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Abstract

This paper deals with a fault diagnosis technique for acyclic switching networks, For this purpose, two useful
theorems are formulated and algorithms are deseribed for generating the complete test sets for single as well as
all possible rultiple faults on any number of hnes of the network. Ilustrations showing the apphcation of the
theorems to fault diagnosis are also offered,
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1. Introduction

Fault detection in combinational logic network is one of the principal areas of current
research. Of a number of techniques’ ~*? reported for the detection of fault in a
combinational network, the techniques® ~2 based on the concept of boolean difference are
attractive in the sense that they offer a direct analytical method of obtaining all test input
patterns. But the implementation of these approaches requires the capability of
manipulating boolean expressions.

The present paper reports on the development of a new technique to cater to single
and multiple faults in a combinational network. Following this technique, it is only
necessary to find the expressions of f(X,) and 17(}5 in the sum of product form when the
single fault on any line i is under consideration. Similarly, to generate the complete test
set for all possible muitiple faults on any p lines iy, is,..., I, it is only necessary to find the
expressions of f(X,‘, X'z’--"*le) and f‘(X,'I, Xipeeo Xip) in the sum of product form.
Finally, the complete test set generation in the cases of both single and multiple fault has
been reduced to finding the intersection of two sets {F,} and {F,} and as sugh 11?8
tedious steps of algebraic manipulation, manual labour and computation time required in
the techniques'~® based on the concept of boolean difference can be easily dispensed
with,
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2. Theorems

Theorem 10 If f(x,, X3,....X,) were a logical function realised by a combinational fogic
circuit, then the complete test set for single fault on any line i of the nctwork is given by,
Ty = {F,} () {F2}.

where F, is the logical function obtained by taking the boolean sum of each product
term of f(X ) disregarding X, or X, present in cach of them, and F), is the logical function

obtained by taking the boolean sum of each product term of/()( ) disregarding X, or X,
present in each of them.

Prooft The most general form of the [unction f{x,, x,....,x,) when expressed in terms

of X, is given by, f(X)=g,X,+g,X,+g, where g,, g, and g, are all functions of
primary input variables.

Now, [(X) =g X, + g, X;+g:(X;+X)

=Gi+g) X+ (g2 +aa) X,

=fiXHAX, where fi =g, 445, =92+ 45
Hence, F, =f‘+f2,

FX) =X ALK =+ K)o+ Xy=F o+ XTAT X,
Hence, F, =f}+fz+f1f2=f)+f;(l+ﬁ =7+7,
Now, Fi-Fy =1+ )i+ =/t =1 &L

But the complete test set for single fault on line i is given by,

T(iy= { Lg{f— },where Ed)é - is the boolean difference of f with respect to X;.

1

Now since f=f(X )= f,X,+/,X, hence we have,

af
,_m-.j(X =NGAX, =0)=f, @f,.

Hence the complete test set for single fault on line i is

T={fi®fr=1}={t:F Fy= 1} ={F,} ﬂ{FZ}
Hence the theorem.

Theorem 2. 1f f(x,,%,,...,x,) were a logical function realised by a combinational logi
circuit, then the complete test sct for all possnble 27 simultancous muitiple faults on any
lines iy, i,,....i, of thecircuitis given by, T {F,}() {F,}, where F, is the logical function
obtained by takmg the boolean sum of edch product term of f(X;, X,,-- )d]g
regarding the Xs present in that term, and F,, the logxcal function obtamcd by lakmg the

boolean sum of each product term of f(X, ,X,, ,X,-) disregarding the Xs present in
that term. ’
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proof The theorem has already been proved for p= 1. Let us now prove the theorem
for p=2, i.e. for two lines / and j (say). Now, the most general form of the function
%2005 X} When expressed in terms of X, and X is given by,

X X)= 01X+ 02X+ 03X 4 0. X 4 g X X+ g XX +9,X .8+ X X, + g,
0
where the gs are all functions of primary input variables x,,x,,....,x, only.
The above expression can be written as
f(Xi’Xj)=lel'Xj+f2Xin+f3‘XlX]+f4XiX—J 2
where the fs are new functions of primary input variables x,, x,,...,x, only; and
fithtfitfi=g1tgat g3+ aatgstgstdr+gstgo.

Then f; +f; +f3 +f, = The logical function obtained from (1) by taking the boolean sum
of each product term of f(X,X ) disregarding the Xs present in

that term
=F, (say).
In a similar manner, we have,
fi+f+fs+7, = The logical function obtained from (1) by taking the boolean sum of
each product term of mdisregarding the X's present in that term
=F, (say)

Now, from relation (2) it can be readily seen that

fi=fX, =LX,=D)=f(1,1} f,=fX;=0X,=1)=/01)

f=fX;=1X;=0)=f(1,05 fo=f(X;=0 X;=0)=s(0,0)

From theorem 3 of Ku and Masson>, we know that the complete test set for all possible
simultaneous multiple faults on any two lines i and j is given by,

i df =1}

Te=s et ——+
{th, X, X.dX,

where dffdX; and df/dX ; are the first-order boblean differences of f with resp_ect to X; and
X, respectively, and d*dX,dX , is the second-order boolean difference of f with respect to
Xoand X ;.

J

Now, fif‘+ df+ d*f

dx, dX, dXx,dx;
=[/0, X) & £(1,X ) T+[ (X, 0 ®f(X: DI+ LA @ S0
®f(1,0) @ f10,0 %
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=X, (L®fi)+ )?,(]Lc(f;‘_/;;) +X (s ® )+ Xf(f;t®f2}+(f1®fz Dfy®f).

(By Shannon’s expansion theorem)
Nowleta=f, & [ b=/, B fe c=f, ®f d=fz @ f4-

S

Under this condition we must have,

a®b=c®dandalsoa@c=f,®fyand b®c=f @f, @
Thus we have,

di){; g{% E?;{YJ =Xa+Xh+ X+ Xid+@@D){c@d)
(Since from (3) and (4) we have, [, @£, ®f; ®fL=aDb=c@®d=a®h)(c@®d)

=X X{a+b+c+d+ X X (atb+c+d)+ XX, (a+b+c+d)

+ XX (athtet+d

=at+b+ctd

Again, (fi+th+fi+f) (N +H 4+

=1 L)+ (L @) T OL)+H () O+ L)+ @)

=a+{a @) +b+(b@)+re+d (Using (3) and (4})

=a+b+ctd

. v )
Hence we must have, dzﬁ-dxli-dv-—ﬁf;
=i+ ot T AL+ )= F o Fa

Thus the complete test set for all possible multiple faults on the two lines i and j is given
by,

T={t:F,-F, =1} ={F} () {Fa}.
Hence the theorem is true for p=2.
The extension of the theorem for p > 2 is now obvious.
3. Algorithms for complete test set generation
Case 1:  For single fault

Step I: To find the complete test set for single fault on any line i of the combinationa%
network, express the primary output of the network in terms of X; in the sum of products
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form and denote it by f(X,) and hence find f(X) also in the sum of products form.

stgp 2 From the expressions of f(X) and f(X)) obtained in step 1, compute the
functions F, and F, by disrcgarding all the Xs present in the product terms and then

taking the boolean sum of all the product terms of f(X ) and f(X ), respectively.

Step : Obtain the required complete test set as T(i)= {F,} ﬂ {F,}.

Case 2: For all possible multiple faults

Step I: To generate complete test set for all possible multiple faults on any p lines
ij, izsee» I, Of @ combinational network, obtain the expression of f(X:, Xi,..., X4) in the
sum of products form and hence find the expression of fiX,,X,,....X,) also in the sum
of products form.,

Step 2: Disregarding the Xs present in all the product terms of fX,X,,....X,) and

fX,,X,,...,X,), obtain the boolean sum of all the terms of FX, XX, ) and

X Xip X s )E,:), respectively.
Step 3 Designate the two boolean sums obtained in step 2 as F, and F,, respectively
and obtain the required complete test set using the formula 7= {F,} [} {F.}.

4. Tlustrative examples

Example 1: Let us first consider the network of fig. 1. We would like to generate the
complete test set for the detection of S-a-0 single fault on the line i (as indicated in fig. ‘1)
of this circuit. Then associating the logical variable X; with the line i of the above circuit,

we obtain,

SX = (X2 + X+ x, Xy X3+ 25+ x5+ X+ )

=X+ X%y + Xy Ky 0y + Ty g+ X3)

FiG. 1. Combmational network of Example 1.
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= +X xvﬁ-(vc +x1)\,+(h+\4)\3]

= (X X ) (X4 X (F + X2) 06 T 830+ X5) (63 + %)
= (X, +xx) (2, + X, 55) (x5 + Xa%,)

=X+ %)X+ 18, 0,5,)

=X (.\'Zx3 R XK, ) X XXXy

Hence, [ X

=[X,+x, +X,+x4+x1+x3+.\'2+x2+x4+x31

= X%+ X %+ x, %, +Kpxy + X85+ X%,
(as calculated earlier)

Thus, we have, F; = 3,X;+ X, $,8,%, + X, XX3X, = XpX3+ X, 8,535,
and Fp= X+ 8,40, %, + X H 08 G = 4 5+ 5+ 8
{Since x+xy=x+yand x+xy=1x).
Thus, F, = {¢11¢.0000} and F, = {0¢¢¢, 9099, pd0¢, pod0}.
Hence, T()={F,}{){F,)
= ($114,0000} ) (0, dOpe. $P0b. $$$0}
= {0000, 011, 1110}.
The complete test set for line i stuck at O is then given by,
T(Line i -s-a-0)= {X,) (\ T(}
= (%5} T0
= {$00¢} () {0000,011¢, 1110}
= {0000}
- {0}.

Now let us obtain the complete test set for all possible 2% or four simultaneous

multiple faults on lines { and j (as indicated in fig. 1) of the network of fig. 1. We have
then,

FE XY= X%, + X+ X b x, +xp+ X0+ X5

= Xif1+Xj+Xif4+iz)E4+x3

=Xx, +X;+ XXa+ Xp%at XaX,y
= (X Fx0) XX+ x0) (% + X3) (%3 + )
=X (X4 x1%0) (3 + X, %)
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=X (x5 X, + x,X3X, + %,5,X )
=3 X X x X0, X+ %,%,X,X,
Hence, F; =X3tx xsx,+ X8, = X3 +X,%,.
Again, F(X, X )= X8+ X, + X+ x5, + Kx,.
Hence, F, =X, +1+X,+x,8;+X3x, =1,
Thus, [F,} = {$91¢.$0¢0} and {F,} = (pppe}.
Hence the complete test set for all possible 2% or four types of simultaneous multiple
faults on the lines i and j of the network of fig. 1 is then given by,
T={F} ﬂ {Fa}
= (b1 4040} ) (9960}
= {¢16, p090}
=1{0,2,3,6,7,8,10, 11, 14, 15}.
Example 2: Let us now discuss the application of the above theorems to generate

complete test sets for the combinational logic circuit of fig. 2. Let us first apply theorem 1
to generate the complete test set for single fault on line 1 of the circuit of fig. 2. We have
then, f(X)=X,x,%;+ X %,x; and hence f(X,)=X +X,%3+x,x; Thus we have,
Fi=x,%;+%,x; and  F,=1+3%,%+x,x3=1. Hence, {F,}={410,¢01} and
{F,) = {¢¢@}. Thus the complete test set for single fault on line i is given by,
T()={F,} [ {F,} = {$10, $01} = {1, 2, 5, 6}.

Now, let us obtain the complete test set for single fault on the internal line 13 of the
circuit of fig. 2. Then we have, f(X,;3)= %%, 5+%x;X;; and hence f(X;3)=
X+ %,%;+ X 5. Thus we have, F,=%x,+%x; and F,=x,+%,%3+1=1 Hence,
{F\]={01¢, 041} and {F,}= {¢p¢}. The complete test set for single fault on the
internal line 13 is then given by,

T(13)= (F,} () {F,} = {016, 041} = {1,2,3}.
Ip a similar manner the complete test sets for single fault on the remaining lines of the
cireuit of fig. 2 can be generated.

FIG. 2. Combunational network of Example 2.



5

392 P. R. BHATTACHARIEE ef al

Finally, let us discuss the application of theorem 2 for generating the complete test set
for all possible 2° or eight simultaneous multiple faults on lines 4, 13 and 14 of the
combinational network shown in fig. 2. In this case, we have, f(X, X, X J=

o v N 14)
%, X (X3t x3X (3K 0 and flXy, X3 X2} = 0¥+ OX L+ 6,X+ X, X, +X .. Hencg,
Fi=x,+x; and F,=5%+5+5+1+1=1 so that {F}={pld,¢dl] and
{F,} = {p¢¢). Thus the complete test set for all possible 2° or eight multiple faults oy
lines 4, 13 and 14 of the circuit of fig. 2 is given by,

T={F}(\{F2) = {$1¢. 991} ={1.2,3,5,6,7).

5. Conclusion

In this contribution, a new technique is described for the detection of single and multipte
fanits in a combinational network. For MSI chips, the present scheme is superior to the
boolean difference methods because of the following: (i} The key issue in the present
scheme is to find the expressions of f(X;) and f(X,} or to find the expressions of f(XF,
P, N X,) and X Xo)ees X} in the sum of products form. Thus the tedious steps
of algebraic manipulation involved in the evaluation of first and higher-order boolean
differences and hence to arrive at the complete test sets in the boolean difference
methods! ~® can be dispensed with. (i) Since the complete test sets are finally obtained
by finding the intersection of the sets {F,} and [F,], the diagnosis algorithms in the
present scheme will be more easy to apply compared to the boolean difference techniques.

In spite of the above advantages of the present scheme, such a line-by-line testing of
the network will be troublesome particularly for LSI chips because of the extra cost that
will be called for in diagnosing faults in the circuit. In such a case one would prefer using
a simplified test set merely to detect the presence of such faults and if a fault exists, the
question of replacing the entire circuit rather than repairing it must be considered.

Notations

L X; Let f(x;,X5,...,%,) be a logical function realised by a Fombi-
national network. Then the logical variable associated with any
line i of the network will be denoted by X,

2. f1x) : Let f(xy,X5...,x,) be a logical function realised by a combi-

national network. The primary output of the network can be
expressed in terms of X, and denoted by f(X,).

3K Xy X Let f(x1X;...,X,) be a logical function realising a combi-
national network. The primary output of the network can be
expressed in terms of the logical variables X,X,X.-Z.---’Xx,
associated with p lines iy, iy, ..., i, of the network and denoted
by fIX,,, X, X )

.
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