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Several 6pectral slgnatures for the fsolatfon of faults at

lnput lfnes have been developed. These sfgnatures cover two

of the most common types of faults, that is eingle stuck aE

and single brldginB faults" Sone brldging faults nay pro-

duce the saÐe effect on the network output as a stuck at

f ault and such f aults cannot be lso1a ted rhe sBme I,¿ay as the

others. The spect ral condi tlons that lead to such sltu-

ABSTRACT

atfons are fnvestlgated and nethods of fsolating these

faults are also con6ldered" Ftnally several medlum slze 1n-

dustrfal circuits are studled and Ëhefr fnput fault lsola-

Efon s ignatures are found "
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A slnple and straightforward leay to test a comblnatlonal

network fs to apply all possible comblnatlons to lts lnputs,

measure the responses from the output and conPare them to

the expected results" For a cfrcuit of n lnputs the¡e are

2n comblnatlons of lnputs and 2n responses to be checked at

the output" The problem wfth thls aPproach is that the 2n

expected result s have t o be stored in some media durlng

testing and r¡hen n gets large these 2n vaLues are difficult

to handle. It is al¡nost impossible to test a large network

netç¡ork using such an approach.

ALternatively the circuit can be tested with a selected

subset of the possible conbfnatlon of inputs (test set) such

that all faults of a glven type are covered by this subset.

Thls method eliminates Èhe need of having to process the

large volume of response data, (i"e' ft achleves certain re-

aponse data conpresslon) but 1t has the drawback of having,

to complle Ëhe test set whlch 1n most cases is raËher com-

pllcated and detalled knowledge of the circuít ís required.

Thfs fs especially true for large circuits "

Other techniques of testlng conbinatfonal circults have

been developed by several researchers. Among them are

Chapter I

I NTRODU CT I ON
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Hayes' tttransltlonal count testtt [6J and t'one's count testrl

l7l " the data compresslon techníque deviced by Fujlwara and

Kinoshfta t 3] etc. These tectrnlques achleved the goal of

response data compresslon but they all have to ernploy test

sets whlch means Ëhat the combination of inputs cannot be

fmpleurented sirnply by Deans of a binary counter" Jacob Sa-

vir's syndrome test [ 17], [ 18], whlch 1s basically a count

of minterms of the function that the circuit realizes elimi-

nates the need for a fes t Set and at the same tlme achieves

response data conpression. Hts apProach is to identify all

lines in fhe circuit v¡hich are syndrone untes table and make

these problesì l1nes unate t8]. To ¡nake a function F unate

in a problem line B, extra g.ates and inputs are added to

Ehe ci rcu i t so that g appears in the new funct ion Fr-, only Ín

the complemented or non-complenented but not both forms.

But this is a rather strlct condl tion, and in some cases t

the calculatlons involved makes thls rnethod prohibitive.

In the specfral approach of co¡nbinational clrcuit testing

I I 3], t 20] a subset of the spectrum of a clrcult under test

ls measured and colnpared to those of the fault free c1 rcuit.

The 6pectrum which may be visualized as attributes of a cir-

cult is made up of 2n entrles for a clrcult of n inputs"

Each entry of the sPectrur¡ is ca11ed a spectral coefficient'

Spectral coefficients can be obtained by a transformatlon on

the characteristlc sequence Isee sectlon 2"2 and 2.31 or

they can be ¡¡easured dfrectly from a clrcult Isee section
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they can be measured directly from a circult Isee sectlon

3,61 . The maJor advantage of the spectral apProach 1s the

ellmfnation of test set s¡hile achteving good response data

conpresslon. In comparlslon to Savlr's syndrorne testlnEl the

6pect ra1 approach is nore flexi ble " In I I 3 ] syndrome tes t-

lng is generallzed and it turned out fo be a partlcular case

of testfng using spectral techniques.

FauIt lsolation is the technlque of Ìocatfng a fault when

1t fs detected. In this thesis Èhe spectral method is in-

vestigated to ftnd its capabtlity for fault lsolatlon. Only

lsolatlon of faults at lnput fines were studied because

faults at this level a.re repairable while faults at lnternal

llnes of a chip rende r the chip useless.

The traditional spproach t.o fault isolation fs to use

sinulation to cons Èruct a fault dict lonary which 1lsts each

possible output resPonse and the corresPonding class of

faults that lead to Èh1s resPonse. In the spectral approach

a signature for a given type of fault is found for the cir-

cuit" By measurinÉÌ the sfgnature of the circuit under test

and conparlng 1t to the fault free signature we can te11 i f

the circuit fs funetfonlng norurally or not. If 1t 1s not,

then frorn the measured signature and a 11st of faulty ones

calculated f ron the fault free sPectrum Ìry-e are able to Pin-

polnt the loca tfon of the fault " Several signatures have

been developed " Sone of these sfgnatures make use of the

patterns of changes 1n the sPectral coefflcients of the slg-
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nature when a fault occurs, thus by matchfng these Patterns

with the calculated faulty ones the fault can be isolated.

There are other slgnatures that srake use of the zero spec-

tral coefficfents in the signature and still others that

nake use of the actual values of the spectral coefficients

of the slgnature" The last of these siSnaÈures rÈras found to

be the most useful when applied to'real s¿or1d'networks.

There are situatlons ln which Ëvro or more faults nay have

the same ef fect on a circult. It was found that t.hese situ-

ations have a close relationshlp r,¡ith synmetric properties

of the function t9]. Thls is esPecially true for input

stuck at faults. The spectral condftions for these situ-

ations to occur are lnvestigated.

The background naterial that is used throughout this the-

sis ls presented tn chapters tv¡o and three" Chapter two

dfscusses the proPerties of the orthogonal transform which

ls required for transformlng a characterlstlc sequence of

the function fnto fts spectrum" The properties of the sPec-

trum I tself are discussed in the latter part of chapfer two.

Chapter three dtscusses the relatfonship between the spec-

trum of a fault free circulË and that of clrcuits with sin-

g1e input stuck at or brldglng faults ' The relationships

are establlshed usfng Tokmen's resuLt dlscussed at the end

of chapter two on the relationship between sPectra of sub-

functlons and that of the functlon 1tse1f.
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Two slgnature6 for the lsolatÍon of slngle lnput brldging

faults are dlscu66ed ln chapter four. The flrst slgnsture

makes use of the patterns of changes in the spectral coeffi-

cients to fdentify a faulf and the second one uEes the actu-

al values of the sectral coefflcfents. chapter flve is de-

voted to sfgnatures of input stuck ãt fault lsolatfon.

Three lsolatlon signatureE are discussed,

natures are simllar to rhose for f solatlon

faults discussed fn chapter four' Chapter

llmltation of these slgnatures when applied to industrial

clrcults " A nore practlcal aPproach for a comblned s igna-

ture for single fnput stuck at or brldging faults ls pre-

sented. sfgnatures for nultlp1e outputs whfch are common Èo

nost induslrlal clrcults ç¡111 also be discussed. ThÍs chap-

ter ls concluded t¿ith a study of several 'real world' cir-

cults. Thelr conblned SPectral lsolation signature for in-

put stuck at or brldging faults are found' ChapÈer seven is

the concluslon for this thesfs'

Throughout thls thesis discusslons often involve colunn

vectors €.g. the characterfstic sequences of functlons ' For

typographical reasons they are presented in the form of row

vectors"

t.wo of these sig-

of input bridging

slx discusses the



In this chapter we look at the spectral aPProach to the

study of boolean funct fons ' We shal1 dl scuss the advantage

of this spproach over the t radl tlonal ne thod. To use the

6pectral technlque, 1t is nece6sary to transform the outPut

of Ëhe clrcult realiztng the boolean functlon from the boo-

lean donain to the spectral domaln. We sha1l dlscuss brlef-

1y several of Èhese transforrDs and exanlne aome of the ProP-

ertles of one of them vrhlch w1 11 be used throughout thls

Ëhesfs. The tranaformation fs carried out by xoatrlx multi-

pllcation, but 1t can also be achleved 1n a more efftclent

way (f ast transfor¡n). We shall examf ne how the nurnber of

conputations are reduced by the fast transfrom'

The latter part of thís chaPter ls devoted to the product

of the transformatfon the sPecËruE. I'Je sha1l discuss the

phy6fcal meanlng of Èhe spectral coefflcients whích consti-

tute the sPectruE and thelr Propertfes' The 6Pectral condl-

tlons for varlable redundancy and symEetry bet¡'¡een varlables

rsfl1 also be examlned" Thls chapter fs concluded wfth a

dlscussfon of the appllcations of the sPectral teehnfque"

Chap ter Ï I

SOHE PROPERTIES OF SPECTRAL COEFFTCTENTS

6-
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The tradlttonal way of studyfng the behavlour of a dfgl-

tal logi c network f s by ¡nesns of a truth table whlch f s a

binary tabulation of the outputs (0, I ) of the network for

sll posslble conblnatlons of lnput values. Thfs blnary ta-

bulatfon fs also called the characterlstlc sequence of Ehe

logic network or of the boolean functfon that ls realtzeð by

the net!ùork. For a network of n fnputs there would be Zn

entries 1n the characteristic sequence" 0ne severe disad-

vanEage of uslng the characterlstic Eequence 1s that each

WHY SPECTRAL COEFFICIENlS

entry 1n lt onlY carries a

which fs the state of the output of the network for a par-

Efcular set of values for lts fnputs"

lnformation about the functlon"

The spectrum of an n input digltal network or of 1ts boo-

lean functlon fs made uP of 2n spectral coefficlentsu and it

ls derived by applyíng an orthogonal transfornatlon to Èhe

characÈerfstlc sequence " One nice feature of Ëhe specÈrurn

fs that each sPect ral coefficlent carries different g1obal

lnforDatfon about the function " That ls srhy ln many ca6es

we can study the funcElonaL asPects of a network by eNamin-

fng a snal1 subset of the coefflclents of the sPectrum. It

fs 1n Èhis senEe that the use of 6PectraL techniques in the

study of digltal netÞrorks ls preferable Èo classfcal meCh-

odB "

llnited aEount of lnformation

It only gives local



2 "2 ORTHOGONAL TRAI{SFOR}I

The transforna tlon of the

the E pe ct rum I s ca rrfed ou t bY

nal matrfx"

f.eu

lrnllFl@lnl
ç¿here

I Tt I f" the orthogonal matrix of dlmension 2n X 2n

I n I f " the characteristlc 6equence

I n I fs the spect rum of the network or of f ts binary

funct lon

characteristlc

nultiplylng f t

There 1s a lot of varlatlon 1n the possible orthogonal

transf orns whf ch Tn Ðay assutne, but only a f e¡v gf ve a Inean-

ingful transformed product. Sorne of the slnp1e ones anong

them are Walsh-Hadamard transform, Walsh-Kacmarz tranEform,

Walsh-Pa1ey t ran6 f orm and the Rademacher-l'Jalsh t ransf orm

[9], tl2l. ThroughouÈ thls thesfs the t{alsh-Hadamard trans-

forrn w111 be used" It has a recursfve definitlon as fol-

lows.

6equence lnto

by an orthogo-

2.t

TO

1n

So

Tr- I Tt- I

Tn-l _Tt-l

TT tl
I -l

..,
ê o o o o o e o o ê døJ

¿-L
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The orderfng of the spectral coefficfents 1s closely re-

lated to the orderlng of the lnputs to the network as we

shall see later. We sey that a 6pectral coefflcfent ls as-

soclated wf th the lnpu, Xt 1f f appears in the subscrlpt of

that coefffctent, We also define the order of a spectral

coefficienÈ as the number of variables lt a6soclates wlth.

For example t0 fs of order 0 u .l u ,2, "n 
are of order 1

and tI2, tl3, ttj are of order 2 and so on.

The following are some useful Properties of the Walsh-Ha-

dama rd t rans f orn Tn.

l, The lnner product of roþr I and row j 1s equal to zero

for I not equal to j and fs equal to 2n for I e j.

This ls a baslc Property of orthogonal matrices"

2" Tn 1s Eyrnmetric

Proof by fnductlon :

T0 = | I I is synmetric

Assune that Tk fs sYmmerrlc i.e"
l. l,

To(1uj) = T^(j,f )

From Èhe recursive defínitlon of Tn

_k+ I
l-

Divlde Tk+I into 4 quadrants as shown naming the

top rlght hand corner the flrst quadrant and

countlng counter clockwise. We IdanÊ to Prove that

Tk+l(iu J) * Tk+l(Ju i)'

_k -k1':r'
:

,"..:."."

-kt-kT :-I'



rf rk+l(f,J) is tn the l"tu

then

Tk+l(r,J) - Tk(f

Tk+l(J,r) * rk(j

r¿here

f
L

j

*
But T^(1 uJ

Therefore

t2

2td or 3td quadranÈ

i (nod 2k )

J(urod 2k)

**,J )
+¿

ui )

and

= TklJ*ut*) by hypothesis.

Tk+l(i,j) = Tk+I(j,r)

If

and

Tk+I ts in the 4th quadrant then

Tk+l(i,i)

Tk+1(i,r)

Again Èhe left hand sfdes of

tfons are equal" Therefore
L+l

1) for all I and j (= 2n

Eynmet.rfc and so ls Tn f or n

3.

L**T^(i uJ )
rÁ*

TK ( j ^ 
, I ^ 

)

.1
(Tt)-I - --: Tn

2"
Proof

Sf nce Tn f s 6Y¡nme trf c

and

the above two equa-

tk+1(t, j) * Tk*1(j,

. Therefore Tk+1 1s

)c 0.

TN

.Tf,TN

(Tt)t th" transpose

Tn. (rt)t

of TN
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Therefore

2"3 FAST TRANSFORM

The nethod of findfng the sPectrutr by matrix nultlpllca-

tfon becomes qulte lnefflcient as the nurnber of inputs'n'

get6 large because the number of oPerations lnvloved would

be 2n X 2n. The fast transform t5] enables us to evaluate

the såne spectrum fn n X 2n oPerations,

If we take a look at the operatlons requlred for each

spectral coefflcient rde w111 notlce that a lot of the oPera-

tions are Conmon to several coefffclentE. For example let

us look at a functlon of 3 variables.

I
--- Tn = (Tn)-l

2n

13

where {a, b,

the spectrum

f æ {au

2"5

bu

c,

of

ca de

d,

F

to
"r,2
'rz
"3tl3
'23trz3

e, f u B, h) €

Ís given bY :

ge f" 8u

Expandf ng Èhe

h)

{0, l}

I
l-
t
t-
t
l-
I
t-

1l
I -1

-i -l
-l I

1I
I -l

-t -t
-l I

"o

"r

above

tll
I -1 I
I ì. -l
I -1 -l

-t -l -l
-I i -l
-l -l I
-r I 1

(a+b) + (c+d)

(a-b) + (c-d)

matrfN equatlon we have

I
-l
-t

I
-t

I
I

-1

+

+

a
b
c
d

e
f
oò
h

( e+f )

(e-f)

+

+

çg+h )

(e-h )

2"6

2,7



,Z * (s+b)

,L2 * (a-b)

r3 * (s*b)

rl3 * (a-b)

,23 * (a+b)

rt23 * (a-b)

We 6ee that the oPeratfons

+

+

(e+f )

(e-f)

(e+f)

(e-f )

(e+f)

(e-f )

are common to t0, t Z, r3 and ,23"

0perat lons

(a+b), (c+d)o (e*f ), (g+h)

(e+h)

(e-h)

(e+h )

(s-h )

(e+h )

(e-h)

are comaon to tl u , IZ, tl 3 and t LZ3"

If we evaluate these partial sums/¿tfferences and rewriÈe

eq. 2.6 2. i 3 uslng the following notations for these Par-

tial sum6 and parÈla1 dlfferences

(a-b), (c-d)u (e-f) ana (g-h)

+

+

2"8

2.9

2,10

2"tr

2"r2

2 " r3

14

laa+b

kGc+d

mÈe+f

o8g+h

we have

to

tr

tz

j

I

n

P

a

c

e

ùÞ

b

d

f

h

( 1+k ) +

(J+r) +

(r-k) +

(m+o )

(n+p )

(n-o )

60000000ôo

60ôoê

2"14

2"r5

2.r6



rl2 * (J-1) + (n-p)

t3 * (t+k) - (rn+o)

tl3 * 13+1) - (n+p)

'23 * (1-k) - (n-o)

rl23 = (J-1) - (n-p)

Agafn we have ao¡ne partfal 6ums and parÈ1a1 dlfferences com-

mon in eq. 2.I4 to 2.2I. If we evaluate these partial sums

and partial differences and rewrite 2,I4 2"21 uslng the

followlng not.atfons

q=i+k
:al

uE¡n+o

\t=Iì+p

we have

ooooooooo o

øooooooG9Ô

2.17

2,78

2"r9

2"20

2 "2r

r0 = q +

r=s*"t

'2 æ r +

îzf:+" 12

t3 = q

tr3 @ Ê

'23 
@ r

çÈÈ-" r23

The operatfons

those lnvolved

i5

r

t

v

f

j

ul

n

k

I

o

P

u

w

v

u

w

v

t.hat have to

ln evaluatfng

60000êos60

oêooo

sooooo6000

be done ln thls

the parÈ fa I 6ums

2 "22
r 1.)
L6LJ

2 "24

2 "25

2"26

2 .27

2"28

2"29

Process are

and partlaf



t6

dffference6 pluB the operatfons for the flnal stage i oe. eq.

2"22 2,29" Therefore we have reduced the nuuber of opera-
3??tlons frosr 2- x 2'to 3 x 2'" rn general for functlons of

n varlables there would be n-l 6ets of partlal 6urns and d1f-

ferences each of 2n entrles. Together ç¡1th the operåtlons

at the f fnal stage, the number of operatfonE needed to de-

rfve the spectrun fs n X 2n. The followfng is a graphical

representatlon of such a fast trensform"

e.+ b+c +d,+€ +f + 3r fu = r.o

CI--b+c*d.+e-f+9-4=r,

t4

q.

6-

e"

+b-e-d,+e+f*g*1.,=G.
-b-c+d+e-f*3+âsÇ¿

+b+e+d-e-+'-3-{",.*{a
* b+e *d--e+€-g+Å=ña

LEGEND

+p __ 3e* p+ft

o.+ b *e * d. -e^{+9 +â,=62
e.- b - € s d, - e+ç'+9 *&.= \^g

,'&

s - - è-* v-"



2.4 PHYSICAL MEANING OF SPECTRAL COEFFICIENTS

If rde exaÐ1ne the pat tern of each row of the na t rix Tn h'e

notfce that the ffrst row r¿hlch corresponds to t0 is made up

of all l's. So 
"0 1s a count of the nunber of nlnterms of

the function. The second roÞr is made up of alternating 4l's

and -l's " So rl 1s the dffference between the nuurber of

mlnterms 1n the functlon when Xt æ Q and Èhe number of mfn-

terms ln the functlon when Xl = l. Slmllarly ti fs the dif-

ference betÞreen the nur: ber of ninterms ln the functfon when

Xt = Q and those when Xt = l"

rob¡ ln Tn that corresponds to ttjL reveals that a I in

thls row correspond6 to Xt 6 *j O Xt @....".@ X* = Q and

thaÈ a 'I fn thls row corresPonds to

X. 0 X^ @ X. @....."@ X = l. Therefore r,,,.. fs the dif'1 - j - --k - m 1JK In

ference between the number of mfnterms 1n the functfon ç¡hen

the XOR of all varlables associate ¡slth it is equal to 0 and

those r+hen the X0R of the varlables is equal to l.

Exanpl e

T7

Further obs erva Èion of the

From sectfon 2,2 the spectrum of

F(Xl, X2n Xg)

to

5

tl

-t

Let u6 look

Ir ro F1g.

xix2 + x¡

,2

-l

at the Karnaugh

2.2b and Flg.

'Lz
I

t3

-3

ls

tt3

-l

map of F (Fig.

2"2c which are

'23
-i

2.2a) and conpare

Karnaugh maps of

t rz3
t



t8

c(xt, XZ, X¡) - xl and H(xt, XZ, X¡) * XI @ XZ re6pectlvely

to Eee hoç¡ we can derive 6pectral coef f lcient6 fro¡q thern"

In Flg" 2.2a there are 5 mlnterms and thfs fs t0 from above.

Comparfng Ffg. 2.2a and 2.2b we w111 notice thaÈ

number of mlnËerms fn F corresponding to Ç a I 1s 3

nunber of rninterms ln F corresPondlng to Ç e 0 1s 2

and

r E 2 - J a -l"t
Comparing Ffg" 2 "2a and 2.2c

nunber of minterms 1n F correEponding to H E I 1s 2

number of nlntertns 1n F corresponding to H e Q ls 3

and

"12 
* 3 | æ I

In general

tt3t = No Nl

whe re

NO * number of mfnterns ln the function

correapondfng to Xt @ tj @ Xn @ êoc @ X, * $

Nt - number of mlnterms in Èhe functlon

correspondlng to xt @ *l @ xt @ 66o @ x, = |



o^\r*t 
xt 

*"\r*t 
Xt

'\ oo ot tl lo '\ oo ol tI lo

ol I I r | | ol I t I I | |

ll I I I I I I r I rl I I I I I I

fæX'XZ+X3

(a )

\ x, xr
xr\
'\ oo ot ll to

ol I I I I I I

rl I r I I t 
I

Therefore each coefffcfent carries lnformatlon on dlffer-

ent attrfbutes of the functfon as a whole although ft 1s not

possible to te11 from the sPectrun the outPut of the func-

tion for a particular set of fnput values except through the

use of the lnverse transform to recalculate F expllciEly as

dlscussed 1aÈer fn this chaPter.

t9

G - xr

(b)

fi = Xt @ XZ

(c )

Fig 2"2



2 "5 UNTQUENESS

The 6pectrun unlquely deffnes a given functlon I'e. dls-

tinct functlons have dlstlnct spectrâ " Thls ls not dlffl-

culÈ to prove"

Suppos e t$ro different funct ions F and G both have the

6arne spectruE R.

1"e"

OF THE SPECTRUM

TN

TN

Comblnf ng 2"30 and 2.3I ne have

llFl
llcl

Equation 2.32 has non-trivÍa1 solution 1f and only if Tn is

singular" But Tn 1s never singular since its inverse always

exists and 1s equal to tn/2n. Therefore I F-G | Ê 0 and so

!'c G. But thls 1s contradlctory to our fnltía1 assuaption

that F and G are dlfferent.

Therefore the sPecËrutr unlquely rePresenEs a boolean

funct ion "

lRl
lRl

TN F.G

20

2"6

Glven the spectrum of a

t,he characterlstic sequence

transforn to R"

2"30

2"31

THE TÞüVERSE TRANSFORM

, ?1

rn l-l

boolean function we can derive

of F by aPPlYlng an inverse



2I

I

2"

Thls ls a dfrecÈ result of eq.2"5.

Note that ft 1s pos6fble to choose an arbltrary vector of

2n entries of l's and 0's to form a characterlstlc 6equence,

but ft is not possible to sÈarÈ fron ån arbitrarily chosen

'spectrun'and perforn the reverse transform to get a vaLld

characteristlc sequence, To verlfy that a glven set of num-

bers fs a valld spectrun 1t is necessary Ëo go through the

inverse transform and ensure Èhat the result is nade uP of

0's and l's only.

2"7 PARITY OF SPECTRAL COEFFICIENTS

In a given spectrum' either all of the sPect

cients are odd or all of them are even.

Proof :

If r^ ls odd then the nunber of ninEerrnS 1n t
U

must be odd,

From the prevlous sect lon we have

whe r" N0

ttJ'"'r - No Nl

= number

when Xt

= numbe r

ç¡hen X.
1

Nt E to =

efther

Nt

But *0 +

Therefore

of mfnter¡ns fn

@ x. @ ôoo €
J

of nlnterIDS fn

@ x. @ @
J

Eotal nunber

N^ - odd and
U

ra1 coeffi-

he functlon

m

F

v-l

^m

of mlnterms

N - e everìI

fn F,



In elther case NO Ni o odd.

Therefore other spectral coefflcfents are odd 1f

If t0 1s even then 1t can sfml1arly be proved that

of the 6pectral coef f iclents are also even.

or

2"8 REDUNDANCY OF VARIABLES

NO s even 8nd Nl = odd

A functlon F fs safd to contafn redundant variables tf

F (XIu X2, Xr,) r Ç (Ylu YZ, t*)

whe re

m ( n and

Yi e {xl, x2'

for each f (1 (=

A varíab1e X. is sald to be redundant in
1

1s independent of Xi

l"e"

22

t0 1s odd.

the rest

r (xt, x2 " , .Xr-t,o,xi+t " " .xn )

X}
n

I (= n)

for all asslgnmenÈs to the oÈher n-l varfables'

Thls can be derected by slmpllfying F uslng boolean alge-

brafc techniques and checklng whether F still lnvolves X. '

If not then Xt is redundant and F w111 degenerate frorr a

functfon of n variables to a function of n-l or fewer varl-

able s .

For example the funct ion

r(xt ux2, ..xf_1 u I uxi+i. ".xn)

functlon

x3+lrxr+tri,

if



can be slnpltffed

!'ø

and therefore XZ ls redundant.

This procedure of simpllcatlon of functlon 1s a classical

complete problem and consequently hard to lmpIerDenE by

cotnputer program.

xg * Ï:xl
x:+xt

to

+ xt + xixz

Detectfng variable redundancy by spectral means turns out

to be rather simple because lf a varlable Xr. fs redundant

then all spectral coefffcfents that are assoclated v¿1th X,
1

are zeTo"

Proof :

r..."ô Ê N^ - N.lJ M U I

r"rhere li^ and N. are deflned as before "UI
But the number of nlnterrDs 1n F when Xi æQ 1s equal

the nurnber of minterms 1n F when Xt æ ] since F does

depend on X. " Thereforu N0 = Nl "

r..ooorn o N^ N, = Q.IJ U I

Theref ore all coef flcfents associated v¡ith X. are zero'
1

Corollary B

23

If the last spectral coefficient fs not zero then none of

the variables 1n the boolean functfon are redundant"

NP

a

The spectrun of the

"o " r
,2

above funct lon

'rz

ro

not

So

t3

ls

tr3 r29 trz3



He 6ee that aIl spectral coefficlents assoclated wlth XZ are

zeT o.

-2

the detection of

fly achleved wlth

conputer prograrD ls

2 "9 SYMHETRIES

-2

The trâditlonal urethod of detecting sytrrr¡etry between

variable" Xt and *J in a bfnary function F(Xl ,..Xi rXJ u ".Xn)

f s to lnterchange Xi and *j and check to see 1f the functlon

is lnvarfant. If ft 1s then the function 1s 6ylnmetrlc be-

redundancy of varlables can thus be eas-

the 6pectrum and f ts lnrplenentatlon by

straight forward.

-2

twee. Xf and X., This could be cunber6olne even for a func-

tf on ¡sith f ew varlables '

DeÈectlon of symnetrfes by 6Pectral techniques 1s I!ore

attractfve" AcÈual1y the above urethod detects only one klnd

of 6ymmetry e the non-equivalence synmetry as categorized by

Hurst [ 9 ] " Uslng spect ra1 ne Èhods several other kfnds of

24

6yrllnetrles can also be detected. They are

I " Equlvalence symnetry between Xt and Uj ES(Xi, tj )

f'(Xtn. o0r0"..Xr,) - F(Xl'"'1 u1" ""Xn)

2. Non-equlvalance 6yEmetry betr¿een Xt and Oj ¡¡eS(Xt, *j)

E(Xt.."0ui. ".Xn) - F(Xl. "'l'0"..Xn)

3. Þlultiform sylnlnetrfes between Xi and *j ÞfS(Xf, nj)

f(xtno'0u0"""xn) * F(Xl.""lrl"n.Xn) and

f'(Xt.".0e1.."Xr.,) = F(Xl'".1r0"'"Xn)



4. Single variable synmetry of Xt over tj { SVS Xi

r(Xt" oo0r0...Xn) * F(X,",.Ir0.".*r,)

Slngle variable synmetry of Xt over *j { SVS Xt

f(Xt, ""0,t.."Xr.,) * f(Xt. ""1,t"".Xn)

5"

It ls not åtteEPted here to derive the 6Pectral condl-

tlons requtred for each type of symmetry which can be found

in t9] " The results are quoted as fo11ows"

Type of Symnetry

Equivalence 6ynmetry

Non-equlva lence sy¡nme try

llultifor¡n synmetry

Single va riable By¡nme try
of Xt over *j

Slngle variable syrnmetry
of Xt over Uj

where o a" f s any combinaË lon

scrlpt not cont.alnlng i or j.

li¡
25

Necessary
conditlons

To detect symDetry (say non equlvalance 6ymmetry ) between

X, and X, " 1È ds necessary Èo compare r, - and r i- for all-'1 "j' ----J a Ja

'a' e" g. (Xlt u u, j ), (x¡21, *rr¡ ), (trulmn' t¡ttr.,)

etc.. Slnce oa' does not contaln I nor j, there are 2n-2

p06slble choices for each of tfu and tjr. Therefore , of

all the 6pectral coefflcfents have to be exanfned" Of

course rde can stop the conparlslon as soon as Ìùe flnd Ëhe

ffrst pair of "f" and 
"J" 

that do not satlsfy Ëhe condltion

and conclude Èhat the synnetry does not exfst 
"

)x.
J

and

r- + r = Qla Ja

r. - r = Q]'a Ja

r. E r. * Qla la

1n
Sufficlent
ãiãIJiãTTe r' '

r. + r. * Qla lJa

r. r, - Ql.a XJa

of spectral coefficient sub-
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Agafn as ln the caEe of redundancy of variables, the

spectral approacb of detecting symmetrles 1s strafghtforward

and can be lncoporated fn computer programs qulte eas11y.

0ne drawback of this approach 1s that 1 t cannot be applied

to parË1a11y speclfled functlons (functlons wlth don't

cares), A more efficlent method of detectlng symrnetrles 1n

fully and partially speciffed functlons uslng the idea of

compatlbll ty can be found 1n I l4l "

Symmetrles have been applled to the synthesis of combina-

tlonal cfrcuÍts by several researchers, for exampJ.e see

[1], trol"

2"IO SPECTRUþI

A

hwi t

subf un ct i on

a subset of

Fo(Xi

Fl(Xl

F2(xl

etc.

OF SUBFUNCTIONS

of a function

the variables

v\
f

m

". "..x )
m

.. "..x )
m

are subfunctions of

In general

¡(xr

¡(xr

F(xl

r(xl
fixed"

".. ".x
.....x
.."".x

v¡here

F (x."""".x )ulm

tuo'o'

t'Iuo'

t'o'lu

For

) is the functÍon

example

,0u0u0)

,0r0r0)

,0r0r0)

r(xt".","xr,)

n-IIl
i-l> ur * 2-

r=l r-

= F(X..""""X "U.""""U )' I m' I n-iD



and Ut e {00 l}

An lrnportant relationshlp orfglnaÈed fron Toknen [ 2 t ]

connectfng the spectrun of a functfon and lts subfunctlons

ls stated as fol1ows"

Ro Rl

where ! e zn-t

Rr

O., fs the 6pectrunr of Fu"
.Í

Ro fs the part ftion of the spect run of

fn the followlng exanple.

= -:-- r no Rl
2n-Io 

I

For example if R 1s a subf unct lon v:i th Xo and Xr,-l f lxed,

then R would be partlÈioned lnto 4 parts with RO consisting

of spectral coefffcfents that do not assoclaÈe with either

X . or X " Rl consistlng of spectral coefflcfents that as-n-l n'
soclate wfth Xr,-l but not Xn etc. and we have the followlng

relatf on f rorn eq, 2.34

27

RB I Tn-t

IRo Rr R2 og]

where

2.34

ft=

Frou the orde rfng of sPectral coefffclents fn eq

clear what sPectral coefficients each partltlon

of" Rewrltfng equatfon 2"34 fn another form

åÏ
RÍ
R,

l.
= -ltt'

as deplcted

Ro Rl R2 n3l

Ro Rl RB Ro Rt Rg

, 2,4 It is

Rl conslsts

Tt -t 2"35



A proof

úre shall

n-m * 2.

Exa¡npl e

pa

of this relatfonshlp can

demons trate thfs uslng

The 6pect rum R of thls funct ion ls

x4(xt + xz) + X3xtxz + x3xtxz

to

I

,4

-4

tr
-2

ti4

2

28

be found ln [21], here

a sfmple example with

,2

-4

'zq
0

As sume that

t r2

-2

' 124

2

FO * F(X1ø XZ, 0 ,0)

Ft * F(X* XZ" l, 0)

FZ = F(X1, XZ, 0e i)

Ft - F(X1o X2, lu t)

t3

0

the variables

:

tl3

-2

tr34

-2

t 
3A

0

Èo be

RO * spectrum of FO

Rt = spectrua of Fl

RZ - spectrum of FZ

R3 = spectrum of F3

'23
0

t z3A

0

f lxed

^2^r
-lo2^l

xz + xr

xz+xl

tr23

2

'rz3A
2

So

are X: and X4,

(io -1, -1, t)

(lo le -1u -t)

(3, -1, -1, -1)

(3, -lu -1, -l)

R0'Rl, RZ, R3
1r33

-i I -t -l
-l -l -l -l

I -l -l -l



Now partltion R fnto 2n-n partitlons as fo11ows.

R0 È r^ r. r^ r.^ e g" -2^ -4^ -2ur tl, '2, '12 
* 8' -2o -4e

Rl o 
'3, tr3 o'23, tr23 * o, -2' o' 2

R2 *'q, 
'r4 r'z4u 'r24 - . 4u 2' o' 2

R3 - '34, tr34 u'234,'r23q = o' -2' ou 2

Therefore å t *o ol *2 o3 I T2

I
4

8 0 -4 0

-2-2 2-2
-4 0 0 0

-2222

i
4

t4 412 12
-4 4 -4 -4
-4 -4 -4 -4
4 -4 -4 -4

=lRoRrRzR3l

Equatlon 2"34 fs a very lnportant relatlonshfp in the

study of faults fn loglc clrcuits as wlll be aPpreciated

later" It enables us to derive the specEra of faulty cir-

cuits f rom that of the f ault f ree clrcuit r'¿lthou t having to

go through the process of finding the characteristic se-

qucnce of the faulty clrcult and Èransformlng these faulty

6equence6.

lltl
t -l i -l
I I -l -r
I -l -i I

29



2"II APPLICATIONS OF THE SPECTRUM

Spectral techniques have been used fn classlficatlon of

boolean functlons and the 6ynthesfs of threshold logic net-

works [2]. In t9] Hurst devfsed several technfques to ¡na-

nipul"ate spectral coefficlents 6o as to derlve a slnple

'core' funct ion for a given boolean funct ion in t.he synÈhe-

sis of comblnatlonal clrcufts.

tlon area several papers [ 13], t20l have appeared on testing

conbinational clrcults uslng subsets of the spectra.

Finally ln the fau1t. detec-

30



Chapter III

FAULTS ÏN I,¡ETWORKS AND THEIR RELATION TO SPECTRA

The Eost conmon types of faults ln a digfEal logic cir-

cuft are stuck aÈ faults and bridglng faults. Stuck at

faults occur when a 11ne 1s held constant at either I or 0

lrrespective of the changes at the input. This type of

fault may happen when a wlre ls ehorted to ground or the

power 11ne, when open clrcuit 1s present at the fnput of a

TTL gate, when short circults are present in dlodes, tran-

sistors of ot.her components. Brldglng faults occur when tno

or more lines whfch are supposed to be lnsulated fron each

other are 1n electrfcal contact. (shorted). Thls type of

fault nay happen at varlous hardware levels such as defec-

tfve nasking inslde the chlp, excessive solder between pads

on the prlnted clrcult board, breakdown of lnsulatfons etc.

In thls chapter sre sha11 examfne hor.¡ each type of fault

cån be mode1led, then we sha1l discuss how the spectrum of

a circult can be affected by each type of fault" We limit

ourselves to the study of both ÈyPes of faults at lnput

llnes only sfnce faults at lnpuÈ plns of a chip can be re-

paired but faults st internal llnes render the chlp useless

and ft has to be replaced.

3t



3"T FAULT MODELS

The modellng of an input stuck at fault 1s qulte sirnple.

If lnpua Xt of a funct fon f(Xt u X2 o Xf u Xr,) 1s stuck

at 0 then Xt of F 1s asslgned 0 1"e. the faulty functfon be-

comes a subfunctlon of F" lo€.

Slmflarly for Ot stuck at

i"-"-o * F(x1r xz

Fr-.-l * F(x1' xzu

For bridging faults there are several models that can be

ernployed depending on the type of technology used for the

fntegrated cfrcufts. In I4l Garett shor¿ed that most logic

fanl1les have a'WIRED'1og1c property. For aone logtc farn-

llles such aa TTL the effect of a bridging fault between Ërùo

or nore llnes 1s that the point where these 1lnes are short-

ed behaves as an'AND'gate. For other famllfes it may be-

have as an 'oR', 'Î,IAND' or 'l,loR' gare'

,0,

32

uì,

Example

Let us consfder the

r'(xt, x2u x3u xq)

ci rcu lt reall z lng

= xtÍ2 + xgx¿

Ë he funct lon



ol

^:

)
,\6

The ef fect

Flg. 3"2

of brldging be tween XZ and X¿

Fig'

33

A¡

x4,

3"1

For brfdgfng faults

l_s lllustrated 1n

whlch has a brldgfng fault

the fun ct lon

r'( xt , x2,

between lnput lfnes

Fig. 3 "2

ñrn@F(XtuXzu

xf, *J u xk,

F

between Xf

the funct ion

X)n'

uXlXk' XJ, XtXkn

and XU. will realfze



for the 'AND' uode1.

In Eorne famllf es the faulty

'OR'gaËe and ao the faulty

tfon

êru * F(X¡, X2u

for the 'OR' mode1.

Other rDodels such as the'NAND'and'N0R'models can also

be used depending on the internal construcË1on of the gates.

Forroulae derlved using one psrtlcular nodel can be trans-

formed to another model usfng the duality property of boole-

an functlons wfthout uuch difficulty. Throughout Ëhis the-

sfs the'AND'nodel will be used.

llnes may have an effect of an

functlon ç¡i11 reallze the func-

u xfuxk' oj , xioxk u

3"2 FAULTY SPECTRUM (TNPUT STUCK AT FAULT)

The 6pect run of a clrcult with the lnpua Xi having a

stuck at fault can be derived frorn thaË of the fault free

circult using Tokmen's result on the refatlonship between a

function and íts subfunctfons Isee Eection 2.10].
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Let F

F

R

R

X)
n

be Èhe fault free functlon

be the faulty functlon wiÈh Xt stuck at fault

be the spectrum of F

be the 6pectrum of ;

r, be s spectral coefficfent of R1'
;f be a Epectral coefficient of R

!.Je Þrant to f f nd i.'" ln terns of r,'su11
From equatíon 2"9 lde have for the fault free clrcuft



ldheru R0

Rl

no

I

2

1s the specErum of F(Xl rX2, Xt_t r0rX1+i

fs the spectrum of F(XloX2, oc Xt_tu1rX1+l

fs the partltlon of spectrum such thaË all

coefficfents 1n thls partftlon do not

wirh x,

ll

I -l

RI

Sfmflarly

i s the part I t lon of

coef ffcfents fn thl

for the faulty circ

R R

3"1

^0 ^lRR

t

¿

35

6pectrum such that all spectral

s partltion as6ociate wlth *,

uft

where

faulty

Tf X,

^0RR

e o" *.,)

e oo orr)

spectral

associate

oou R

circult as

ís stuck aÈ

R

R0

I

t-

R

and Rt are slrnllarly

for the fault free

0 then

Fro¡n eq 3,i

Ro = Rr

I

-i

I
ftæ
o2

Ro

Therefore 3"3 becomes

3.2

def lned f or Èhe

circuit.

3,3

I

t



^0 ^lRR
I

2

Expandi ng 3.4 we have

Ro=Ro+Rt

Rt e Q

0i
RR

æ]

)

1"e"

0t
RR

It

lt

; - r + r.a a La

r. a Q1e

where o a' i s any subscrlpt of a 6pect ra1 coefflclent that

does not conËain l. If *r. is sÈuck at I iÈ can be similarly

deríved that

20

22

tt

I -l

36

r Ë r - r.a a ]-a

r, e Q
1A

3"11

3.3 FAULTY SPECTRUM (TNPUT BRTDGTNG FAULT)

In Êhfs sectlon we are going to derive the 6Pectrum of a

cfrcult with an fnput brfdging fault ln terEs of the fault

free 6pect rum " The 'AND' model w111 be used. For the 'OR'

nodel the derivatlon ls slnflar. Assune Èhat the brldgíng

ls between X. and X. of the functlonxJ

r(xt, X2u ôoo Xl, *Ju oêô xrr)'

3.5 and

3 " 6 and

3 "7 and
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We urfl1 make use of the relatlonshtp between a funct 1on and

its subfunctions and also the fact that the subfunctlons

r(xl u xzo on oo ooo xr,)

i,nru x2u ooo ou le xr,)

E(Xt, X2, ooo le 0u Or,)

of the faulty functfon are all equal to the subfunctlon

F(Xl, X2, o, o, Xn)

of the fault free function" Also

i{x.x' ru l, or,) = F(xruX2, oêo l, le tr,)

where F and F ary defined aa fn the prevfous 6ectÍon,

Ffrst partltion the fault free spectrun R lnto 4 ptrtl-

rrons R0 (n00), Rl (n0t), R2 (Rt0) and R3 (nl 1).

Where R0 consists of all coefficfents that do not associate

v¡1th Xt nor * j
Rl conslsts of all coeffícfents Ehat only

associate wfth Xt

R2 conslsts of all coefftcfents that only

asEoclate with *j
1R" conslstB of all coef flcf ents that assocfate

wirh X. and X.1J
Applying eq" 2.9 to the fault free circulÈ !re have

RRRR
0123

I

4

0r23
RRRR

2

T oðooêoo 3"8



where RO fs the spectruE of

and Rlu R2, and R3 are

For the faulty functlon

r(xto x2,

RRRR

0u 0,

the eubfunct lon

^0 ^l ^2 ^3
RRRR

s lni 1a rly def ined "

we have

xr, )

Hhere the R"s and *r'" are sfmilarly defined"

But R0 = i, = Ã, = R0 and *3 = R3 slnce their corresponding

subfunctlons are equal. Therefore eq, 3. t0 becomes

I

tl

^0 ^tRR ^2 ^3RR

RRR
01

^0
R

38

^l ^2 ^3RRR

Substituting

T

R

^0 ^r ^2 ^3
RRRR

3"9

RO and R¡ frosr

I

/4

3,10

3,8 lnto 3.11

T

I

11

R

I
I
I
t

R

3"11

I
I
I
I

tt
I -l
i -l
tl

4

2
2
4

0
2
2
0

I
I
I
t

ilt
-t i -l
r -1 -1

-i -t i

00
2 -2
2-2
00



and Ìde have the following result after expandlng 3"I2.

I

2

0123
RRRR

. t.rl" - rja - ã(rr" o tj")

4000
I I I -l
I r I -t
2000

: I,trj. a E ä("r" * tj")

üihere'a'ls any spectral coefftcient subscript not contaln-

ing í or j"

o o o 3.r2

3"4 SXGNATURE

A given fault. ls safd to be covered by an aEtribute of a

circuft 1f the attrlbute measured fro¡n a cfrcuit wlth the

fault differs fron that Deasured from a fault free one"

Tzidon et a1 I22l defined the slgnature of a conbinational

clrcuft as follows:

39

3.13

Let N be a conblnatfonal networke F be an arbitrary 6eË

of faults and S be an ordered set of at,trlbute6. S ls

called a signature of (Þ1, F) fff any fault $ € F is cov-

ered by at least one attrlbute in S.

3,14

3"15
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That 1s to 6ay any fault ln F would cause at least one at-

tribute fn S to change" For exaurple the parity of the r¡um-

ber of nlnterms is a slgnature for nult fple stuck at faults

for fan-out-free networks (tree networks ) conposed of AliD,

OR, NAND, NORu and N0T gates. Thls fs obvlous fro¡n the re-

sult of section 2"8 on redundant varlables because the parl-

ty of the number of ninterÐs on fan-out-free networks ls a1-

wâys odd 1,221 " Any stuck at f ault 1n such a network would

result in one or more varlables not having any lnfluence on

the cf rcuit making then redundant. So one or Dore of the

fírst order Epectral coefflcients w111 be zero" This forces

the parity of the spectral coefftctents to be even. There-

fore the number of minterms (rO) becones even.

As another exanple, a NILE network 1s one 1n whlch Èhe

Nuurber of Inverters along any Loop 1s Even and whfch ls com-

posed of AND,0Ru liAND, N0R and N0T gates only. A loop here

refers to tç¡o fan out pBths whlch are convergent. Such net-

work6 can only reallze functlons ln whlch any varlable Xi

can only sppear either ln lts compleuented or non-comple-

uented but not both forms (unate functlons ) t B] " So any

slngle stuck at. fault in such a netroork r':ou1d increase or

decreaae the nunber of mlnterlns of the funct ion. Therefore

the nunber of mfnterm6 fs a sfgnature for síngle stuck at

faults of NILE networks.

In the above slgnatures we can attach 6ome PhyslcaI ¡nean-

lng to the atrrlbutes that form the signature. There are
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slgnature6 whfch do not neasure physlcal âttributes as in

the above examples, One such exanple 1s the Lfnear Feedback

Shlft Reglster t19l technfque of derfvlng a sfgnature from

the characterlstlc 6equence of a function. It ls used by

Hewlett Packard fn fntegrated circult testtng.

Spectral coefflcfents can be used as slgnature6 for cer-

taln types of faults such as stuck at faults and bridging

faults ln combinatlonal circults" 0ne sinple exanple would

be a seE S of non-zero spectral coefflcients such that every

varfable X. a66ociates wlth et least one coefficlent in S.
].

Then S 1s a signature for multlple lnput stuck at faults for

that circuit" Thfs 1s obvious because such a faulË ç¡ou1d

force at least one coefficlent fn S to go to zero, In t20]

Sussklnd uses the satne principle to form a slgnature for

stuck at faults but he only uses the hfghest order (last)

spectral coef f iclent.

3,5 SPECTRAL COEFFTCTENT TESTABILTTY OF A F'.AULT'

A clrcuft fs safd to be r testable for a particular
a

fault 1f the value of r- fn the presence of the fault dtf-
a

fers from the value of., observed for Ëhe fault free clr-

cuft; otherwfse it fs ,u unÈestable. The notlon of t" Èest-

abíllty orlglnates fron I l3],

.{ssune o a' does not contaln f . For a slngle lnput stuck

at fau1t, say at fnpu, Xt of a circuit, we knoru fron 6ec-

tion 3"2 that ;. c Q" Eo Lf. r. # O then the cfrcult fs rJ.a '- La a

Èestable for a stuck at fault at Xl. Also for Xt stuck at 0



So tf ri" # 0 then r, # r, and

for Xt 6tuck at 0. SlnllarIy for

a r + r.a 1a

Agafn if ri"

l. Theref ore

r r.1a

# 0 the cf rcuit

the clrcuit 1s

r.1a

r
a

for both Xt stuck at 0 or Xt 6tuck ac l. In particular for

a stuck at fault at lnpua Xi, the circuft 1s r0 Eestable or

syndrome testable I t7], t 181 lf ti # O.

For the ca6e of an input bridging fault u say between ln-

put.s *t and *J of a cfrcult u using the result from secion

3 .3 we have to cons lde r 3 cas es.

t.

testable if tl,

testable 1f 
"1"

the circuit ls

Xt sÈuck at I

1S

#o
#o

testable for Xt stuck at

42

testable

and

r = ,u * å(rru + tj") + ,iJ"

The clrcult ls

I

ä(tt, * tJ") + ttj"

Èe6table

r. + r + 2r-la -ja --lJa

if



In Psrtfcular f t f s r0 testable f f

.i + rJ + trr. * 0

2.

; =;. = *,ra Ja ,ltfr * tJ")

The circuit 1s rl" and rj, te6table ff

Ittu #à(rr^+ tJ") or

3"

tt" * ' ju

43

; È - lrr. + r )1Ja ¿' ra Ja'

The circuit fs r. testable ff1Ja

t.t.. * - å(r. + r ) or],Ja ¿- La Ja'

r. + r. + 2r. # Ora Ja ].la

Therefore for a slngle input brfdglng fault between fnputs

X. and X. the cfrcult ls r and r, . testable 1fL J, a lJa

tr"+tJ"+2'r1r*o

and ls tf" and .Ju Ëestable lf

3" 16



tfr * tJ"

Examp 1 e

Conslder the cf rcuit realisfng

¡'(xl, x2, *¡) - x3x2 + x¡xt

xl
A1

the najorlty functfon

+ xzxl

3 " t7

The specrrum of

"o
t4

44

tr
-2

&Je 6ee that "l , , z and 
" 3 are non-zeroe therefore the cir-

cult fs 
"0 te6 table for stuck at faults at Xl u X2u or X3.

As a rnatter of fact the cfrcuft fs a NILE networku so the

number of minterlls changes for sny stuck at fault Isee 6ec-

tlon 3"41,

Let us look at a fe¡q 6pect ra1 coefflctents to see whaÈ

effects a bridg{ng fault between Xl and XZ has on them. We

see that

ls

,2

-2

Fig " 3,3

'rz
0

t3

-2

tl
3

0

'23
0

't23
2



rl + ,Z + 2, 12 E

tl *'z

tl3 + tz3 + 2'lz3

Accordlng to eq" 3.16 and 3"17

change va 1ue bu t not t l nor , 
z

XZ" The spectrum shown below

Xt and XZ bridged"

2-2+0#

to

2

æQ+0+4*

tr
-2

By making use of these changes 1n the 6pectrun we are able

to construct sfgnatures for single lnput stuck at faults and

single fnput brldgtng faults. For the above example we know

that the clrcult is r0 testable for single stuck at faults

(input and internal llnes ). For single lnput brldging

faults t'te flnd a m1n1rna1 subset of spctral coefflcients such

that at leasË one of the coefficfents changes on any bridg-

,2

-2

' ro, rl2'

for bridgi

1s for the

'rz
2

t3 and .123 w111

ng betu'een Xt and

6ame circult with

45

t3

0

lng faul t. In thl s exanple we have

tr
3

0

tl+rZ+2rIZf0

"t + 13 + 2tt3 # O

,Z + 13 + 2123 * 0

'23
0

Therefore the network fs .O

brldgfng faults. A signature

or slngle fnput brldgtng fault

'r23
0

testable for all slngle fnput

for any slng1e st,uck at fault

for this circult 1s r0"



3.6 MEASUREMENT oF SPECTRUM

The tran6fornatlon of the characËeristic Bequence of a

function lnto the ÊpecÈruE 1e nece6aary only at t.he time the

cfrcuft fs belng studied" Durfng the acÈua1 testing of the

netr¿ork the spectral coefficfents of a cfrcult under test

can be neasured dlrectly using the set up [ 15] shoç¿n in F1g.

3.4" The c,'s f n f 1g. 3"4 are the control lines used to se-1

lect the variables to be lncluded 1n the functlon belng gen-

erated. The 6pectral coefficfents are ¡nea6ured by runnlng

the counter through all 2n possfble coubinations of the in-

put and the spectral coefftcfent can be read directly fron

the 6pectrar coefflclent accumulator (the up/down counter) 
"

wlth the clock running at I Þ1Hz a count of 220 takes about I

sec. therefore network testlng using thfs åpproach ls eco-

nomlcal for nedium slze (about 20 lnputs) circuits. For

larger circults the cfrcuft has to be partitÍoned and each

partltlon tested separately,

46

e
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Fig. 3"4



Ct

^2
C2

x3

Ca

C6

sirrpi.e four variable
Fig

3 "7 co3{cLUs roN

We have seen hos¡ spectral coefffcfents can be used for

const.ructfng signatures" It should be noÈed t.haÈ all slgna-

tures dlscussed fn the previous sectlons are for fault de-

tectlon. But they are not capable of fsolattng faults i.e.

plnpointlng thelr locatlons. In the fo11owlng chapters rde

shall discuss Ëechníques of flnding signatures whích are ca-

pable of locating faults at the lnput llnes usfng t.he spec-

tral approachn

47

R/i^J function generator
" 3,5



rn the prevlous chapter rde have 6een how specÈra1 coeffi-

cients can be used to forrr fault det.ectlon signatures of

comblnatLonal clrcults by makfng use of Èhelr changes ln the

event of a fau1t. such an approach has the advantage of be-

lng clrcuit fndependent (f.e. detailed knowledge of the cfr-

cuft ls not requlred to devlse a test for the circuit ) and

usually resuLts fn a sfnpler solutlon tban other approaches.

rn this chapÈer $¡e look at r,rays of ftndlng slgnature6 for

courbinatlonal cfrcuiÈs which enable us to lso1aËe slngle fn-

put bridglng faults (i.e. faults that resurt frorn shortlng

of two lnput leads) usfng the 6pecÈra1 approach, The method

ls also based on the changes ln spect ral coeffícients when a

faul-t occurs. l.le sha1l use the 'ANDo model for bridging

faulte " we also lnvestigat.e the limi tations of such slgna-

ture6 and the applicatfon of constrafned testing to remove

the 11mf tatfon" Any fault nentloned fn this chapter refers

to a slngle input bridging fault ff not explicl r1y srared.

Chap ter IV

ÏSOLATION OF STNGLE IAIPUT BRIDGING FAULTS

48



4.T SINGLE INPUT BRIDGING FAULT TSOLATION SIGNATURE

The two spectral propert ies that wil

I o a brfdgfng fault betneen two

r testable and r.. testablea l Ja

1n a) 1f and only lf Isee sec

r. + r + 2r-1a -ja --fja

where 'a' can be any subsc

cfents fncluding " (nu11),

a brfdgfng fault between tÞro

r, and r,, testable (for f ula Ja

and only 1f Isee sec. 3"5]

a

I be used here are:

input lines X, and tj 1s

(for iu J not contained

" 3,5]

Based on these two proPerÈÍes we can find a slgnature of

a combfnational cfrcuft for the detection of lnput brldgtng

faults by finding for each posstble bridglng a set of spec-

traf coefficíents that will change ff that particular bridg"

fng occurs. Then fro¡n Èhese 6ets of coefflclents fínd the

mlnimu¡o coverage for a 11 brldgings to forn a signature.

Such a slgnature can determlne a 'goo or 'no go' for a clr-

cult 1"e" whether the clrcuit ls f ree f rou f r,¡put brldglng

faults.

r, - rIa Ja

49

o6006 4.t

ript of specÈra1 coeffi-

input 1lnes Xt

j not contained

Not all brfdglng faults cause the saIDe 6et of sPectral

coefffcients to change value. By noting the Patt,ern of

changes ln the 6pectral coefficlents we are able to find a

€ o o o ô 4 "2

and X. is
J

fn a) if
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6lgnature fron r¿hich we can deternfne the locatlon of the

input bridgtng fault 1f 1t occurE o We also have to exhaus-

tlvely go through each possfble lnput bridgfng and find the

set of spectral coefficfents that will be changed by the

bridgfng fauIt. Instead of flndlng a nininum coverage from

these sets of coefficients,

num nunber of coefficients that can uniquely represent t.hat

bridglng f ault, Since þ¡e are rnaking use of the pat tern of

changes fn the spectral coefficients to dfstingulsh the

faults u thls 6et of coef ffclents has to be chosen such that

no tbro bridglng faults t¿ould cause the 6arDe coefflcfents in

the chosen set of 6pectral coefflcients to change value.

The resulting subset of spectral coefflcientE is a sfgnature

for isolation of slngle lnput brldging faults" Such a slg-

nafure ls not unique"

$re choose fron each 6et a nlnl-

Example

Conslder the clrcuít whlch realizes'the function

F(XluX2,X3uX4)

oq

^l

x4x3(x2 + xt) + x3xZxr + x¿x¡xZxl

xa

e4'



the spectral coefffcfents

to

6

t4

-2

tr

-2

"14
,)

,2

-2

t 2q

L

There are 6 possible slngle input brldging faults narnely

'r2
2

'rzh
2

of thls

t3

-2

'34
2

(*ru x2), (xl, xr)u (tr, x4), (tr, x:) and (tr, x¿)

Now let us flnd for each posslble brldglng fault whlch of

the spectral coef ficients w111 change if that fau1t. occurs.

Using eq" 4.i and 4,2 we have the following for bridging be-

t.B¡een XI and XZ :

cf rcult are

ti 
3

-2

tt34

-2

check

rl + ,Z + 2, 12 e Q

tl3+'23+2'123*o

tr4 + '24 + 2'tzto * o

f J , + ')-"134 *234 T "rz3h
tr ='z
rE'13 '23
ËÈf'r 4 ' 24

tt34 *'234

'23
-2

'23A
-2

5t

tl23
')

' 123 t,

-2

coeff.
affected

So the Bet of specÈra1 coef ffclents

bridglng betroeen Xt and XZ are :

'4, 'rzh
t34 u 'r234

coeff.
unaffected

to u 'rz
t3, rt23

"4 u "34, 'Lzrn u '1234

tl,'2

tl3u '23
tr4,'24

tl34 u '234

that w111 change due Ëo



52

Similarly the spectral coefflclents for the remalnfng possl-

bte lnput brldglngs are llsted as f o11ows :

BRIDGING

*r, xz

tr, x:

*r, xq

", o x3

*ru X+

X^ X,
J! q

COEFFICIENTS CHANGED DUE TO BRIDGING

'4o t34u 'r24n trz34

to, '2o tr2, tr3, '23r'zA,
tr3¿,'234, '1234

'2, t3 n tr 3, '23, '3q, '123,
ti34, '234, '1234
to, tr, 'rz, tr3u tr4, '23r tl23n

'r24, tI34, 'tz3tt
tr, t3, tr3u '23r'34r'rz3r'r24,
tr34, '234u ttz3z,

tl, '2r tl3, '23,'24, tl3¿, t234

Now that b'e have 6 sets of sPectral coefficlents each

representing a partfcular bridging ¡ w€ choose fro¡n each set

a minlnun number of coefficlents which can identify the cor-

respondÍng bridging. For exaurple r0 and ,2 are chosen f or

bridging between Xi and X3 because thts 1s the only single

input bridglng fault that would cause these ts¡o coefficÍents

to change value at the sa¡¡e tlme. The other brfdglng faults

nay cause either one of "0 or ,2 to change but not. both.

For thls exarnple Þ7e may have the fo1lor¿1ng cholce:

'r24,

'r24 o



BRI DG I NG

Xl, Xz

xl, X¡

XI, X¿

x2'x3
xzu x¿

X3' Xr.

COEFFICIENTS CONTRIBUTED TO

Y,
4

r0, ,2

,2u r3

tou ti

tr u t3

tlr'2

A slgnature for the lsolation of

fault for the above cf rcuf t is :

(too tr, 'zu 
t3, tro)

To tes È the circuit for single input bridging, check to see

that aIl spectral coefficients ín the signaÈure are the same

as the one for the fault free circult " If not e the circuit

fs faulty. To locate where the bridging fault is, find out

which of the spectral coefficients in the signature change

and then f lnd out r¡hfch brldglng fault those 6pect ral coef-

flclents represente thus locating the fault'

FORM S I GIiATURE

53

t4"2 sIGNATURE HITH MINIMAL SPECTRAL COEFFICIENTS

single fnput brfdging

The above nethod of choosing spectral coefflcients from dlf-

ferent sets (each rePresentlng a Partlcular brfdging) to

forn a sfgnature is a 6traightforward aPproach and norrnally

results 1n a set of 10w order coefficlents rphfch are easier

to obtaln than the hfgher order ones. BuE this aPProach

does not guarantee a mlnfmum number of sPect ral coef ficient s

for the signature "
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To flnd a sfgnature with the ¡¡fnlmun nunber of spectral

coefflclents ¡ w€ butld for each posslble input brldglng a

bft array with 2n entrles where n ls the nunber of lnputs.

Each entry ln the array represents a 6Pectral coefflcient. A

'I' fndfcates that the correspondlng spectral coefficienr

changes due to the brldgfng and a'0'indfcates Èhat 1t does

not. This forms an array of size 2n by ]nCn-l ), u¡here each
¿

rorc associates wlth a spectral coefficlent and each column

assocfates with a posstble bridging fault"

Choose from these 2n rows a ninlmun number of rows such

that they have a dlfferent bit Pattern for each Possible

brfdging and that none of the patterns contains all 0's (to

distlngufsh from the fault free clrcuit). This is a mlnimum

coverage problem. Algorithms can be found in qui te a number

of text s such as I I I I to solve this problem" The sPect ral

coefficlents corresponding to the selecEed roI^¡s is the re-

qul red s igna t.ure.

Obvfously the mlnimum number of sPectral coefficients

that have to be lncluded ln this slgnature must be greater

than or equal to k lvhere k 1s the s¡sa1lest lnteger greater

than or equal to

¡os2 (t + n(n I)/2)

Using thts aPProach for the

followíng a rray wf th each column

brldging,

above exanpl'e Þ¡e have the

assoclated with a Possible



xl,x2

to o

tl o

'z o

'rz o

t3 o

tr3 o

'23 o

tr23 o

r, I
¿{

trA o

'2h o

'rz4 i

'34 i

tt34 o

'234 o

tt23 to r

POSSIBLE

xl,x3 xi ux4

l0

00

II

10

0t

tl

ll
0t

00

00

t0

tl

0l
0t

ll

r.t

BRIDGINGS

X2uX3 X2oX4

r0
1i

00

l0

0l

il

li
1l

00

10

00

tl

01

11

0l
il

x3'X4

0

I

I

0

0

I

I

0

0

0

I

0

0

1

i

0
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In this example n=4 and k=3 u and we find that rows corre-

6ponding to rl, ,Z and r34 glve dif ferent bit patterns f or

each posslble lnput brfdglng and there is st least one '7'

ln each of thern. Thus (rr, ,Zo r:¿) is a signature for sin-

gle input brÍdging fault f6ola tlon with the níninun number

of spectral coefffclents"

Notfce that the procedure for locatlng faults usfng this

sfgnature fs different from that presented prevlously " In
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thls case r'/e cannot Just use those spectral coefflcients 1n

the slgnature that change value, but all spectral coeffl-

cients ln the slgnature Ðust be used to ldentify a fault.

For exanple a bridglng fault between Xl and XZ cannot be

represented by the change in value of ,34 a1one, but by a

change fn value of t3q and no change 1n value of tl or ,2 as

we11.

4"3 LIMITATIO}¡ OF FAULT ISOLATION SIGNATURES

For some circuits a brldging between two lnPuts nay cause

all of the spectral coefficlents Ëo change va1ue. This

¡nakes the selectlon of spectral coeffieicnts to rePresent

such faults lmposslble if we are just using change of value

rather than the actual value" If there 1s only one such

fault. for all possible single lnput bridging faults, we

w111 st111 be able to find a fault lso1at1on sig,nature for

the circui t " But 1f there 1s more than one such fault the

signaËure for such a clrcuit can only differentlate between

them as one class of faults although the rest of the faults

can st111 be dlfferentlated from one anot.her. To lsol-ate

lndfvldual faulCs 1n thfs class u Bte have to use other tech-

nfques such as constralned testing rshieh w111 be discussed

later 1n this chapter.

To ffnd a fault fsolatlon signature for a clrcuit t¡1th

one or more possfble single input brldging fault s that af-

fecÈs all spectral coefffcients RIe carry out the same proce-
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dure as nentfoned in sectlon 4. I and 4 "2 except that rde have

one set of spectral coef ficíents f or these problem brldgings

l¿hlch lncludes the tohole specÈrun. The value of k 1n 6ec-

tlon 4"2 r¿ould be the smallest integer greater than Iog2

(n(n-I)/2 - p + I ) where p fs the number of problem bridg-

lngs "

4 "t+ THE PROBLEÞ1 BRIDGINGS

He know from chapter 2 that in a given spectrum either

all of the spectral coefficients are odd of all of them are

even. There 1s a simple situatlon ln which all specËra1

coefficients change value due to a single fnput brldging,

that ls when the number of urlnterms of the functfon changes

fron odd to even or vice versa when the brldging occurs, In

thls case the parlty of t0 changes and Eo do the rest of the

spectral coef flcients.

If Ehe parity of Ëhe spectral coef ficienËs fs not

by the bridging, is it posslble for all the coef

change t.heir values ? This depends on whether

ed

to

8ny solutlon to the equation

where f and g sre the characteristlc sequences for the fault

free and faulty clrcuft respectively. They can only assune

n
T4 fr. gr kt

affect-

fÍclents

there fs

4,3



values of I

Replacing f,

and

where the 
"i'" can only assune values of 0u -1 or

Let us look at the case of clrcuits wlth 3 lnputs.

out loss of generalfty assume that the bridglng is

X¡ and XZ. The values of fr'", 8r's and .i" can be

as follows :

0,

cl bY

The

"i

"r

k.'s ¡oust be nonzero
1

equatfon 4.3 becomes :

k.
1

xs xz xi

000

00i

010

0rt
t00

l0l

il0
Ill
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even fntegers.

ooooê 4"4

f

f
Û

ft

fz

f
Ĵ

f,
¿+

fs

f.
b

f7

c

fo

ft

f0

fl
f^0

ç'l
Et6

f7

"o

"l

"z

"3

"q

"5

"6
t7

We notice that "0, "1, "6
because the brfdglng does not

cases.

+I 
"

wi rh-

between

listed

0

0

The va lues of

lng restrictfons

=Q

=Q

"Z 
to 

"5 
can be

apply to them.

and .7 are all zero" This 1s

have anY effecÈ on f 1n these

0, or -l and the fo1low-



l.
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If zeÍoes are present r there must be an even nunber

of then, otherwise at least one of the Ur'" would be

odd, ao there can be at ¡nost be 2 zeroes 1n the case

r¿1th 3 varlables.

If nei Eher .Z nor .4 1s zero, they must be of the

same value. Thts 1s because if .Z has a value say +l

,)

and "L -1, then

f z - f 
o

f a - f 
o

r.¡hlch is contradictorY.

The satne restrlctlons also apPly to .3 and c5. If there is

no zero 1n "2 to "5 then either kO or kt will be zero' If

there are tÞro zeroes Present then depending on the positions

of the zeroes in .Z to 
"5, 

at least one of the ki't çi11 be

zero" Therefore there is no solutlon to equation 4"3 for

functions of 3 variables.

For functions of 4 variables, again without loss of gen-

erallty assune that the bridging 1s betçreen x¿ and x3. The

val-ues of f . s. " and c. 's are 1ísted below"
11 1

=) fo
=) fo-l

=Q

=l

and



X¿ X¡

00

00

00

00

0t

0t

0t

01

IO

10
t0

10

t1

li

1l

11

xz xi

00

0l

t0

1l
00

0t

t0

tt

00
0l
t0

1l
00

0i

l0

]l

fg

fo fo

ft ft

fz fz

f¡ f¡

f ,, f 
o

fs ft

f . f ^b¿

f - f ^t5
fg fo

fg fl

ET'ro '2
f r t f ¡
f tz f tz
fl3 frg

ft¿ ft¿

fls fts

"o = Q

"l = [

t2 e Q

"3 = o

c
4

c-)

"6

"l

"8

"9

"rr
t r2
tr2 = Q

"r3 - o

"14 = Q

"i5 = Q
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With the same reasonlng as presented prevlously, we see

that tf neither .4 nor 
"g 

is zero then they must be equa1.

The same applfes to 
"5 

and 
"g, "6 

and 
" I 0, .7 and 

" I I " Now

lf we assign a zero to one of each pair of such ct's, we are

f ree to choose the other 4 
"i'". 

For exarnple if Iâ'e arbi trar-

fly assign zeroes to "4u "5, "10 
and 

"ll 
then we can a.ssign

any of {0, I, or -t} to "6u .70 "g 
and ca. We knoç¡ that

there a re equal nunber of 4l's and - l's ln each column of



-ncolumn ol 1,

rday that. the

the k.'s w111
I

be1ow.

EXAMPLE

Therefore

numbe r of

be zero or

6l

ff Ere choose the 4 
"Í'" 

1n such a

*l's and -l's are odd then none of

odd. 0ne such example is presented

x¿ x3

00

00

00

00

0t
0t

0t

0t
l0

i0

l0

l0

tl

ll
tl

ll

xz xt

00

0l
t0

It

00
0l

10

tl
00

0l

l0
1l

00

0l
10
TT

f.
1

0

I

0

U

0

l

I

I

I

0

0

0

D

D

D

D

gr "i
00

t0
00

00

00
t0
0l

0l
0l

I -t
00
00

DO

DO
DO

DO

The D'6 are don't cares but the don'Ë cares of ft and 8i 
"

ln the aane row nust be equaJ-. One possfble functlon l¿hich

possesses thís characteristfc ls :



F(XluX2uX3,X4)

The spectrun of the

to

6

r,
4

14

tr
0

tt4

-4

xqxzxt + x4xtxz

,2

2

above functlon Ís

The specE rum of

t rz
0

'2A
-,L

to

4

'rz4
-A

the circuit

t 12

-2

'r24
-2

+ x,x.x^¡+JZ

tl

-2

tl4

-2

r
Ĵ

r,
4

0

,2

11

tr

t34

-2

wl th

3

0

Notlce Ehat every one of the sPectral coefffcients chang-

es value but their parlty remalns unchanged. Therefore Eo-

lutlons to equatlon 4,3 do exist and there are circuits that

behave fn such a nasty manner. The number of 4 variable

functlons that behave thfs way was estímated to be less than

17" of all posEible funct fons. So hopefu1ly the number of

functlons with nore than one brfdgfng behaving this way Ís

colnparatively small. This Idas not fnvestfgated, but ways

to overcome thts probleur were examined and they are present-

ed fn the followlng sectlons "
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'23
2

'234
2

tz4

0

'L34
0

X¡ and X¿ bridged

t3

0

tl 23

0

tI3

-2

'3A
0

't234
0

'23
0

'23h
0

tl

IS

34

2

'r23
-2

t tz3A
2



t+ "5 CONSTRAIITED TESTING

With the sfgnatures lntroduced above, brfdglngs thac cause

all spectral coefficients to change value cannot be dlstÍn-

quished arnong theroselves (the problem bridglngs ). In order

to be able to do so !'re have to employ another technfque of

testing the circufts"

A constrained testlng 1s a te6t perforlned on a subset of

the lnputs while the rest of the lnputs are kept constant.

Our aim fs to ffx a ¡ninimum nuurber of lnputs which are not

involved in the problem brídgings and flnd a signature for

these problem brfdgings by which b¡e are able to lsolate one

fro¡n the other.

0ne obvious objecÈ1ve would be to constrain the lnputs in

such a nay that the parity of t0 and that of the rest of the

spectrun do not change when the problem bridSlng occurs fn

the constrained clrcuft.

bridging say beËween Xi and X.. To preserve the parity of

the spect ral coefficients if it changes when the brídging

occurs, 1t is sufficient to constrain any one of the lnputs

6ay Xt wheru Xk is not one of Xi nor X." The value that Xt

assurDes fs important. By ffxing Xt at one value, the parity

of the x'_'E will remaln unchanged f or bridging betþ¡een X=-i1

and *J, but flxing Xt at the oÈher value is bound to change

the parfty of all .i'" when the satne brtdging occurs.

The proof of this fs rather siurple. Suppose the pari ty

of the tl'u changes fron even to odd s'hen the brfdging oc-

63

Let us look at the case of one
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curs" Partftlon the nlnterms of the fault free circuit lnto

2 psrt s according to whether they associate r¡1 th Xt e Q or

xr. - l'

no. of mintermE

*Ko

no" of mlnter¡ns

= Kr

Sinc" t0 of the fault free clrcuit ls even KO + Kt Ðust

be even. There are two possiblllties"

1. KO and Kt are both even"

2" KO and Kt are both odd"

xt=Q

Slmilarly we dlvlde the mlnterms of the faulty circuit lnto

two groups o

tLel

no" of nlnterms

= (-
0

xt=Q



flO o

Sfnce t0 of the faultY clrcuit

tç/o possfbilitles.

of minterms

Kt

i " K^ 1s even and
U

2. i^ 1s odd and
U

The re

theÍr

1"

a re 4 d i fferent ways Èhat K0 , Kl , KO and

values.

xtE

Ki

Kr

*0 and Kl are both even, i0 1" even and it is odd.

In thls case 1f Þ¡e cons traln Xt to 0 we are looking

at a subfunction whose number of mlnterms for the

fault free and faulty clrcult are KO and K0 respec-

t.ive 1y and they are both even. Therefore the parlty

1s odd.

1s even.

fs odd, there are agaln
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of the spectral coefficients is Preserved"

2" KO and Kt are both even, O0 1" odd and Kt is even'

Constralnfng *t to I would Preserve the even PariEy

of the 6pectral coef ficients.

3. K0 and Kt are both odd, O0 ls odd and il is even'

constrafning xt at 0 would preserve the odd parity of

ol

the 6pectral coefffcienÈs"

4. KO and Kt are both odd, KO fs even and Kl

can assume

ls odd.



of the spectral coef flcients.

On the other hand 1f the parity of the

to even the proof would be slmilar and

st.raln an inpuE to preserve the parity

ffcients"
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Constrainlng Xt at I l¿ould Preserve the even parity

If the parity of the spectral coefflcients does not

change u¡hen the bridging fault occurs then for some of the

lnputs, cohstrainlng an input at any value ('0' or 'L') w111

preserve the parlty of the sPectral coefflcients. But for

other lnputs, constralnlng any one of thes¡ at elther '7' or

'O' will reverse the parity of the sPectral coefficÍents.

That 1s, r+hich lnput to be constraíned is lmportant fn this

case.

r.
I

so

of

For example, uslng the symbols already defined, if the

parity of the spectral coefficients for the fault free and

faulty circult are both odd then r,¡e have the following pos-

síb11ties fot K0, Kl, O0 and ol.

's changes from odd

þre can always con-

the spectral coef-

i"
')

3.

4"

Ko

Ko

Ko

io

1s odd and Kt is even.

is even and Kt fs odd.

ls odd and Kt ís even.

is even and Kt 1s odd"

If I and

ue Xt fs

preserved

stralning

3 or 2

const

. ïf

*t. at

and 4 are satisfied then no natter what val-

ralned tou the even or odd parlty will be

I and 4 or 2 and 3 are satlsfíed then con-

elther 'O' or oI'wf11 reverae the parity"



1o de t ernl ne wha t va 1u e

the 6pectrum of the fault

faulty clrcuit, If Þre have

K^ and K. as fo11ows.UI
For the fault free circuit
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Xt shou 1d be f lxed a t, we need

free circuit and that of the

both of the¡n we calcula Èe KO, Kt

to * Ko

tl = Ko

and for the faulty clrcuft we have

Kl

v
^l

to = Ko

tr = Ko

rde have

So

ol

Kl

Ko
to +

2

to
Kl

tr

and

tI

KoE

v_
^l

T.f K
ûe

mfne what

4.5

to tl

2

O, u KO and Kt are

va lu" Xk should be

4"6

ê€êô 4.8

known \'re wi 11 be able

constrained at"

4 "7

to deter-
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To derfve the faulty spectrum froni the fault free one'

one obvlous method r¡ou1d be to do a reverse transform of the

fault free spect run back to lts boolean domaln, then do a

t.ransforur agaln after changing the characteristlc sequence

using the relationshlp between the subfuncÈion of the f aulty

and fault free functions discussed fn beginnlng of sectlon

3.3 . Notice that the fast transforrn can be used for both

the reverse and forward transforms.

An alrernative would be to derlve;0 and;k directly frorn

Ëhe fault free spectrun using the results frorn sectíon 3.3

They are

;o = 'o 4

tk = tk +

Notice that

faulty spectrun

associate w1 th

I,
ã\

Ir

r. + r.) + r,1 J 1J

r..1t(

this way !,re do noc have t

but just the ffrst order

the variables that ste \tant

+ .ju) + tijt

The fsolatlon slgnature discussed in sect.lons 4 " I and 4.2

makes use of the pattern of changes ln the sPectral coeff-

clents when a brldglng occurs. Each spectral coefficlent

can therefore be used as a blnary form of information i"e'

whether tt changes or not. As an alternatlve Þ¡e may use the

actual values to fsolat.e the bridglng faults. Since a sPec-

tt "6 SIGNATURES FOR VERIFICATION OF SPECTRAL VALUES

o derlve the vrhole

coefficients that

to constrain"
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tral coefflclent can assuDe a wide range of valuesu the num-

ber of coefflcients requfred 1n the signature is usually

smaller than that requlred by the technlgues sectfon 4 " I or

4 "2 . In sorne cases one 6pect ra1 coefflclent may be enough

to lsolate al1 the fnput brfdging faults.

To f lnd such a slgnature Ide would have t o eva luate the

faulty spectrum of every possible bridging fault uslng the

relationshlps betvJeen the faulty and fault free spectrun 1n

sectfon 3,3 . Then we bulld a matrlx sinilar to the one in

section 4.2 except that fn this case each enËry 1s an inte-

ger lnstead of a bit. Also lncluded 1n thls rnatrix is a

column for t.he faulË free spectrum" The natrix would be of

size 2n X jn(.,-f ) + i. We f índ the minf nurn nuurber of rows

(1"e. specÈraf coeffíclents) that can cover all possibe

faults. Again this is a ninimun coverage probleur.

Exanple

Using Èhe circult in sectlon

ma t rlx .

4.Iu rùe bufld the following



fault
free

"o 6

- -1tl L

- _,)t2 L

'rz 2

- -t^3 L

tr3 -2

- -')'23 L

'r23 2

T, -2
¿1

tI4 2

r^, 2lq

'r24 2

'34 2

- -')'134 G

- -')'23h &

tl23 4 -2

xl,x2

6

-2

.)

-2

-2

-2

2

2

2

2

-2

-¿

"2

-2

2

POSS] BLE FAULTS

Xl,X3 Xl,X4 X2'X3

2

-2

0

0

2

0

(.)

2

0

U

1
L

-2

U

0

6

-2

2

,)

-4

0

-4

0

2

2

0

0

0

0

2

0

-)
0

0

2

0

0

2

0

2

0

-t

0

x2 rX4

6

2

-2

2

-4

-4

0

0

-2

2

2

-2

0

0

0

0
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X3'x4

6

-4

-4

2

-L

0

0

2

-2

0

0

2

2

0

0

-2

A signature for this clrcult may be conposed of tl o ,2 and

r4. There night be other combinaEions of sPectral coeffi-

clents that const{tute such a signature. If this ls the

case then the one with lower order coeffictents should be

chosenu the reason belng that lower order coefficfenÈs are

easler Eo meaaure then higher order ones '



As 1n the case of the problenr

€r¡ there nay be bridgings that

able to lsoIate" In thls case

circults have to be ldentlcal,

clrcuits are funcÈ1ona11y equiva

quely defines a circulÈ" Flrst

wh I ch a bri d ging be Ëwe en Xi , *j

Xt resul t ln the sane spect ruE t

distinct.

7T

bridgings discussed ear1l-

thfs signature wl11 not be

the spectra of the faulty

in other words Ëhe faulty

lent slnce a spectrum uni-

1et us look at the case in

and a brldglng between Xi,

where i, j and k are all

We would tend to think that symme try (non equiva l-ence )

betu¡een *j and Xt would be the requl red condi tion. Actually

it turns out to be a necessary but not a sufficient condi-

tion.

Fo r exampl e

F is synmetric between Xt and

twee. Xl and X¡ ç¡ould result ln

F(xlrx2,x'Xo) = XtxZ + X3x¿

irr=XlXZX3+XtX¡Xq
- XtX3(X2 + X¿)

A bridging fault

function :

FZI = XIXZX3 + XZX3X¿

- XZXr(X, + x¿)

X. but a bridging fault be-
I

rhe faulty funct ion :

be twe en XZ and X3 results in the faulty



Note that Ft¡ * r23, so that the synmetry between Xl

1s not a sufflcfent condltlon for two slngle bridglng

to result 1n functlonally equivalent circults.

To derlve the necessary and sufficlent condi tfon we di -

vfde the faulty spect ra into 8 groups as fo11ows. Uslng the

relationshfps fro¡n section 3.3 \re have for the faulty cir-

cuit wlth X, and X. brldged :1 -'l

;
a

r,
1A

t.
Ja

tkn

; l Ja

r.,
1Ka

r..
Jka

r. ..rlRa

=r
I

+ -(r. + r ) + r.
2 1a Ja- ]-Ja

t
-(r. + r )
2 ra Ja

I
-(r. + r )
2 ].a Ja
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and XZ

faults

I
r. + -(r., + rjt.)Ka Z ll(a

I
-(r. + r )
2 ra Ja

i

l(tir." 
+ tjru)

I

l(trr." 
+ "jt")

4 "9

The faulty 6pectrurD

r. ..1Jt(a

I
- -(trk"

4"10

4"tt

4.I3

+ t Jt" )

wf th Xt

4"r2

I

ã(trr 
* tk") + tikt

and Xt bridged fs

4 "r4

4,15

4.16

4.17



; 1a

;
Ja

t 
kt

:r-.1Ja

;
1ka

iro"

'1¡k"

t

;ttt" 
o tk")

i
tj" + 

i(ttj" 
+ tjr")

t
-(r. + r. )
2raKa

i

ã(trj" 
+ tjr")

I
-(r, + r, )
2 ,a Ka

4.18

+ tt ¡k.

i
-(r, + r., )
^ ]la tKaz"

for all 'a' where o a' does not contaln i, j or k.

If the faulty spectra are to be equal then each corre-

sponding group of these spectral coefficlents Dust also be

the s ame .

Equating 4"9 and 14.17, 4"10 and 4"lB lde have

4 "19

I

i("ju
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r., )
JKA

4 .20

Ja Ka

r=- f ja ^ ika

Equatfon 4 "25 and

t,hat the network

X. and X. "Jk.
Equatfng 4.it and

4 "2r

4 ^22

4 .23

4.26 luply that the necessary condfË1on is

Dust be symnetrfc (non equlvalence) betr¡een

4"24

4 .19 rde have

ø o o ê e o o o o o 4.25

oôoêo 4"26



tf"

r.
1a

Eq ua t l ng

+ r * 2r- +
Ja 1Ja

æ r. + r. E
Ja ]. Ja

4.1 3 and 4 "21 \aÌe

SubsÈltuting 4"28 lnto 4"27 Ë/e have

- r. " r È r..la Ja 1Ja

"jk" + 2tt jt 
"

tJk" + 2tt3t,

have

+ r..
JKA

r. E r. - r. r + 2r,-ia -ja -fa -ja --ljka
2r. = 2r. .. orl.a llKa

^1a ^iJka

The resE of the equations are redundant.

sufficient condition for bridgfng fault s

Xl u Xt to produce funct Íona11y equivalent

r È r.Ja Ka

r=- 1Ja 'lka
l. - L . ..la lJ¡(a

r. + r + r-]a Ja 1

4 "27
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An example of such a function 1s :

4 "28

The faulty functlon wÍth Xi and X3 brldged

r'(xluxruxr) = xtxz + xlx2x:

The necessary and

between X." X. and1' l
clrcuits are :

.+
Ja

4 "29

;,

r ..
J KA

S lni 1a r1y

È
3

Xlxzx3 + Xtx3x2xtx3

x 
t 
Xzx3

the faulty

4.30

4.3r

4 "32

¿1 .JJ

funct lon wi th XZ

1s

and X¡ brldged is



The rela tlonship between the spect ra1 coefflcients of the

fault free and faulty clrcult shown 1n section 3.3 assulnes

ir, * XtXzX¡

the 'AND' model for a brldgfng fau1t. If other rnodels were

used 1n thls derlvationu the condlEions 4"30 to 4"33 would

be dffferent. To genera¡-Lze the above condltlons for dlf-

ferent models ft 1s necessary to derlve the relationships

for each sìode1. It fs not attenpted to derive theur here,

but the generallzed condÍ tions are llsted as follows :

r=
Ja ka

fFi

l Ja lKa

r. + (t - v
1a

r. + r +la Ja

where the va lues of

els used and their

Model-
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)r. + Vr...- ]'la lJKa

U(r. + r..-'-i.'ia -Jka)

U and V are different for different mod-

va lues a re 1l s ted be low "

!T
tl

-i I

I -t
-1 -1

aQ

AND

OR

NAN D

NOR

The conditions under whfch

Xi, uj and Xt u Xl (i, j and

tlonally equlvalent circults

condltfons are llsted be1ow"

4,34

4 "35

4.36

4 "37

trdo different bridglng faulcs

k are distfnct ) produce func-

can be slmflarly derfved' The



r. + r + 2r-fa -ja -^lja
f-?È?'Ja 'fa ^1ka

f-F&f'la 'la ^Jla

r. + r + 2r-fa 'Ja --lJa

rr-+
ka

+ tir" +

+ r.. +
.lK8

+ r...l JKa

^ Jka '11a

Jra IRa

tfk, + tjk" + tí¡k"

tflu + tj1" + tikl"

tl" + 2tlk"

2ttkt"
1-,-i-1ka

Notice that the conditlons do noË require 6ymmerry be-

trdeen any variables 8nd obviously the condltons are much

strÍcter and thus harder to satlsfy than the ones discussed

+ r..- + 2r.' ^1jla -'ijlka

prevfously in this section.

0ne exanple of such a circuit is

+

+

4.38

4 "39

4 "4A

-0

4.41

4.42

4.43

4 "44

4 "45

t1¡1"

r ., -JkIa
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A bridging fault between

Eweer Xl and XZ produces the

r(xt,x2,x3'x4)

0

0

t=Ïro1,

- XtX2 + XtX¡ +

X3 and X4 or brfdging fault

same faulty function

xzX¡x¿ + xtx3x¿ + XzX:X4

be-



4"7

Baslcally b¡e have df scussed tI'Jo lsolatlon sf gnatures, the

flrst one makes use of the patterns of changes 1n the spec-

tral coefffclent6 and the second slgnature uaes verlffcatlon

of the actual values of the 6pectral coefficients" The pro-

cesses of flnding these two signature6 are very slmilar,

Each has Ëo expllcitly go through the outcone of every pos-

sible fau1t. Also each requlres the process of finding a

¡nfninal cover except that the flrst one requires less stor-

age tf fmplemented fn a computer progratn and thts signature

usually requires nore spectral coefficlents than the ot.her,

CONCLUS ION

In the actual testing of circults both signature6 requfre

stored informatfon for faulty clrcuits. It mlghE be 1n the

form of bit patterns for the flrst signature or the actual

values of the faulty spectral coefficfents in the second

signature.

77



Three methods of ffnding slgnatures for the isolation of

single input stuck at faults will be discussed in thls chap-

ter, The flrst nethod 1s basically the 6ame as the method

presented in chapter 4 for slngle lnpuÈ bridging faults

which involves the detection of changes 1n Epectral coeffi-

cfents r¿hen the fault occurs. The second method 1s a llttle

differenE. It fnvolves the detectlon of zeroes 1n the spec-

tral coef flcienÈs in the slgnature n The thfrd slgnature 1n-

volves the values of the spectral coefficients and it 1s

also slnilar to t.he signature discussed in sectfon 4.6. The

llnitatlons of each slgnature are also díscussed" A fault

nentloned in this chapter refers to a slngle fnput stuck at

fault ff not explicftlY stated "

Chapter V

ISOLATTON OF T¡ùPUT STUCK AT FAULlS

5"T STGNATURES FOR DETECTTON OF CHANGES

The spectral propertY

An lnput lfne Xt ls r

at 0 and stuck at I I

r,la

that vrill

and r.a 1a

f and only

be used fn

testable tl

if

IN SPECTRUM

this section Ís :

3l for both stuck

7B

5,1
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To ffnd a sfgnsture for the fsolatfon of single input

stuck at faults ure proceed as ln the caEe of single input

brldgfng faults, Using rhe relatlonships glven 1n eqo 3.6,

construct for each lnput (posslble lnput 6tuck at fault) a

subset çhich contalns all spectral coefflclents that change

value on a stuck ar fault at that lnput. When all inpuËs

are processed, choose fron each subset a minimum number of

coef f fcf ents that represent the stuck at fault at the input.

The resulting set. of 6pectral coefffcients fs a signature

for fsola tfon of single stuck at fault for that cfrcuft, As

bef ore this slgnature fs not unlque"

To flnd a signat.ure wlth the minlnum nunber of spectral

coefflcienEs e a process sinilar to that outlined in section

4 "2 can be perf orroed.

Examp 1 e

Conslder the clrcuit whlch realfzes the functlon

F(Xt uX'Xr) * XzXi + X3Xz + X3Xt

l\r

^2



The spectrum of

to

4

tl

-2

Using the condl tlon given by eq. 5.I rd/e set up the f ollowing

natrlx slmf lar to the one fn sectlon 4"2 with a '1' lndicat-

ing a chang,e 1n the spectral coefflcient for both stuck at I

and stuck at 0 and a '0' lndicating that there ís no change

1n the spectral coef ficlent.

Posslble Faults

Xt s-a-f X, s-a-f X3 s-a-f

is :

'Lz
0

,2

2

t3

-¿

tr
3

0

,2
3

0

r
Û

tI

,2

'rz
r

Ĵ

tt3

'23
tl23
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'r23
-2

I

t

0

0

0

0

I

t

i

0

i

0

0

I

0

t

stuck at

We see that ("lu tZ, .3) ls a signature for slng1e inpuÈ

s tuck a t fau 1t s for the above cf rcui t "

One obvlous limitaElon of this sfgnature is that when all

the coefflclents ln the sPectrum are non-zero then a stuck

at fault at any lnput would cause every one of the 6Pectral

T

0

0

I

I

0

0

i

or 0legend: s-a-f
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coefffcient6 to change value. Thfs ls obvlous fron eq 5.1 "

Suppose for any lnpua Xt, ,I^ # 0 for all a. Then a sruck

st fault at Xt fs r, and ti. detecÈable, r, covers half of

the spect run and ri" covera the other half u forclng every

coeffiefent to change lts va1ue" Therefore thls slgnature

1s not suitable for cf rcuits such as the tree networks whose

spctral coef ficíents are all non-zero.

5.2 SIGNATURES FOR DETECTION OF ZEROES

In this sectlon Þ¡e look at a slgnature whlch enabLes us

to locate slngle lnput stuck at. faults by examining those

6pectral coefficients that go to zeto when the fault occurs.

We know that Íf Xi is stuck at 0 or l, all coef flcients

that associate with Xi will go to zero" In this signafure,

r¡/e are also interested in whlch of the spectral coeffícients

that do not associate wlth Xt will go to zero when Xt i s

stuck.

trde know f ron sectfon

and for X. s tuckt

TÈT

where 'a' does not contain i

Therefore r goe6 to zero 1fa'

r

3.1 that for X. stuck at 0
l-

o € o o e 5 "2r.1a

at

= r r,a ae

r
a

r
a

r.1a

L.1e

æQ

eQ

and

5.3
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for X, stuck at 0 and X,6tuck at I respectively.
11

Wlth the above resultsu r"¡e bulld, f or each possible

fau1t, a lfst of spectral coefflcfents ÈhaE do noE go to

zero 1f that particular fault occura. There are tldo such

llsts for each input i.e, one for stuck at 0 and one for

stuck ât I since the conditlons for stuck at 0 and stuck at

I are not the sane. To f ind a fault isolation slgnature f or

the circuit $re use a technique slmi lar to that eurployed in

sectlon 4"2" h¡e represent each posslble stuck at fault wlth

a bit vector v¡ith each bit representing one spectral coef f f-

cient. A '0' indicates that the corresponding 6pectral

coefficient goes to zeto for that partfcular fault and a '7'

lndicates that it does not. lie also must include a bit vec-

tor for the fault free circuit" In this vector a'0'indi-

cates that the corresponding coef ficient is 0 and a 'I' in-

dicates that it is l. So there are 2n + I vectors for a

function with n varlables" Let K be the smallest ínteger

greater then IoBZ(2n + l) and sÈart from the ffrst K rows,

finding the minimum number of rows M such that each of these

2n + I vectors have dtfferent bit paEterns in these M ro\cs"

The spectral coefffcientE correspondíng to these ro$ts are a

fault i6olation signature for single lnput stuck at faults

for the circuÍt,

EXAMPLE

Using the example in

nature for this clrcult

trum f or thls circuft fs

sectíon 4.1 u a fault fsolatlon sig-

can be found as follou¡s" The sPec-



to

6

tr

-2

tr4

2

,t,

-2

,2

-2

'zh
2

Notice t.hat none of the spectral coefflcients of this

function is zero. The merhod presented in the last section

fails to find a fault lsolation signature for 1r. We now

bulld for the faulÈ free clrcuit and for each possible fault

a list of coeff icient6 that are not zero"

Non-zero coefficients

t Lz

2

'r2q
2

t3

-2

t34

2

tr3

-2

tt34

-2

Fault Free

Xl s-a-0

Xt s-a-l

XZ s-a-0

XZ s-a-l

X: s-a-0

X: s-a-l

X+ s-a-0

X¿ s-a-l

'23
-2

'234
-2

'L23
L

'tz34
-2
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all coefflcients

to' t3' '24''234
tO' tZu t23, "34
t0o .3' tl4u tl34

.0r tlu tl3u'34

t0u tl, ,2u t12

t0, ,t r "l4, 'Zh' 'I24
t0, tlZ, tl3t '23
t0u tlu ,2, "3, 

tl23

The matrÍx indfcatlng ç¡hich coefflcients go to zero for

every possible fnpuÈ stuck st fault is 1lsted beloç¡"



Fault
Free

to I

tt I

'2 I

'r2 
j

t3 I

ti3 i

'23 I

tt23 I

t4 1

tiA I

t zh t

'124 i

'34 I

tl34 I

t z3q i

t rz3a L

X. X

"-å-o s-

t

0

0

0

I

0

0

0

å-r

I

(.)

I

Posstble faults

X, Xt
s-a-U s-a-r

t

U

0

0

0

I

0

I

0

0

0

I

0

0

0

X^ X^ X, X,

'-á-o s-å-l "-ä-o s-å-t

i

I

0

0

0

I

0

0

I

0

0

0

i

0

0

0

U

0

I

0

0

0

0

I

0

0

0

I

0

0

I

t

I

t

0

0

o

0

0

0

U

0

0

0

0

0

0

0

I

0

0

0

I

0

I

0

0

0

0

0

0

0

I

I

i

I

0

0

0

0
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I

0

0

I

0

t

I

0

0

0

0

0

0

0

0

0

t

t

i

0

0

0

0

I

0

0

0

0

0

0

0

0

We need at least 4 coefffcients to differentlate 9 cases

so ín thls case K * 4" A mfnlmal set of spectral coeffi-

cf ent.s to cover all these f ault s are

tlu t2, t3 and tZh
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Besides befng able to lsolate the faults, thls slgnature

also te1ls whether 1t 1s a s-a-0 or s-a-l fau1t. If 1È 1s

not necessary to df fferentiate whether the f ault ls s-a-0 or

s-a-l on the lnput 11ne, 1t nay be posslble 1n 6ome cases to

elimlnare some of the coef flclents ln the signature which

are used only for this purpose.

5"3 SIGNATURES FOR VERIFICATION OF SPECTRAL VALUES

The procedure to find a slgnature whfch makes use of the

actual values of the faulty spectral coefffclents to lsolate

input stuck at faults is si¡ni1ar to the one presented in

sectlon 4 "6. The relationship between the faulty and fault

free circuit used 1n this case 1s discussed in section 3"2"

The spectra for all possible single input stuck at faul-ts

are evaluated using these relationships and a mlninurn nurnber

of the spectral coefficients are found to cover these

faults.

Uslng this rnethod

4"I 1s found to be

tlu 
'2u 

t3t '24

ç¡hich is the same as that frour the

of the fault free and faultY sPect

stgnature are listed be1ow"

slgnature for the clrcult 1n section

last secEion. The values

ra1 coeff lclents f or this



Fault
Free s

ç -)'l L

v 
-)'z L

t3 -2

'24 2

1å-o

0

0

-4

4

Posslble f

xr x? x,
s-å-l s-ã-0 s-ä-l

0 0 -4

-4 0 0

0 -4 0

000

As before there are situations when this signature will

not be able to isolate some of the faults ioê" when the

faulty spect ra are ldentÍca1. The condltlons such that a

stuck at 0 at Xi produces a faulty spectruE ídentical to a

sEuck at 0 at X. are derived aa fo11ows.
J

We divíde the coefficients of the t$¡o faulty spectra into

4 groups. Making use of the results in section 3"2, for

aults

x^ x^J^Js-a-U s-a-I

-4 0

-4 0

00

00

the faulty funct ion wi th Xt stuck at 0

X, X,tt ¿]s-á-0 s-á-l

0 -4

0 -4

0 -4

4A
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rE
a

1fæ- ia
I.

Ja
r.1Ja

a

0

r
Ja

=0

+

For t.he faulty function

r.1A

+ r.l Ja

a

1a

Ja

r.lJa

alI 'a'

rÈr +rI Ja

r. + r.1a l Ja

0

for

wlth X. stuck aË
J

eQ

whe re

5.4

5"5

5.6

5 "7

does not contaln I or j"

5.8

5"9

5.10

5.lt



The corresponding

identfcal, Equat

f + f . È
a ].a

?E
r.a la

Equatlng 5"5 and

ria + rija

g,rouPs are

irg 5.4 amd

equal 1f the faulty

5,8 s¡e have

or

Equation 5"I2 and 5"13 are the conditions requlred for

the faulty spectra to be ldentical. But Ehese are the spec-

tral condi tions requlred for non equivalence symmetry be-

tÞreef, X,, X, and the conditions for single varlable symnetry1', l
of X, over l= [section 2.g) respectively. These two condi-1J
tions also lmply single varÍable synnetry of X. over i..-J1

Conditions fot Xi sÈuck at I anO tj stuck at l, Xi stuck

at 0 and X. stuck at I can be derived ín a sirnilar fashion.
J

These conditlons are listed below Isee section 2.9].

+r
Ja

5"10
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Êpectra are

5.12

X, s-a-0,

Xt s-a-1u

Xt s-a-0u

Faul t

5"13

X. s-a-0
J

X. s-a-l
J

X. s-a-l
J

Condítions fequlred
NES( Xl u *j ) and { SVS Xi

NES( Xt, uj ) and { SVS Xi

ES( x1, *J ) and { Svs xt

)i¡
)tj

)xj



5.4 CONCLU S I ON

We have dlscussed three sfgnatures for the lsolatlon of

lnput stuck st faults. 0f the three sfgnature6 the one

whlch detects zeroes has several characterlstlcs that are

worth nentfonfng. The use of this s lgnature does not re-

quire any of the spectral coefficients of the fault free

cf rcuit during the acÈua1 tesElng of the cf rcuits as opposed

to the other two which requlre the 6pectral coefficients

that form the slgnature to be present in order Èhat the

measured coefficlents can be conpared to the fault free

one6. Also we know that when an lnput is stuck, one half

(or more ) of the 6pectral coefffcients w111 go to zero. For

stuck at faults at different inputs, dlfferenÈ 'halves'

wl11 go to zero. It ls unllke1y that. every coefflcient will

go Ëo zero because lf this !7ere the case then t" would have

to be equal to -ti" for Xt stuck at 0 or equal to.f, for Xi

stuck a t t for al I 'a' " This makes such a signature more

1fkely t.o be found than the one based on the detection of

changes in spectral coeffÍclents.
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The theoretical approaches ouÈ1ined in the previous chap-

ters to fíndfng lsolation signatures for slngle lnput stuck

at or bridglng faults guarantee that Èhe sfgnatures are of

mlnfmun size ff they exist. In general when these approach-

es are applied to practical circuits u the number of coaputa-

tions required renders them economically unfeasible, To

make these approaches appllcable to practfcal clrcuíts Þre

sacrifice the slze of the slgnature for the efficiency in

t.he process of flnding lt by working rslth a subset of the

spectrun. ThaÈ ls, the search for the signature 1s not car-

rled ouE on the entíre spectrum but on a prescreened subset

of 1 t. The result fng 6 lgnature w111 not be the mlnlnuur but

ç¡l1l stl11 be of reasonable slee. In thfs chapter ú¡e sha11

examfne the llnftations of the theorectical approaches and

lntroduce a nore pracÈical approach for flndlng isolation

slgnarure6 for sÍngle lnput sËuck at or bridging fau1t,s. l.le

have dlscussed fsolat.fon slgnatures for stuck at faults and

brldglng faults 6eparately" In practice a combined lsola-

FAULT TSOL,qTTON O},¡ TNDUSTRIAL CIRCUITS

Chapter VI

tlon slgnature for both types of faults is preferred " l{e

sha11 examfne how these signatures can be conblned. Ne

sha11 also exaurine signatures for clrcuits wíth urultlple

B9



90

outputs which are a common feature ln 'real world' clrcuits.

Finally, using the approach dlscus6ed ln thls chapter we

shall preaent câse studles ffndlng the conbined signatures

of several 74OO-family cfrcuf ts"

6"T LIMITATIONS OF THE FAULT ISOLATIOIi METHODS

The procedures for ffndlng fault isolatfon si¡1 natures

presented so f aro whether by detecÈ1ng changes of spectral

coefflcients or by detecting zeroes in the spectrum for

stuck at faults, consi6t of 2 stages. Fírstu the spectral

coefficients for each possible fault are 6elected or evalu-

ated u then a subset of the spectrum is searched to ensure

that each posstble fault can be uniquely idenElfied. The

urajor llnitatlon of these methods lies in the searchÍng pro-

ces s "

LeË us estinate the number of operatlons required 1n the

searching process to find that a signature does not exist.

Assume for simplicity that u,e are conparing sPectral coeffÍ-

cients and that 1t requires I operation for each compari-

sion" For a clrcult of n lnpuËs there are m = 2fl spectral

coefftcients. Assume that there are 'f' possible faults

that Þ/e have to distfnqufsh" We start off by uslng I spec-

tral coefffcient i.€, there r+ou1d be ,Cl choices or conbina-

tfons, For each conblnation there are tCZ colDParisions and

6o for the case of I spectral coefflclent there are fC2*o'Cl
conparislons. But for each conbinatfon Þre can stop as soon
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as Þ¡e flnd two identlcar coefffcients. Assume that on the

average $re stop at the harf rùay polnt 1.e. the toÈa1 number

of courparlsions would be à fc2*rct. For rhe ca6e of 2 spec-

tral coefflcient6 there would beo,c2 comblnatlons of 2 frour

a total of B (2n) coefficfents and the totaL number of com-

parislons f s ? ,. " c ^i t"Z*^uZ. Slmilarly for k specrral coeffi-

cients the number of conparlsions (operations ) would be

þ

i fC2*rCk" Therefore the number of operations N required to

go Èhrough all the conparisions using l, 2o 30".".0kr...2n

coef flcients v¿ould be :

I
2

i
2

I
2

f c2*rci +

rcz Irci +

tc z Itrt,

Adding 6.1 and 6.2 and making use of the facr rhar

)
i îc2*rcz + +

2C^ + +kC.
m ¿ m k

(m-l) C + ooom m-l

C.mk

havewe

2N =

m m-K

tcz ltrto * trcl

rc zlm 2In l
^n

çczî2n2¿ l

K
2

+

+

f"2 m

2 C^m¿

So the nunber of operations is

whfch ls too large to handle

large n say n ) 20 the a0ount

prohibftlve for these nethods.

c.+
tr

*m
m

+1
crl

rct l

+i fc2*rc
6"1

6 "2

mC,¡n ml

on the order of at leas , 22n

even for sna1l n. Also for

of tnemory required fs aLso
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For the slgnatures discu6sed fn the last tsro chapters,

the larger the number of distinct spect ra1 coefflclents

(i.e. the nore randon the spectrun) ttre simpler ls the sig-

natureo This 1s especially true f or the signature which de-

tects of changes 1n spectral coefficlents" Industrlal cir-

cufts 1n general realfze funct lons which are rather regular

and therefore do not often exhlblË such randomness in thelr

6Pectra.

6"2 A PRACTICAL APPROACH

The isolatlon s lgnature that fnvolves the verlfication of

values of spectral coefficíents ls nore appropriate for in-

dustrial clrcuiËs than others. The reason belng that spec-

tral coefficients can assume quiËe a wlde range of values

and this signature nakes fu11 use of each coef ficient rather

than using 1t a6 a blnary form of lnformation as in Èhe oÈh-

er signatures. Threfore it does not depend so much on the

randorDness of spectral coefficients as the other sÍgnatures,

although a wider spread (i,e" trore non-zero coefficients)

and a Inore random spectrun would result in a stnaller signa-

fure.

But thls rnethod 6ti11 has the probleu¡ of requiring too

much computatíon. So lnstead of 6earching the entire sPec-

trun for the signature, t.he Bpect.ral coefffcients are pres-

creened and a portion of them is selected to be searched.

The result ls rìost unltkely to be the nínimum slgnature but
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is of reasonable aíze and one fmportant achievenent 1s that

the signature fs derived at a reasonable cost. Further, for

cf rcults thst v/ere f ormerly too large, qre can no!,¿ deduce a

reasonable slgnature.

0bv1 ously the choice of thls subset of spectral coeffl-

cfents fs iur portant. Let us flrst look at how to deterrnlne

which coefflclents are to be included for input bridging

faults. 0ur purpose is to exarnlne each spectral coeffi-

cient and select a subset such that the faulty coefficients

correspondlng to those 1n this subseÈ are distlnct for mos t

of the possible input faults" It 1s these coefficients that

v¡i11 give good fault isolation. The relationship between

Èhe faulty and fauLt free function derived fn section 3"3 is

rewrftten below"

rÈr
a

l-a

r=^ f -ia

+ *rt. +a ¿ ta

ir" = å,'r"
- trr,r^ +

To deterrnine whether a spect ral coefficiena tB which is of

order k 1s a suitable candidate Ë¡e examine the following

cases"

i, For bridgfng betç¡een Xt and Oj such that f and j are

both 1n 'B'n !ùe knoç¿ f rom eq' 6'5 that f or these

bridging" iu'" are deternlned by a group Gl of k-ith

order coefffclents whose subscrlpts al'1 aPpeår ln

aDa
Dô

r ) + r.
Ja- 1Ja

+r )
Ja

r)Ja'

6.3

6.4

6 "5
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For bridglngs that lnvolve Xt and *j such that only

one of i or J 1s in 'B', sre know f rom eq. 6"4 that

for these brldgings iU'" are determined by a Élroup GZ

- rhof k-'' order coefficfenÈs such that all the k sub-

scripts k-t of them appear 1n 'B' .

3" bridgings involving Xt and tj such that nei ther i

nor j ts in 'B' , iu'" are determlned from eq. 6.3 by

tB and a group G: of coefficlents of order k*l and

k+2 such that 'B' appears ln thelr subscripts.

If there is certaln 'randomne6s' fn these three groups (ar,

GZ and G¡) of coefficients (i.e" they are made up of a large

set of non-indentical inteEi ers) then .B 1s a candidate.

This prescreening process can be stopped as soon as sre f lnd

a 'satisfactory' subset of coefftctentse or ft can be aP-

plled to every spcetral coef ficlent to choose the best sub-

set. 0bviously the latt.er would be more 1ike1y to give a

shorter signature. Since lor¡er order coefflcfents are easi-

er to obtain than higher order ones e and also for reasons

which will be appreclated later in sectlon 6"4, lower order

coefficient6 are prefered to hlgher order ones.

For exatnple, to determine whether or not t0 1s a suitable

candfdate, we check all first and second order coefficients

for randomness " For a first order coefflcient rk e r¡e check

all first order coefficients tf, all second order coeffi-

clents ttk and all third order coef ficlents ttJt etc.
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For fnput sÈuck at faults the prescreening ls much siur-

p1er, since all coefffcfenÈs a6sociated with the lnput

which fs 6tuck go to zero" For thls reason low order coef-

ffcfent6 are prefered to higher order ones o Fron sect.lon

3.2 the faulty spectral coefficients are glven by :

r
a

r
d

To determine whether " kth ord"t coefficient rB is a suita-

ble candidate, rde check the absolute vaLue of all k+t Eh ot-

der coeffl.cients tiB for randomnesso The reason the abso-

lute values are used fnstead of the actual value of the

spectral coefficients thernselves fs obvious frorn eq' 6"6 and

6"7.

The number of spect ra1 coef ficlent.s to be chosen for the

subs et depends on the randomn es s of the sPect ra1 coef f i-

clents. 0bvlously the larger the subseÈ the more 1ike1y 1t

is that a shorter signature r¿111 be found. For a cÍrcuit

with n lnputs a subset of apProxlmately n spectral coeffi-

cients give signatures of reasonable size for the circuits

+ ti" f or Xi. s-a-0

- ri" for Xt s-a-l

we have exani ned .

If the subset of spectral coeffícients chosen 1s not ca-

pable of fsolating all fault.so t.hen the faults that are not

fsolated are checked to see 1f they actually can be fsolated

elther by using the condltions given in 6ecËlons 4'6 and 5"3

or by sfuply co¡nparing the faulty spectra. If 1t 1s found

6.6

6 "7
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that these faults can be lso1ated, then the spectral coef-

flcfents by ç¡hlch they can be lsolated are added to the

orlgfnal subset of coefficients and the search for the slg-

nature 1s repeated. If lt is found that Ehey cannot be iso-

lated at a1l (f"e, they produce functlonally equlvalent cir-

cults), then other means have to be used to lsolate them"

6"3 HULTIPLE OUTPUTS

It is not unusual for an Índustrial clrcuit to have nore

than one output and 1f thls is the case then obvlously the

one that assocíates with all of the inputs will be chosen

for tesËing" The other outputs nay be used to discrlminate

faults that cannot be isolated by that output" Therefore a

clrcuit wit.h roultiple outputs might give nore fault lso1a-

tion than the comparable single output circuits. A signa-

ture in this case Eay then be conPosed of sPectral coeffi-

cients from more than one output.

An alternative approach to a multiple output signature is

to use the lower order spectral coefficients of the spectrum

of every output of the circuit ln the search for t he signa-

ture" The resultlng signaËure would involve tnore outputs

but this should not pose any problen in Ehe actual testlng

of the circults because the sPectral coefficients at each

output can be mea6ured ln Para11e1. One advantage of this

sfgnature is that iÈ will be made up only of loç¡er order

coefffclents and in 6ome cases even of.0'" only, 0ne such
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exauple using thls approach can be found in the fast section

of this chapter (signature of 7 449). The drawback of this

approach 1s that 1n the prescreening

proces6 rDore spect ra1 coefflclents

proaches.

6"4

So far signatures for lnput stuck at faults and lnput

bridging f aults have been discussed separately" In practice

tt is deslrable to have a signature that lsolates both types

of faults, A conblned sfgnature for these tq¡o types of

faulrs can be found without nuch extra Processing" First L'e

prescreen the spectral coeffícients and select Ehe subset

for each type of fau1t. The search for a signature is car-

ried out uslng the union of these two subsets of spectral

coeffÍcients and for both tyPes of faults at the same time

f.e" the colunns of the matrix that facilitate the search

would be composed of those that associate with stuck at

faults and those that associate wlth bridglng faults. The

resultlng sfgnature 1s one that isolates both sfngle ínput

atuck at faults and slngle lnput brtdging faults.

One probleur that s¡ay arise from the combination of the

two slgnatures 1s that there may be sftuatfons in whlch a

brldging fault and a stuck at fault result in functfonally

equfvalent circuits. Let us fnvestigate the condftions re-

quired f or thls to happen " There are 4 cases r"te nust exam-

lne.

COHBINED SIGNATURE

Process we r¡ay have to

than ln the other ap-



t ' xr

2" X.
1

3. x.
1

4. X.
1

where f,

We sha1l

tlons for

*J bridglng fault - *t stuck at 0

*j brfdging fault o Xt stuck at I

*J bridglng fault = Xt stuck at 0

*J brfdgtnt fault = Xl stuck at I

j and k are distincË.

derlve the condi tfons for case I and

the other 2 cases are s ini 1a r.

Case

He divide the specË ra1 coefficients into 4

1ows.

For a brtdging fault

3.r3 - 3.r5

^tr = r +: (r.
a a ¿ la

^lr, = : (r, + r1a ¿ ra
^1r (r. + r

Ja z la

irr" = È i (.i"
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between Xt and

For Xt stuck at 0 we have f rom eq" 3.6

3" The condi-

t j" )

.)
Ja

.)
Ja

+r

Iaa
r. e Q1a

;. = r.
^J" 

Ja

r. e Q1Ja

groups

X. we
J

r.1Ja

for a1 I 'a' where ' a' does not conatln I or J'

as fo1-

.)Ja'

have from eq 
"

r.1a

These 4 correspondtng groups of spectral coef flcfents are

ldentfcal for functlonally equlvalent circuits'

From 6.9 and 6"13 we have

+ r.1^la

6"8

6.9

6.10

6"1i

6"r2

6"13

6 .14

6.i5



From 6,8, 6.12

I
1

(tt" + tJr) e Q

r + r. c
a l Ja

r, E r .1a lJa

The condi tions requlred

f unct i ona1ly eq uiva lent

bridglng between X, and

and 6"1ó þre have

orti"

Case

i, Equivalence symnetry between

2. Slngle varlable symmetry of

We divlde the spectral coefficients lnto

lows" For brldging f ault betweer Xi and

for X. stuck at
1

clrcult to that

X. are :
J

6"r6
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rÈr
a

1a

I.
Ja

- I ja
fÈ

ka

-lka

rE' jka

r
lJka

0 to produce

produced by

+ lr.. +a ¿' ta
T.
2(ti" * tj"
i-;(r, + r¿ La Ja

- å,'r, +

'k" + åt'ru
å,'rn, + r
t.
ã(ttk. * r

E o 
å,'ruu

6 " r7

X, and tj (6.16)

*t over tj (6.i7)

I.
Ja

)

)

r)
Ja

+

a

a

) + r.- l Ja

For Ot stuck at 0 we have

8

X.
't

groups as fo1-

we have

a

jka

jka
+r

rÈr+r-a a ka

;. = r. + r..la la 1KA

r., ) + r...
JKa lfKa

)

)

jL, )

ooøoooô

6.18

6"r9

6 "20

6"2r

6"22

6 .23

6 .24

6.2s

6 "26

6 "27



rEr+r-Ja -Ja -Jka

;.. r r. + r...lJâ rja lJka

;. eQ
ka

iru" e Q

r.. e Q
JK8

;... e QlJKa

After slmpllfying and

we have r he f o llowi ng

r. + r + 2r, = 2r,].a Ja 1Ja Ka

r. - r = 2r-ia -ja --jka

tik"+tjk"=Q

r. + r.., = QKa l lKa

ôooooooooo

elirninating, the

required condit

i00

6 "28

6 .29

6.30

6"31

6 "32

6 "33

f or all

6"5 CASE STUDIES

In this 6ectfon we sha1l apply the techniques discussed

1n the previous sections to several 7400-f.aml1y uledium scale

lntegrated clrcults to conEtruct their comblned signatures'

The spectra of some of the clrcults involved can be found in

appendfx Ae whlle for the others only Ëhe Part of 6pectrum

which ls lnvolved 1n the derivaÈion of the signature 1s

lfsted because of the size of the conplete sPectrum.

where

redundant equations

ions.

does not conÈain

6"34

6.35

6.36

6 "37

or J.



t" BCD to seven segnent decoder 7 449 "

X, Î"

Xr T"

^t ,

^5w

The spectrum of this circuit at output 'a' (ll) is made up

of 0, !2, +4 and +8 only" It fs not too random but has a

falrly wlde spread. Let us examine first Ëhe lower order

coefficients and see if they are good candidates for the

chosen subset and try to construct a sfgnature from them if

they are" For bridging faults the corresponding Eiroups of

spectral coefficients for tO, rlu ,2, r3, ,4 and r5 are

checked as outlined 1n sectlon 6"2 and the values involved

wfth each of the¡o are llsted below.

t0l

r_
U

tl

,2

t3

,4

,5

0u

0,

0n

0,

0,

0o

!2,
!2,
!2,
!2,
!2,
!2,

t4 ' -B

t4 u -8

!4, -8

t4 u -8

t4, -8

t4, -B



We aee that t0 15 of the

almost all values that nrake

Therefore they are deflnitely

B€t" Slrol1ar1y for stuck at

tabulatlon"

to

tr

tz

r
Ĵ

t4

r-)

102

faulty spectra are fnvolved 1n

up the fault free spectrum"

candÍdates for the chosen sub-

faults vre have the following

2' I

0, 2, 4

0, 2" 4

0, 2o 4

0, 2t 4

2

h'e 6ee that r- w111 not eíve much fault lsolation but the)-
rest seem to be a reasonable subset to be searched for the

signature, We nord cons trucÈ the ma Èrix as shown below " For

the sake of readability the matrix is listed wf th each col-

umn associated with a 6pectral coefflclent and each ror!' as-

socf ated with posslble fault.



FAULT

nortra1

Xlxz

xtx3

xtX¿

Xtxs

xzX3

X^X,14

X2x5

X3x¿

x3xs

x,x_¿+)

*t s-A-0

*t s-A- i

xz s-A-0

xz s-A-1

o3 s-A- 0

x3 s-A- i

x4 s-A- 0

x¿ s-A- I

X5 S-A- 0

X5 S-A- I

to

32

I

I2

I

5

i0

6

3

i0

3

J

6

t0

t0

6

t0

6

t0

6

0

t6

tr
0

0

0

0

-5

2

0

-t
2

-3

-t
0

0

-2

-2

2

-6

-2

0

-4

X.X.1J

,2

u

0

4

2

I

.)

2

-3

-2

i

t3

8

6

0

6

-1
.,

0

I

2

-3

I

b

-2

2

L

0

0

2

2

(,)

4

,4

I

L. )
8

-8

-i2

-8

-5

-I0

-6

-3

-10

-3

-3

-6

-10

-10

-6

-t0

-6

-I0
*6

4

U

I

-2
')

3

2

I

-3
,)

2

-2

6
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3

¿

2

0

0

2

2

-2

6

0

Lege nd

One signature

s lng1e inpur

decoder is

2

2

for single lnPut stuck

bridging fault lsolatlon

0

U

0

4

bridglng between Xt and *j

0

0

at fault fsolatlon and

for the BCD to 6egment



t0r ,2" t3 and ,A

Let us 6ee tf ne can ftnd an lsolation signature for this

clrcuit uslng the spproach that utillses the rnultiple our-

puts of the cfrcuit. The flrst and aecond order spectral

coefficlents of the spectrum ât the 7 dlfferent outputs of

thfs clrcult lnvolve quite a large rsnge of numbers, so Lre

conslder whether we can construct a slgnature using t0,,

only. Fron the following matrix whlch 1s constructed uslng

the spectra at outputs 't'u 'b'" 'a', 'd', 'a'o 'f' and '?-'

of the clrcult, we see that a possible lsola tlon signatur(

for single lnput stuek at faults and single lnput brídging

f ault s ls

t0 at output

104

and t0 at output of '



FAU LT

xtxz

xtX3

xtx¿

xtxs

xzx:

xz xq

"2"5

X¡X¿

vv"3"5
X¿x5

xt s-A-0

xt s-A-l

xz s-A-0

xz s-A-l

x3 s-A-0

x: s-A- I

xq s-A-0

)i,r s-A- I

xs s-A-0

xs s-A- I

ig, ie)
I 14

t2 t0

8 l0

54

l0 13

69

33

t0 13

33

33

6 10

l0 I

t0 12

66

l0 L2

66

t0 12

66

00

16 t8

r^
rBr

T2

8

II

6

l4

t3

4

9

L

isr
I

r^
rHl

(.,

l2

9

0

I

5

Il

7

2

3

T2

0

4

I

8

4

6

6

0

t2

l4

tt
4

I

9

6

tl
4

5

T2

I

8

t2

t2

B

t0

l0

0

20

r
(

I

?)

2

8

I

3

I

0

2

6

6

5

2

6

tl

is,
II

It

l2

5

I

9

6

9

6

7

T4

IO

T2

T2

t2

T2

10

t4

0

24
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3

I

T2

t2

I

12

B

l4

6

0

20

4

6

t2

o

l0

0

t8



2" Fâst carrv look ahead adder 7483.

^3
Xa

^5

^6

X1

^8
Xq

106

If sre examlne the spect run of this circult at output S¿ Ne

u¡111 notice the following points :

I n The 6pectrun does not posse6s a ç¡lde spread at all, a

great portlon of 1t being zeroes and the rest are

made up of f our nurnbers namely 64 u -32 and Jl6.

Therefore Þre would expect the slgnature to be con-

posed of a large nu¡nber of 6pectr81 coefflclents'

,, The ffrst, second ancl thlrd order coefffclents excePt

tl2u ,l23u rl24u tl25u rI26u'127, rIZg snO tl2e are
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zero fnrplyfng that t0 and the ffrst order coeffT-

clents except tl and ,Z do not give ¡nuch f ault lsola-

tfon"

3, The rest of the hlgher order coefflclents are zero

except for some whose 6ubscrlpts contaln I and 2 "

Consea uently we would expect that rl u ,2u , lZ, t 123" r lZ4,
tr25, rr26, 

'r27, 'lzE 
and 'r29 

will gfve nore fault lsola-

rfon than the other spectral coef flcients. lle construct the

matrix uslng this subset of coefficients.

FAULT .l ,2

norr¡al 0 0

xtxz 0 0

v v ^ _32"l^3
v v ^ _32"l"4
v v r' -r 28"t "5 \r ¡ ¿

xlxe 0 -I28

xtxz 0 -112

XIXB 0 -lt2

xtxg 0 -tr2
Y v -2r 0"2"3 rL

v v -1r 0"2"4

xzxs -128 0

xzxo -128 o

xzxl -ll2 o

xzxg -l12 0

xzxg -tl2 0

t rz
-192

0

-96

-96

-96

"96

-96

-96

-96

-96

-96

-96

-96

-96

-96

-96

tr23 tr24'r25

6 4 -32 -32

000

96 32 -16

32 96 -16

32 32 96

32 32 -16

32 32 -16

32 32 -16

32 32 -16

96 32 -16

32 96 -16

32 32 96

32 32 -16

32 32 -16

32 32 -16

32 32 -16

'126'r27 tt2B 'r?-g
-16 -r6 -16 -1ó

0

-16

-16

-16

96

-16

-16

-16

-16

-16

-16

96

-16

-16

-16

0

-8

-8

-8

-8

96

-8

-8

-8

-8

-B

-8

96

-8

-8

C

-8

-8

-8

-8

-8

96

-8

-8

0

-8

-8

-8

-8

"8

"8

96

-8

-8 -8

-8 -8

-8 -8

-B -8

96 -8

-8 96



X3x¿

x¡xs

xgxo

YV"3"7

x3xg

x¡xg

"4"5
YY"4"6

rr 
4 

r'7

"4"8

,'4r'g

"5"6

"5"7

xsXe

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-64

-208

-2 08

-184

-184

-184

-208

-208

-184

-184

-184

-., 
,, L

-2 16

-2t6

-2r6

-276

-2 r6

-2r6

-208

-208

-208

0

0

0

0

-128

-256

6l+

l6

l6

24

2A

4B

4B

72

72

72

32

40

40

40

40

40

40

48

L8

48

0

0

0

0

64 -96

48 16

¿ I -4I

7 2 -4 B

72 -48

72 -48

16 16

r 6 -4 B

24 -48

24 -48

24 -48

32 -32

40 -24

40 -24

40 -24

40 -t6
40 -r6

40 "16

48 -32

4B -32

48 -32

00

00
00
00

r 28 -64

0, 0

-96

-48

l6

-48

-4 8

-¿ I

-4I

i6

-48

-48

-4I

-32

-16

"16

-t6

"24

-24

-24

-32

-32

"32

0

0

0

0

- 64

0

-48

-24

-24

211

-24

-24

-24

-24

¿.+

-24

'2lI

0

-24

-16

-16

-24

-16

-16

-16

-16

0

0

0

0

0

-32

0

xsXg 0 0

):,x- 0 0b/

xoxg 0 0

xoxg 0 0

XzXe 0 0

x7|ig 0 0

xexg 0 o

xt-o 0 -r92

xt-l o I92

xz-o -r92 o

xz-l 192 0

x:-0 0 0

x3-t 0 0

-48

-24

-24

-24

24

-2!1

-24

-24

-24

24

-24

0

-16

-24

-16

-t6
'211

-16

-tÉ,

0

-t6
0

0

0

0

-32

0

-48

-24

- 2l+

'211

-2 t1

211

-24

-24

-24

-24

L.1

0

"16

-t6
'14

-16

-16

-211

0

-16

-16

0

0

0

0

-32

0

ln8

0

0



x.-0
4

x.-ltt

x_-0)
x_-l)
x--0

t,

x--l
b

Xz-o

Xz-1

Xg- o

xg-1

xg-o

\' -l"9 ¡

0

0

0

0

0

0

0

0

0

0

0

0

Legend

0

0

0

0

0

0

0

0

0

0

0

0

-128 128

-256 0

-224 32

-160 96

-224 32

-160 96

-208 4 I

-r7 6 80

-208 48

- I 7 6 80

-208 48

-176 80

0 -64

00

32 0

96 0

32 -32

96 -32

48 "32

80 -32

48 -32

B0 -32

48 -32

80 -32

- 64 -32

00

-32 -16

-32 -16

0 -r6
0 -16

-32 0

-32 0

-32 -r6

-32 -16

-32 - 16

-32 -t6

-32 -32

0o
-16 -16

-t6 -16

-16 -16

-16 -16

-t6 -t6

-16 -t6

0 -t6

0 -16

-16 0

-16 0

IIe 6ee that ,2, ,lZo tI23, rIZh, .125'

,lZg are suff iclent to f solate all the

fault s except for the fo1lowlng faults.

r09

X.X.1J
xr-o

x.-l
1

brldgfng between Xt and tj

Xt stuck at 0

Xt stuck at I

t. X¿ stuck at I and X¡ stuck at I

2" X7 Xg brfdping end X9 stucÌ" at 0

3" X7 Xg brldging and Xe stucÌ: at 0

4. XS Xq bridgfng and X7 stuck 8t 0

check of ehe spect rum a t S¿

fÈ?
Ja 4a

fÈr- 3a '34a

tl26 u rr27' tI2B ard

brldging and stuck Pt

and

of the circuft reveals that



ll0

This means that the faults X¿ 6tuck at I and X:6tuck at i

cannot be isolated at output S4. Let us check the Bpectrun

agalnst eqo 6"34 6.37 wlth | = 7, j = 8 and k e p"

i" Either r- E r^ E r^ = Qla ða ya

or

also ,7g^ æ Q

2

so eq. 6"34 and 6.35 are satisfied

rEi=0'79a ^89a

and so eq 6.36 1s satisfled,

Either r^ = r e O- 9a '89a

f- = f ^ = f-^ E 16la ða l9a

3.

or

or

Therefore a bridging fault between Xl and Xa cannot be dis-

tinqulshed from a stuck at zero at X9. Sin11ar1y it can be

shoç¡n that the other tþro pairs of faults cannot be lsolated

at thís output " He turn to another output Crr and see j-f we

can lsolat.e these faults frorn there.

Frorn the spectrum of the circuit at output Crr we see that

t3 f ,30 whfch ueans that r3 can be used to isoi.ate X: stuck

at I and X4 stuck at I " Also t0 ls sufflcient to isofate

the other faults whfch cannot be isolated uslng output S¿

(see ¡oa trfx belov¡). Therefore an isoLation signature for

Èhe 7483 fs

and so eq. 6"37 is satlsfled.

r^ = l6 and r^^ - -16Ya ðYa

t9" e -16 and tg9" = l6

'2, , L2, tl 23 u rl 25, , I26, r l27, 'IZB and 'IZg
at output S¿ plus

t0 and r3 at output C4.



Itl

Actually, ff we had worked v¡fth the spectrum at output C,, fn

the first place, a sfgnature could have been found more eas-

1lv .

Applying the prescreenlng stretegy df scussed ln the pre-

vlous section to the spectrum at C,r we f lnd that .0 and the

first order coefficients appear to glve good fault lso1a-

tion. So þre shall see 1f \re can get an lsolation signature

from these coefflcients " Let us examine the fol1or¡ing na-

trlx which is construeted uslng the spectrun at ouËput C4"

FAULT r0

norma 1 6 0

xixz 180

XIX¡ 42

xtX4 42

xtxs 72

XtXo 72

XIXT 72

xlxg 72

xtxg 7 8

xzxz 42

xzxa 42

xzx5 7 2

xzxo 7 2

xz*l 7 2

xzXg 7 2

xzxg 7 8

x3xq 32

tl

60

60

I4

I4

24

24

24

26

42

72

72

72

72

78

32

'2 t3

60 -32

60 -96

42 14

42 -42

72 -48

72 -48

72 -48

72 "48

78 -48

t4 14

14 -42

24 -48

24 -48

24 -48

24 -48

26 -48

32 -32

'h t5

-r2 -r2

-96 -36

-42 -18

14 - I I

-48 24

-48 -24

-48 -12

-48 -r2

-48 -i8

-42 -18

i4 -18

-48 24

-4 8 -ztl

-48 -12

-48 -12

-4I - 18

-32 0

t6 '7
-r2 -r2
-36 -36

-r8 -18

-18 -18

-24 -r2
24 -12

-12 24

-12 "24

-lB -18

-18 -18

"18 -i8

-24 -12

24 -r2

-12 24

-12 -24

-18 -r8
00

t6 tg

-12 -8

-3 6 -24

-i8 -12

-i8 -r2

-r2 -r2

-r2 -r2

-24 -r2
24 -r2

-r8 26

-18 -12

-i8 -r2

-r2 -r2

-r2 -t2
-24 -r2
24 -r2

- t 8 26

00



x3x5 3 I
x:xo 3 8

x3xZ 38

x¡xg 3 8

xg*g 4 0

xqXs 38

X,X- 384b

X, X- 3 84/

X¿X8 38

XqXg 40

x-x_ 44)b

xsxz 52

XsXg 52

XsXg 5 0

xoxz 52

X6XS 52

xoxg 5 0

xTxg 44

x-x^ 50t9
xgxg 5 0

Xt-0 120

xt-l 0

xe-0 120

xz-l 0

x¡-0 28

X3- I 92

x¿-0 28

38

38

38

38

40

38

38

38

3B

40

44

q,

q?

50

52

q?

50

44

50

50

0

0

r20

0

28

92

28

38 -22

38 -22

38 -22

38 -22

40 -20

38 -t8
38 - t 8

38 -r8

3E -18

40 -22

44 -32

52 -32

52 -32

50 -32

52 "32

52 -32

50 -32

44 -32

50 -32

50 -32

120 -64

00

0 -64

00

28 0

920
28 -28

-t8 -22

-t8 -r4

-t8 -10

-t8 -t0

-22 -12

-22 -22

-22 -t4

-22 -10

-22 "r0

-20 -r2

-32 -r2

-32 -12

-32 - 12

-32 - 10

-32 -8

-32 -8

-32 -6

-32 *4

-32 -i0

-32 -10

-64 -24

00

- 64 -24

00

-28 -t 2

-3 6 -12

0 -t 2

-r4 -10

-22 -10

-10 -22

-t0 -r4

-r2 -r2

-14 -r0

-22 'r.0

-r 0 -22

-t0 -Lt1

-r2 -12

-r2 -4

-8 -r2
-8 -B

-6 -10

-r2 -r2

-r2 -8

-t0 -i0
-4 -12

-10 -10

-10 -6

-24 -24

00

-24 -24

00

-r2 -r2

-t2 -12

-r2 -r2

-10 -8

-i0 -8

-14 -B

-22 -8

-12 -20

-10 -6

-t0 -8

-14 -B

-22 -B

-1 2 -20

-4 0

-8 -8

-r2 -8

-10 -10

-B -B

-r2 -8

"10 -10

-r2 0

-6 -10

-10 -10

-24 -16

00

-24 -t6
00

-12 -8

-r2 -8

-r2 -8

112



xq-t 92

rs-O 4 I
xs-i 72

xo-O 4 8

xo- I 7 2

Xz-o 48

xz-I 72

rg-0 4 8

Xg-l 72

*g'0 52

*g-t 68

92

48

72

4B

72

48

72

48

72

52

68

92 -36

4 8 -32

72 -32

48 -32

7 2 -32

48 -32

72 -32

48 -32

72 -32

s2 -32

68 "32

0 -t2 -r2

-32 0 -t6

-32 0 -8

-32 -16 0

-32 -8 0

-32 -8 -8

-32 -16 -r6

-32 -8 -8

-32 -16 -i6

-32 -1 2 -r2

-32 -r2 -r 2

From the matrlx above we see that t0r rlo t3u ,6r t7 and tg

are sufficlent to isolate all the faults excePt Xt stuck at

I and XZ stuck at t. The 6pectrum whlch is not listed due

Èo f ts slze shows that

-12 -12

-8 -8

-r6 "i6

-8 -8

-16 -i6

0 -16

0 -8

-16 0

-B 0

- t2 -r2

-r2 -r2

-8

-8

-8

-B

-8

-8

-8

-8

-8

0

0

113

f . - f,^I a ¿a

" la " LZa

Therefore these two faults

put " But we know fron the

be lsola ted by , Z at output

nature f or the 7483 ls

and

t0u .l u t3u t6u ,7 and tg at outPut CA

and ,Z at ouÈput S4

cannoE be lsolated

previous discussion

S , . Theref ore an
4

at this out-

that they can

isolatÍon sig-



3" Arithmetic and Loglc Unir 7 4381

xl
xz

x,

^5
A6

t t4

^8

Áq

Ato

The zero to Ehird order coefflctents of the specÈru!0 at out-

put G are 1i6ted fn the appendfx" Coefffcients.0 and the

other firs t order coefficlens are a 6atfsfactory subset to

be Eearched for a signatux'€o Due to typographical dlfficul-

tfes the matrlx listed beLow ls dlvided fnto tt{o parts, the

^.t2



ffrst part contalns

part contalns t(lt)

a conblned sfgnature

FATI LT

nor¡na1

"t"2
xtx3

" I "4

)ttx5

VY"I"6

"r"7
Xlxg

xtxg

YY"i"t0
xtXr 

t

XtXt2

xzx3

YY''2"4
YV"2"5

xzxe

x zxl
xzxa

xzxg

YV"2"10
VV"2"1I

ll5

coefffclent6 t0 to r(lo) "nd 
the 6econd

to .(tZ). Fron thls matrix we aee that

for Ehe arlthmetlc and logfc unlt 1s

t0r t3t t5, t6,

r0 rl 12

2r76 48 l6

2208 32 32

2208 32 32

2216 40 16

2216 40 t6

2232 56 16

2232 56 I 6

2024 -168 8

1960 -168 I

lB64 -296 -8

2120 -40 24

1928 -296 2¿+

2192 64 16

2200 48 24

2200 4 I 24

2216 48 4 0

22t6 48 4 0

1976 56 -184

1976 24 -t84

1816 t't1 -312

2136 40 -56

.g and rl0 at

r3

t6

r4

32

32 32

32 32

16 40

16 48

t6 32

16 32

8 t6

I t6

24 - l6

-8 48

24 48

t6 32

l€' 24

t6 16

16 32

t 6 32

B 16

I 16

24 -16

-8 48

output

r6

6A

r5

32

32 64

32 6tl

48 64

40 64

32 56

32 80

16 32

16 32

¿8 -32

-16 96

48 ,06

32 64

t6 64

24 64

32 40

32 48

t6 32

16 32

48 -32

-16 96

r7 r8

6L -384

64 -384

64 -384

64 -392

64 -392

80 -408

56 -408

32 -168

32 -424

96 -424

-32 - 4? t4

96 -168

64 -400

64 -408

64 -408

4B -424

40 -424

32 -t84

32 -472

96 -472

-32 -408

r9 r10

-384 -640

-416 -f,72

-416 -640

- 424 - 696

- 424 - 632

-440 -7 44

-440 -616

-456 -696

-168 -696.

-456 -296

-t456 -600

-264 -600

-400 -656

-408 -7r2

-408 -648.

-42t+ -760

-424 -632

-472 -744

-184 -680

-408 -312

-472 -584



xzxl2 t88o

X¡X¿ 2200

x¡x s ?.200

x¡xo 2216

x.3xZ 2216

xgXe 197 6

x¡Xg t97 6

x¡xlo t8B0

x3xt | 2072

x¡Xt2 1880

X¿ X 5 2208

):4 x6 2224

x¿xz 2224

xqxe 1968

x.axg 1968

X¿Tto r776

x¿xt I 2 t60

x¿Xt 2 1904

x_x- 2224)t)

xsxT 2224

X5Xg 1968

)15x9 1968

xsxt0 1904

x5x t I 2032

x5xt 2 1904

xoxT 2240

x6xA t9 52

72

48

48

48

4B

56

24

40

40

72

64

48

LO

56

2l+

40

40

72

4B

4B

56

24

40

40

72

64

56

-3 12 2t1

16 2t1

16 2t+

16 40

i6 40

8 -184

I -184

-8 -312

24 -56

24 -312

00

16 16

16 16

tl 8

211

l6

32

32

t6

I6

-16

48

48

32

48

48

-r7 6

-r7 6

"304

_48

48 96

t6 64

ztr 64

32 40

32 48

16 32

t6 32

4 8 -32

-16 96

48 96

32 6t'

32 4I

32 32

16 32

16 32

¿8 -32

96 -216

64 -408

64 -408

4B -424

40 -424

32 -184

32 -47 2

96 -408

-32 -472

96 -216

64 -416

32 -432

4 8 -t'32

32 -176

32 -496

96 -496

-32 -368

9 6 -240

32 -432

48 -432

32 -t76

32 -t496

96 -368

-32 -496

96 -2t40

64 -448

32 -t 60

ll6

-216 -648

-408

-408

-424

-42t1

-172

-184

-472

-408

-216

-416

-¿1 Jl

- 432

-496

-176

-368

-496

-680

-6t 6

-7 28

-600

-648

-7 I2

-3r2

-552

-552

-672

-7î,4

-656

-7 F, tt

-656

-3Cì4

-592

I
o()

-B

2t1

211

l6

l6

I

I

-8

24

24

8

I

24

-8

21"

16

l6

8

I

24

-8

24

0

B

-304 48

32 48

32 48

16 -r7 6

l6 -176

-t6 -304

48 -4I

48 -304

00

t6 16

-16 96

ç'6

tl g

32

32

32

-32

96

96

64

-160

0

B

-2 t1O -7 20

-432 -7 20

-t,32 -592

-496 -592

-r7 6 -720

-496 -304

-368 -52?,

-2 tl0 - 52P

-4 48 -7 04

-5t,4 -864



xoxg t9 52

x6Xl0 1696

X6Xt r 2208

xoxr 2 t952

xzxe t9 52

xzxg 1952

XzXl0 1952

X7X11 1952

xTxt 2 t952

XAXg I66t1

xRXl0 t536

xgXt I 1792

XgX t 2 20tt9

xgxt0 r536

xgxt | 1792

x9}:12 2048

Y ]¡ IQ?N"I0"tI
xtoxlz 1664

xlixtz 1408

x 
t -0 2224

xr-t 2128

xz-0 2192

xz-1 2160

x3-0 2192

x¡-l 2160

x¿-0 2208

X¿-1 2lttt+

24

40

40

72

56

24

40

40

72

48

64

6tt

96

32

32

0

t6

48

48

0

0

48

48

48

4B

4B

48

I

-8

24

24

o
O

I

-8

24

24

-t6

-32

64

0

32

0

0

I6

-4?,

48

16

l6

0

0

l6

t6

16

l6

I 16

24 -t6

-8 48

24 48

8 16

8 16

2tl -t6

- I 4e,

24 4I

-16 -32

64 -64

-32 128

00

0 64

32 0

00

16 32

48 -96

-48 96

16 32

16 32

16 32

t6 32

0 32

0 32

16 0

t6 0

l6 -160 32

48 -288 96

-i6 -32 -32

48 -288 96

t6 32 -160

r6 32 -t60

48 -32 -2BB

"16 96 -32

4B 96 -288

-32 -64 - 64

12P, -i28 256

-64 256 -128

000

0 128 0

64 0 128

000

32 64 64

96 -192 192

-96 192 -192

32 64 64

32 64 6tl

32 64 64

32 64 64

32 64 64

32 64 64

32 6t+ 6h

32 64 64

ll7

-544 -160 -608

-544 -288 -288

-288 -544 -608

-288 -288 -864

-t60 -544 -480

-544 -t60 -736

-288 -544 -28P

-544 -288 -480

-288 -288 -4BC

-384 -384 -640

-512 -384 -512

-256 -896 -512

-5r2 -r28 -512

-384 -512 -512

-896 -256 -5r2

-128 -512 -512

-384 -384 -384

-128 -r28 -640

-t28 -r2B-1152

-368 '432 -65É'

-400 -336 -624

-400 -400 -688

-368 -368 -592

-4 00 -400 -624

-368 -368 -656

-416 -4t6 -736

-352 -352 -544



xs-o 2208

xs-l 2t44

Xo-O 2240

xo-l 21r2

xz-0 2240

xz-t 2tt2
Xe-0 t7 92

Xe- I 2560

xg-0 17 92

x9-r 2560

XtO-0 153É)

x I O- t 2 8I 6

xt t-0 2048

xtt-I 2304

xlz-0 1536

Xiz-t 2816

48 t6

48 16

48 t6

48 16

48 t 6

48 16

6tt 0

32 32

00

96 32

32 -32

64 64

32 32

64 0

9 6 32

00

l6

t6

t6

16

l6

l6

0

32

0

32

32

0

-32

64

32

0

32

32

32

32

32

32

0

64

0

64

-64

128

64

0

64

0

0 64

0 64

320

32 0

32 6t1

32 6tl

00

64 I28

00

64 r28

64 "128

o 256

-64 t28

r28 0

64 128

00

6t1 -416

64 -352

6t, -44g

64 -320

0 -448

0 -3 20

00

r28, 0

0 -5r 2

128 -256

t28 -5r2

0 -256

- 128 -5r2

256 -256

t28 0

0 -768

tl8

-416 -608

-352 -672

-448 -832

-320 -448

-tt48 -57 6

-320 -704

-5t2 -7 6.P

-256 -5r2

0 -76e

0 -512

-5t2 0

-256 0

-5t2 -512

-256 -7 68

0 -512

-7 68 -7 68

FALI LT

normal

xtXz

"I"3
"t"4

"t"5
"t"6
xtx¡

xtxg

YV" 1"9
xtxto

trl '12
-r28 -640

-l2B -608

-160 -608

-120 -600

-184 -600

-104 -584

-232 - 584

-184 -408

-tB4 -472

-BB -568



xtxtl -40

xtxt 2 -344

xzx3 -t44
x2xq - I 04

xzxs -168

xzXo -88

xzXz -216

x2xs - I36

XzXg -200

xzxto -00
Y v -<Á''2"11 -"
v v -to4."2'-11 L/L'

x¡X¿ -136

x3xS -200

x3xO - t 20

x3xZ -248

v v -'>').,,'3,.8 L J '

x:X9 -168

X¡Xt a -72

x¡xtt -56

x:xl 2 -392

x¿X5 -160

x¿xe -80

-824

-29 6

-624

-616

-6i6

-600

-600

-456

-tt56

-6r6

-808

-3 t 2

-616

-616

-600

-600

-456

-456

" 552

-872

-3 12

-608

- 592

119

x¿xz -2 08 -592

x¿xe -Bo -464

xaxg -208 -464

xaxto -16 -656



x¿xl t
vv"4"t2
Xsxo

xsxz

x5):8

VY"5"9
YY"5" I0
YV"5"r r

VY"5"I2

"6"7

"6"8

xexg

"6"r0
xoXt t

"6"I2

"7"8
xzxq

xzxlo

"7"r r

xlxtz

"B"9
VY"8"r0
xext t
xsxtz

xgxto

xgxtt

xgxtz

-48 -784

-272 -304

-t44 -592

-27 2 - 592

-272 -46t1

-144 -164

-80 -528

-48 -9t2

-464 -304

-r92 -576

32 -480

-224 -480

32 -7 36

-32 -736

-224 -2 88

-352 -480

-96 -480

-96 -480

-3? -9.o2

-608 -288

-640 -r28

0 -256

-256 -5 r 2

-256 -5 i 2

0 -256

-256 -5 t2

-256 -512

120



"t0"1I

"t0"I2
xltxtz
*t"o
xl-l

xz-o

xz-1

x:-0

"3 ¡

x¿-o

x¿-I

x_-0
5

x_-t)
x. -0

t,

x,-1
o

xz-o

xz-l

x^-0
IJ

xa-1

xg-o

"g ¿

x l o-o
xto-l
*tt-o
xt t-t
xtz-o

xtz-l

-384 -1408

-896 -640

-384 -384

-144 -592

-tt2 -688

-tr2 -624

-144 -656

-t7 6 -624

-80 -656

-96 -608

-160 "672

-224 - 6 0B

-32 -672

-64 -576

-r92 -704

-3 20 -57 6

64 -704

-256 -256

0 -1024

-256 -256

0 -1024

0 -512

'25 6 '7 ()8

0 -1024

0 -2s6

-512 0

256 0

t2t



4" Prlorlty encoder 74L47

^a t

^3t

^ó.

rn this example b'e sha11 denonstrate another advantage of

having multíp1e outputs fn a círcuit for lnput fault lsola-

tlon. l{e sha1l find the slgnature for stuck åt faults aE

lnput and fnternal lines and then ffnd the co¡obined lsola-

tfon signature for input stuck at and bridging faults and

see lnhat extra cost þre have to pay 1n terms of additional

spectral coefflclents for fault lsolatlon.

A8c

Xc.

r22

For a clrcuft wfth nultiple outputs lt ls obvlous that

the signature for a stuck at fault (input and lnternal

lines ) rsould have to lnvolve all outputs. Applyfng rhe

technÍque of path analysis t t3] to thls circuit we find that

only Xo and the line marked I are candldates for syndrone



r23

unte6tablltty at output 'A' for a stuck aË fau1t. That is,

a stuck at fault at these lines may or nay not caus" r0

neasured at output 'A' to change value and this Eust be ver-

ified by other nethods. Let us examlne if Èhe clrcult is

rea11y syndrone untestable aE 'A' with respect to a stuck at

f ault at the line narked 'I' and, 1f 1t is, then rÉre shal1

have to use other coefficienÈs to cover this fault. From

tI3l we know that a clrcuit s¡ith n fnputs is syndrome testa-

b1e with respecÈ to an internal line G stuck at 0 1f and

only if

and with respecE

_Jto r t-^
ã(ti-l

where r^ andu rn*I

1s depicted Ín the

+ rn+l )

to #

to G stuck at

rn+1)

are Ëhe spectral

f lgure belor'¡"

1f and only

6"38

r'(xt, x2u Xn) - H(x1, xzu ooo x

Hhen the clrcuft realizing F ls funct

haves as a function of n variables,

if

6 .39

coeffictents of H which

n, c(xio x2u xn))

ioning norma11y, H be-

but when G ls stuck, H



behaves ås a funct fon of n*l varfables wl th the

stuck. In the case of the 74147,- G ls the part

cuft enclosed in the box and H fs the rest of

(refer to the cf rcuf t. shown prevlously)"

At output 'A' 1t is found that r0 = l7 l,

r l0 * 34 2 and ¡¿e s ee that

. I _^t0 É ¡(rO
, t-^É 2(ro

Therefore the circuit 1s syndrome testable with respecË t.o a

stuck at fault on lnt.ernal 11ne I. Also 1t 1s syndrone te-

stable with respect to a stuck at fault at Xg because X9 is

connected to the fnternal llne I by an inverter only " A

stuck aË fault (0, i ) at Xg fmplles a stuck at faulE (i, 0)

at I.

tto)

tto)

r24

n+lth inpr,,a

of the cir-

the circuit

r0 * 342 and

Alternatlvely, qre can check to see if the clrcuit is

syndrome testable wfth respect to a stuck at fault at X9 us-

tng the conditlons given in sectlon 3.5 and conclude whether

1t is syndrome testable with respect to a stuck at fault at

I"

With the presence of multlple outputs the above calcula-

tion fs acÈua11y not necessary. If !/e examlne the circuit

!ùe notice that although Xg and the internal line I are syn-

drorre untestable candfdates for outPuE 'A'" the clrcuit is

syndrome testable at output'D'with respect to a stuck ar

fault at these lfnes, Thls shows how nultiple outPuts can



be beneflcfal

stuck at fault

to fault detect

6 st lnput and

t0 at ouEputs A, B,

Since lre have the A r^'s
U

ture for stuck at faults,

the comblned lsolatfon slgnature

cfents. Let us 6ee tf they are

sfngle lnput stuck at and bridging

matrfx using Èhese 4 coef f lcients

1on. Therefore

fnternal llnes

FAU LT

norma

xtXz

XtX3

Xlxq

xlX5

xtx6

xtxT

xtxg

xtxg

x zxz
xz x¿

x^x-¿>
x zxo

xzxT

xz XB

and

r25

a signature f or

for a 74147 ts

fron each output for the signa-

t would be 1og1ca1 to construct

r^
atuA

171

172

r70

t74

r 66

TB2

150

2r4

B6

r69

L7 3

165

l8t

r49

213

based on these 4 coeffi-

sufficient to lsolate all

faults. [.]e construct the

as shown belor¡.

uiou

410

409

409

413

4t3

397

397

46r

46i

410

414

414

398

398

t4 62

r^
r a'c

392

392

392

388

388

388

388

452

452

392

388

388

388

388

4s2

" 
Ioo

r28

r28

r28

128

r28

r28

i28

64

64

128

128

L28

128

r28

64



xzxg

x: x¿

x:xs

x¡xo

x¡xz

x¡x8

x3xg

X,X-4)

X,X-4b

X, X-4t
VY"4"8
x¿x9

X-X-)b

X-X-)t
x5xg

xsxg

xoxz

X6Xe

xoxg

xzxe

Xz xg

xg x9

xl s-A-0

xt s-A- I

xz s-A-0

xz s-A- i

x3 s-A-0

85

t7 5

167

lB3

l5t

2r5

87

r 63

r7 9

r47

2tl

B3

187

r 55

219

9t

r 39

203

75

235

107

43

170

r72

r72

170

168

462

4t4

4t4

398

398

462

462

410

394

394

458

4 58

394

394

458

458

4t0

47 4

47 4

47 t1

47 4

410

4ro

4t0

408

4r2

4r6

452

388

388

388

388

452

452

392

392

392

456

456

392

392

456

456

392

t+56

456

456

456

392

392

392

392

392

392

64

128

128

128

i28

64

64

r 28

i28

T28

64

64

128

128

64

64

128

64

64

64

64

128

128

128

r28

r28

I28

126



x¡ s-A- I

xq s-A-0

x4 s-A- I

xs s-A-0

xs s-A- I

xo s-A- 0

xo s-A- t

X7 S"A-0

xl s-A- I

xg s-A-0

xg s-A- l

xg s-A-0

x9 s-A- I

t74

r76

166

t60

182

r92

150

r28

2r4

?56

B6

0

342

404

4i6

404

416

404

384

436

384

436

5r2

308

5r2

308

lsolatlon of s

bridging faults

392

384

4 00

384

4 00

384

4 00

384

4 00

5r2

272

5r2

272

A signature for

and single lnput

t28

128

128

128

128

r28

r28

128

128

0

256

0

256

r27

r0 at outPut

t0 aÈ output

Therefore a slgnature for slngle

lnternal ltnes) and lsolatlon of

single lnput bridging faults ls:

¿\

B

and

fngle

for

The signature for lnput

ext ra cos t.

t0 aÈ outputE A, Be C and

lnput stuck at faulËs

his circuiË is ;

stuck at faults (input and

slng1e lnput sÈuck at and

fault lsolatlon fs obtalned at no



We have shobrn thaE spectral coef f lclenËs can be used f or

single fault lsolation at lnputs to a comblnatlonal clrcuft"

Several spproaches to the constructfon of an fsolation si8-

nature for sfngle st.uck at or bridging faults have been pre-

sented. The lsolation of faults wfth the si¡¡natures pre-

sented requires some forur of fault dlctionary. Tt nay be in

the form of b1t patterns or in the form of vectors of lnte-

gers. Each blt pattern or lnteger vector represents unÍque-

ly a parË1cu1ar fault or class of faults. It 1s in this re-

spect that our approaches to fault lsolatlon resenble the

tradltlonal ¡oethod. But the derivatlon of the fault dic-

tÍonary does not requlre any fault slnulation ín our case as

opposed to the traditlonal approach. As a matter of fact it

can be derived fron the fault free spectrum w1Èhout detailed

knowledge of the clrcuft.

Of all the isolatlon slgnaÈures presented u the one which

fnvolves the veriflcatlon of the spectral values is more

practical than the others for the reasons mentloned at the

beginnlng of chap ter 6 " In chapter 6 the aPproach of con-

6tructlng such a signature was slightly nodiffed to Eåke lË

more practiCal. Slgnatures Idere found for several 'real-

Chapter VII

CONCLUS ION

t 28



trrorld'cfrcuits, and 1t vras noted that the

tral coefficfentE of the circults exa¡¡ined

tant part in their slgnatures. Wlth the exceptlon of the

fast carry look ahead adder 7 483 u the slgnatures found for

all of the circults examlned lnvoLved the zero and flrst or-

der spectral coefffcfents, As a natter of facr a signature

composed of zero and ftrst order coefffcfents for the 7 483

can be found using another output. This does not irnply Èhat

the hlgher order spectral coefficlents cannot be used 1n

such signatures but it appears that the lower order ones are

quite sufficlent. In addltlon they have the advantage men-

tloned earller Ehat are not present fn the hlgh order coef-

flcients.

Theoretically, the ldea of fault isolation preEented fn

the prevlous chapters can be extended to mu1t1p1e faults.

The faulty spectra of the circults wlth multiple faults can

be evaluated from the fault free one using a similar ap-

proach to that presented fn chapter 3. ln Practlce the num-

ber of possible cases of multiple faults to be consfdered is

too large to nake ft economl cal1y feasible. For exarrple 1et

us examine the case of lnput stuck 8t faulÈs for a clrcuit

of n lnputs. The number of posslble stuck at faults that

fnvolve f (i ( n) lnpurs regardless of stuck at 0 or sEuck

at I fs , C . But each one of the 1 lnputs can be stuck atLn
oOn or oI'and so the number of Possible faults that lnvolve

i lnputs fs 21,C-. The total nurnber of Possfble multiple1n
faults for a circuf t of n fnputs is

r29

1or.¡ order spec-

played an lrrpor-



z2^, + z3^" + + zt.c +¿nJnln

Even t f we

Etuck at 'I

sould be

are not lnEerested ln

or stuck at 'O', the

^c +¿n
^n

For large n (n

each fault to be studfed lndlvidua1ly"

In the case of brldging faults, the sftua.tlon 1s even

more compllcated" For example 1f i of n lnputs of a circult

are lnvolved in a bridglng fau1t, then thls bridging fault

may be composed, of one, two, three, or up to k bridgings

where k is the larges t lnteger less than i" Therefore the

nuu¡ber of possible faults agaln prohibits the isolation of

each fndividual fault" More work is requlred in the area of

mul-tip1e fault lsoIatlon"

^c +JN

2n

+ .c +1n

r¡hlch of the lnputs 1s

number of multfple faults

10) thls would be too large to allov¡ for

Cnn

t 30

The lso1atlon of faults at ínternal 1lnes can not be

studied the aame way as for fnput faults. An lnput 11ne as-

sociates wlth half of the sPectral coefficients fn a spec-

trun. But the assoclaÈfon of an lnternal lfne to sPectral

coefflctent6 fs not as strafghtforward as fn the case of in-

put llnes Isee section 2"2] " FortunatelY, aE mentloned ear-

ller, the lsolation of these faults ls not of ten necessary,

especial 1y fn the tes tlng of inËegrated cl rcuits. In prac-

ticee a signature for detection of lnternal faults and iso-



l3l

latfon of fnput faults ls nore deslrable and economically

feasible. The slgnature for the prlority encoder 7414 7 pre-

sented fn chapter 6 1s one example of thls.

With such a signature, the isolation of lnput faults 1s

co¡Trplfcated by the fact t.hat an lnternal fault on 6ome occa-

slon6 produces the same ef fect as a slngle or urultlple lnput

fault.

For exanple

In the above circuia Xi and *j are lnputs to an AND gate and

I ls the output fron the AND gaÈe which is an lnternal 1lne.

A stuck at 0 at I cannot be dlfferentiaEed from a stuck at 0

at either or both of tt and Xj, In such a casee lf the

fault ls detected ft can only be lsolated by actually exan-

lnlng the clrcult. Consequently there are several areas of

fault lsola tlon rela ted to the work of this thes ls which re-

qufred furÈher research for their solutlon"

o

ø

\
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Spectrum of

Appendlx A

SPECTRAL COEFFICIENTS OF SOME INTEGRATED
CIRCUITS
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