s i g n a l s  o n  t h e  b o a r d .

3 . S e l e c t  a  c o m p o n e n t  o n  t h e  b o a r d .

4 . C a l c u l a t e  t h e a v e r a g e  o f  t h e c o n t r o l l a b i l i t y  v a -

l u e s  o f  t h e c o m p o n e n t  ‘s i n p u t s .

5 . Nultiply t h i s  a v e r a g e  b y  t h e  c o m p o n e n t ’s  C o n t r o l l -

a b i l i t y  T r a n s f e r  F a c t o r .

6 . A s s i g n  t h i s  v a l u e t o  t h e  c o m p o n e n t ‘s  o u t p u t  s i g n a l

c o n t r o l l a b i l i t i e s .

7 . R e p e a t  s t e p s 3 to G u n t i l  a l l  c o m p o n e n t s o n  t h e

b o a r d  h a v e  b e e n  s e l e c t e d .

3 . R e p e a t  s t e p s  3  t o  7  u n t i l t h e  t o t a l  c h a n g e  i n  a l l

o f  the o u t p u t  c o n t r o l l a b i l i t i e s i s  l e s s  t h a n  s o m e

constatlt.

9. C a l c u l a t e  t h e a v e r a g e o b s e r v a b l i t y v a l u e  o f t h e

s i g n a l s  t h a t  a r e  i n p u t s  t o  t h e  b o a r d . T h i s  v a l u e

i s  t h e  b o a r d  O b s e r v a b i l i t y  T r a n s f e r  F a c t o r .
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TII e s y s t e m O b s e r v a b i l i t y  a n d C o n t r o l l a b i l i t y T r a n s f e r

F a c t o r s  a r e notil  c a l c u l a t e d  u s i n g t h e  a b o v e  s t e p s with the

b o a r d s  t r e a t e d a s  c o m p o n e n t s a n d  t h e s y s t e m  t r e a t e d as a

b o a r d . The s y s t e m  t e s t a b i l i t y e s t i m a t e  i s e q u a l  t o t h e

s q u a r e  r o o t  o f t h e  p r o d u c t  o f  t h e s y s t e m  O b s e r v a b i l i t y  a n d

C o n t r o l l a b i l i t y T r a n s f e r  F a c t o r s .

5 . 4 . 3 4 4 r: i t i 0 n. . . ..- c f) E x t r a  Testpoints

I t  i s  p o s s i b l e t o  incr-ease t h e  t e s t a b i l i t y o f  a  c i r c u i t

b y  a d d i n g  e x t r a c o n n e c t i o n  p i n s t o  a  b o a r d  f o r  u s e  f o r  t e s t -

i n g  p u r p o s e s  o n l y . T h e s e t e s t  p o i n t s  i n c r e a s e  b o t h  t h e  o b -

s e r v a b i l i t y  a n d  t h e c o n t r o l l a b i l i t y  o f  t h e  c i r c u i t . T h e  e f -

f e c t s o f  t h e s e  e x t r a  t e x t p o i n t s  w e r e  i n c o r p o r a t e d  i n t o  t h e
. -

t e s t a b i l i t y e s t i m a t i 0 n p r o g r a m  b y making t h c f o l l o w i n g

c h a n g e s :

1 . T h e c o n t r o l l a b i l i t i e s a n d  o b s e r v a b i l i t i e s o f  t h e

s i g n a l s o n  e a c h  b o a r d  uE:re c a l c u l a t e d  a s  b e f o r e .

2 . G i v e n  n t e s  t p o i n t s  t h e n t h e n s i g n a l s  with t h e

1orJest c o n t r o l l a b i l i t i e s  a n d o b s e r v n b i l i t i e s  w e r e

s e l e c t e d .
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3 . T h e  a l g o r i t h m i s  n o w  r e p e a t e d  w i t h thesit s i g n a l s

t r e a t e d  a s  b o a r d  o u t p u t s  i n t h e  o b s e r v a b i l  i  t y  c a l -

c u l a t i o n  a n d  a s  b o a r d  ’ i n p u t s i n  t h e  c o n t r o l l a b i l -

i t y  c a l c u l a t i o n s .

5 . 4 . 4 .4ddition  o f  Extra Loaic t o  Enhance T e s t a b i l i t y- - ___I_ L

I n  m a n y  s y s t e m s t h e r e  a r e  b o a r d s  w h e r e  a l l t h e  s p a c e  o n

t h e b o a r d  h a s n o t  b e e n f u l l y  u t i l i z e d d u e  t o c o n n e c t i o n

c o n s t r a i n t s . T h i s  e x t r a  s p a c e o n  t h e  b o a r d  c a n  b e  u s e d  f o r

a d d e d  l o g i c t o  i n c r e a s e  s y s t e m  t e s t a b i l i t y . T h i s  i s  u s u a l l y

d o n e  b y a d d i n g  multiplexers  o r  s o m e  o t h e r  l o g i c  t o  m a k e  s i g -

n a l s  m o r e  o b s e r v a b l e  a n d  c o n t r o l l a b l e . S i n c e  g e n e r a t i o n  o f

S e v e r a l  a c t u a l r e d e s i g n s  o f a  e x a m p l e f o r  e v a l u a t i o n was

i m p r a c t i c a l  t h e s i m p l i f i n g  a s s u m p t i o n  t h a t i n c r e a s e d  l o g i c

WLlS e q u i v a l e n t  t o  a d d i n g  a  p r o p o r t i o n a l  n u m b e r  o f  t e s t p o i n t s

IJ a s m a d e a T h e  t e s t a b i l i t y e s t i m a t i o n  p r o g r a m  w a s  e n h a n c e d

s o  e x t r a t e s t a b i l i t y  l o g i c c o u l d  b e c o n s i d e r e d  b y a d d i n g

s t e p s where t h e  e x t r a  s p a c e  o n each b o a r d  w a s  c a l c u l a t e d  aild

transulated t o  a n  e q u i v a l e n t  n u m b e r  o f  t e s t  p o i n t s .
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5 . 4 . 5 R e s u l t s- - - -

S e v e r a l  p a r t i t i o n s  o f  t h e S l - E B O X  w e r e  g e n e r a t e d  m a n u a l l y

a n d  b y u s i n g a n  a u t o m a t i c  p a r t i t i o n i n g a l g o r i t h m  discribed

in a p r e v i o u s  c h a p t e r . The - r e s u l t s  o f  t h e e v a l u a t i o n  o f

t h e s e  p a r t i t i o n s u s i n g  t h e t e s t a b i l i t y  e s t i m a t i o n p r o g r a m

a r e  s u m m a r i z e d  belou.

I
I
I IC P I tj
I L IN L II.1
I - - - - - - - - -
I 55 100
I 55 100
I 55 100
I 55 100
I 55 100
I 55 100
1 55 100
I 55 100
I 18 100
I 13 100
I 8 4 0

---

P :? !J. T T S T
KETH P T S
- - - - - - - - -

IIAH 0
rIA)i  40
tl :A N 0
UAN 4 0

AUTO 0
AUTO 40
AUTO 0
AUTO 40
AUTO 0
AUTO 0
AUTO 0

--

EXTRA B R D
LOGIC TEST
-------a----

N 0 -30
N O . 33
YES .39
YES .39
t40 .37
N 0 .39

YES .3S
Y E S .39
NO .3G

YES .33
NO .43

-.

SYS
OBS

- - - -
. 074
. 114
. 140
. 140
.069
. 037
. OS6
. 03s
,063
. OGS
. 059

--

SYS
CTRL
- - - -
. 143
. 154
. 154
. 154
,184
. 1 8 3
. 183
. 183
. 154
. 1CG
. 133

--

SYS
TEST
- m e -
. 105
. 132
. 147
. 147
. 114
,129
,127
. 129
. 107
. 114
. OS8

I
I
I
I
I
I
I
I
I

II
I
I
I
I
I
I

I ----------------_-_--____---____----_________I______ I
T a b l e  5 . 2 " I

I

5.5 COf:CL~lCIO~ISL-_---L  --I-_

From t h e r e s u l t s  o b t a i n e d  i n  t h e  p r e v i o u s  s e c t i o n , i t  i s

c l e a r  t h a t  a  manualy p a r t i t i o n e d d e s i g n  r e s u l t s  i n  a  h i g h e r

degrc2  o f t e s t a b i l i t y . I t  i s a l s o  c l e a r t h a t  l a r g e r  b o a r d
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s i z e s y i e l d  a h i g h e r d e g r e e  o f t e s t a b i l i t y u s i n g t h e

S t e p h e n s o n - G r a s o n  m e a s u r e .

T h e  p a r t i t i o n i n g  a n d t e s t a b i l i t y  s t u d y  c a n  s e r v e a s  t h e

f o u n d a t i o n  f o r  f u t u r e  s t u d i e s . B u i l t - i n  t e s t i n g  u s i n g  self-

c h e c k i n g  c i r c u i t s  IIJa731,  s c a n  i n / s c a n o u t  o f  i n t e r n a l  t e s t

p o i n t s  [Wi731,  [Ei771, a n d  s i g n a t u r e  a n a l y s i s  t P a 7 6  I ,  [ H P 7 6  1

a r e  e x a m p l e s o f  design t e c h n i q u e s t h a t  r e s u l t i n  i m p r o v e d

s y s t e m t e s t a b i l i t y a n d  d i a g n o s a b i l i t y . T h e r e l i a b i l i t y

e v a l u a t i o n  m o d e l  m i g h t  b e e x t e n d e d  t o  i n c l u d e  m o d e l s  o f  m o -

d u l e  f a i l u r e  a n d  t h e  e f f e c t s  o f  p e r i o d i c  m a i n t e n a n c e . Some

work h a s  b e e n d o n e  o n  e x p r e s s i n g  t h e  t e s t a b i l i t y o f  a  c i r -

c u i t  i n  t e r m s  o f  c e r t a i n p h y s i c a l  c h a r a c t e r i s t i c s  l i k e  fan-

o u t , l o g i c  d e p t h  a n d  f e e d b a c k  p a t h s  [St76 I . T h i s  w o r k  m i g h t

b e  e x t e n d e d  t o  a  c o m p a r a t i v e a n a l y s i s o f  t h e  t e s t a b i l i t y  o f

n o d u l e s  o r  b o a r d s t h a t  r e s u l t f r o m  v a r i o u s p a r t i t i o n i n g  a l -

g o r i t h m s .
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A p p e n d i x  A

LlST OF ABBREVIATIONS USED

AV : s y s t e m  a v a i l a b i l i t y

A’?F: f i e l d  a v a i l a b i l i t y

CA: A c q u i s i t i o n  c o s t

CD(l): D e s i g n  c o s t f o r  a  d e s i g n  w i t h  p a r t i t i o n  1

CDOC: c o s t  o f  d o c u m e n t a t i o n

CFACIL: c o s t  o f  f a c i l i t i e s

CFAB: c o s t  o f  f a b r i c a t i o n

CINST: c o s t  o f  i n s t a l l a t i o n

c L I = C o s t  o f  i n t r o d u c i n g  a l i n e  i t e m  i n t o  t h e  s u p p l y  s y s t e m

C!I( i 1 : U n i t  c o s t  o f  m o d u l e  t y p e  i

cov : t h e  p r o b a b i l i t y  t h a t  a  f a u l t  i s  s u c c e s s f u l l y

h a n d l e d  b y  t h e f a u l t  r e c o v e r y  p r o c e d u r e 5

CRD: c o s t  o f  r e s e a r c h , l o g i c a l / p h y s i c a l  d e s i g n

C r e p a i r : c o s t  o f  a l l  r e p a i r s  m a d e  d u r i n g  t h e  s y s t e m ’s l i f e t i m e .

cs: L i f e t i m e S u p p o r t  c o s t

c s c : slkelf c o s t / y e a r  o f  m a i n t a i n i n g i t e m  i n  t h e  s u p p l y  s y s t e m

C s p a r e s : c o s t  o f  s p a r e s r e q u i r e d  o v e r  t h e  s y s t e m ’s l i f e - t i m e .

CSUPP: c o s t  o f  s u p p o r t i n g  e q u i p m e n t  ( e . g .  t o o l s , t e s t  e q u i p m e n t )

CT: T o t a l  l i f e  c y c l e  c o s t  o f  a  s y s t e m
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D(i): d i a g n o s t i c r e s o l u t i o n  o f  m o d u l e  i  (O<D<l)

FRb: F a i l u r e  R a t e  o f  a  b o a r d

FR-B: F a i l u r e  R a t e  o f  b o a r d s  i n  a  s y s t e m

FR-C: F a i l u r e R a t e  o f  c o n n e c t o r s  i n  a  s y s t e m

FRc: F a i l u r e  R a t e o f  a  c o n n e c t o r

FR-D: F a i l u r e  R a t e  o f  D e v i c e s  i n  a  s y s t e m

FRsys: s y s tern f a i l u r e  r a t e

L j : f a i l u r e r a t e f o r  t h e  j t h  m o d u l e

IITBF: IIean T i m e  Between  F a i l u r e s

PI T T R : Hean T i m e  T o  R e p a i r

IITTRD: Ilean T i m e T o  R e p a i r  i n  D e p o t

MTTRF: Hean T i n e  T o  R e p a i r  i n  t h e  F i e l d

HCP : n u m b e r  o f  c o n n e c t o r  p i n s f o r  a  g i v e n  b o a r d

NCPB: m a x i m u m  nur.\ber  o f  c o m p o n e n t s  p e r  b o a r d  -

NE( i > : the n u m b e r  o f  u n i t s  o f  t y p e  i  t o  b e p r o c u r e d

f4FPC: number o f  p i n s  p e r  co:nponent.

n(l): t h e n u m b e r  o f  m o d u l e  t y p e s  f o r  p a r t i t i o n  1 ?

1iL : p l a n n e d  o p e r a t i o n a l  l i f e  o f  t h e  e q u i p m e n t  ( i n  years)

P i : it!1 m o d u l e  complexity m e a s u r e  ( e . g . p i n  c o u n t  1

Pj(nj): p r o b a b i  1  ity t h a t  n j  s p a r e s o f  m o d u l e  t y p e  j w i l l  b e

s u f f i c i e n t  o v e r t h e  p l a n n e d  l i f e  o f  t h e  e q u i p m e n t ,

f3j: e x p e c t e d  n u m b e r o f  f a i l u r e s  o f  m o d u l e  t y p e  j d u r i n g  p e r i o d  NL

TllF: f i e l d  m a i n t e n a n c e  time

Tf!!l: r e p a i r  d e p o t  m a i n t e n a n c e  t i m e
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TPR: T e s t  P o i n t  Rc?tio

uj: t o t a l  n u m b e r  o f  f a i l u r e s  o f  t h e  j t h  m o d u l e  d u r i n g  p e r i o c i  HL
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