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Abstract 

This paper deals with a fault diagnosk technque for acyclic switchmg networks. For this purpose, two usclul 
theorems are rorrnulated and algorithms are described for generatmg the complete tcst sets for single as well as 
all possible rnolUplc faults on any nurnbcr of lmcs of thc network. lllualralions showing (he appl~calion of the 
theorems to fault diagnosis are also oll'ercd. 
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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'-'2 reported for the detection of fault in a 
combinational network, the techniquesI9 based on the concept of boolean difference are 
attractivc in thc sense that they offer a direct analytical method of obtaining all tcst input 
patterns. But the implementation of these approaches requires the capability of 
manipulating boolean expressions. 

The present paper reports on the developmcnl of a ncw technique to cater to single 
and multiple faults in a combinational network. Following this technique, it is only 
necessary to find the expressions off.(X,) and f-,) in the sum of product form when the 

single fault on any line i is under consideration. Similarly, to generate the colnplete test 
set lor all possiblc multiple faults on any p lines i , ,  i z ,  ..., i, it is only necessary to find the 
expressions of f ( ~ , ~ ,  x ,I,. . . .,x,) and f(Xi,, X  ,,,.. ... X , )  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 (PI; and {F,} and as such the 
tedious steps of algebraic manipulation, manual labour and computation time required in 
the based on the concept of boolean d~fference can be easily dispensed 
with. 



2. Theorems 

Thcormr I :  If f ( x , ,  x2, .  . . ,:,) were a logical function realised by a combinational logic 
circuit, then the complete tesl set for single l'auit o n  any line r of the nctwork is given by, 
T(;)= :F,; n ( ~ ~ 1 ,  
where F ,  is the logical function ohhincd by laking the boolean sum of each product 
tern, of,f(Xi) 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 o l / ( ? ~ ~  disregarding X ,  or X ,  
present in each of them. 

Proof! The most general form of the (unction j'(s,, ~ 2 , .  . . ., x,) when expressed in terms 
of X, is glven by, f(X,)=y,X,+g,X,+(l , .  where (1,. g2 and g3 are all functions of 
primary invut variables. 

But the complete test set for cingle lault on lme i  is givcn by, 

df . 
T i  = : = 1 1, h e  - - IS the boolean difference off with respect lo X.. 

d X .  

Now since f = f(X,) =.f,X, +JIX',. hence we havc, 

Hence the complete test set for single fault o n  line i  is 

T(i)= [t:f, 0 J 2 = 1 ) = { t : F 1 . F I =  I ) = { F l } n { F 2 ]  

Hence thc theorem. 

Theorem 2: If f (x, ,  x,,. . . , x,) were a logical [unction realised by a combinational h l c  

circuit. then the complete test set for all possible ZP simultaneous multiple faults on any p 
I linesil.i ,....&of thecircuitis given by, T =  {F,} n { F , ) ,  where F ,  is the logical function 

obtained by taking the boolean sum of each product term of f(X,<, X,z,...,Xi] dis- 
regarding the Xs present in that term, and F 2 ,  the logical function obtained by taking the 

boolean sum of each product term o f , j % > F ~ J  disregarding the Xs present 
rhat tern. 
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prooj The theorem has already been proved for p = 1. Let us now prove the theorem 
for i.e. for two lines i and j (say). Now, the most general form of the function 
jiX,,x ,,..., x,) when expressed in terms of X, and X, is given by, 

f(xeXj) = ~ ~ X ~ + Y ~ R ~ + ~ ~ X ~ + Y ~ R ~ + ~ ~ X , ~ ~ + S ~ R , X , + ~ ~ X , X , + ~ , R , R ~ + ~ ~  

(1) 

where the gs are all functions of primary input variables x,,x,,. . . .,x, only. 

The above expression can be written as 

f (x ,X,)  = flXiXJ+fzR,Xj+f3X,R,+f4K,H, (2) 

where the fs are new functions of primary input variables x , ,  .u ,,..., x,, only; and 
fItf2tf3+f4=gl+g2f g 3 + g 4 + g 5 + q 6 + ~ 7 + g h .  

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

= F, (say). 

In a similar manner, we have, 

flti;+f3+&= The logical function obtained from (1) by taking the boolean sum of 

each product term of f(X,,Xj) disregardmg the Xs present in that term 
=F, (say) 

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

f l = f ( x , = l , x J = l ) = f ( l , l ) ;  f*=f(Xi=O,X,=l)=f(O,l); 

f3=f(X,= l,xj=O)=f(l,O); f,=f(X;=O, Xj=O)=f(O,O). 

From theorem 3 of Ku and Mason3, we know that the complete test set for all possible 
simultaneous multiple faults on any two lines i and j is gwen by, 

where dfldX, and dfldXj are the first-order boolean differences off with respect to Xi and 
X j  respectively, and dzfldX,dXJ is the second-order boolean difference off with respect to 
X, and Xj. 

Now, df+dr+-?if- 
dX, dX, dXjdXj 



(Since from (3) and (4) we have, .fl O f 2  OJ? 'O fq = a  O h  = c O d  = (a O b)(c  O d ) )  

= ~ , ~ , ( o + h + c + d ) + R , ~ , ( a - i - h + c + d ) + X , R , ( n + h + c + d )  

+ R , S , ( a + h + c + d )  

= a + h + c + d .  

Again. ( f l  +f2 +A +fa) ( f i  +f, +.r4 +L) 
=(.f, @.fJ+( . f z  @ fd+(fj @ L ) + ( S j  @ f d + ( . f i  @ . h ) + ( f z  @ f a )  

= a + ( a  @ c ) + h + ( b 8 c ) + c + d  (Using (3) and (4)) 

df d j  d2f 
Hence we must have, --+ - + ---- 

dX, d X ,  d X , d X j  

= ( f ,  +f2 +f3 +fa)  ( . f i + 3 2  +.L +f") = F l  . Fz. 

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

T = ( t : F , . F , =  I )  = ( F , } ~ { F , ) .  

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 f iu l r  

Step  1: To find the complete test set for single fault on any line i af the combinational 
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,I and hence find jm also in the sum of products form 

step 2: From the expressions of f (XJ and j m o b t a i n e d  in step 1, compute the 
functions F ,  and F,  by disrcwding all the Xs present in the product terms and then 
laking the boolean sum of all the product terms of f(X,) and flX,), respectively. 

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

Case 2: For all possible mulrip/e/uult,s 

Srep I :  To generate complete test set for all possible multiple faults on any p lines 
i,, i ,,..., i, of a combinational network, obtain the expression of,f(X~,, X ,  >,..., X,) in the 

sum of products form and hence find the expression of f(X,,, X,2,. . . , X , n )  also in the sum 
oi products form. 

Step 2: Disregarding the Xs present in all the product terms of f(X,,,X,2,...,X,a) and 
-- 
j IX , , ,X  ,>,. . . . X,"), obtain the boolean sum of all the terms of f (X,l, X,>,  . . . , ( X , )  and 

-- 
fK,,X,l,X,,, . . ., X,,,), respectively. 

S tep  3, Designate the two boolean sums obtained in step 2 as F, and F,, respecthely 
and obtain the required complete test set using the formula T= { F , )  n (F, ) .  

4. Illustrative examples 

Exurnpie I: Let us firsi consider the network of fig. 1. We would l ike  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 i  with the line i of the above circuit, 
we obtain, 

--- 
f ( ~ ~ ) = ( ~ , + x , + x , + x , + x T r x , t x , + x , + x , + x , )  

FG I. Combinauonal network or Exnmole I 



= ~ , P , + R , ~ ~ + x , . ~ , + ~ , ~ , + \ - ~ . ~ ~ + ~ , x ~  
(as calculated earlier) 

Thus,we have, F ,  = x2x,+f,4,.i;,i4+s,x2x,x, = .~~.~,+.~~.f~.?~f, 

and F ,  = .?, + .f4+ .u,f, + fzx3 + s2.f3 + .,s4 = f 1  + .T2 + .f3 + i4 
(Since .r + .f); = s + y and x t xy = I). 

The complete test set for line i stuck at 0 is then given by, 

T(Line i -s-a-0) = {X,) n T(i) 

= {O). 

Now let us obtain the complete test set for all possible 22 or four simultaneous 
muItiple faults on lines i and j (as indicated in fig. 1) of the network of fig. 1. We have 
then, 
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Hence the complete test set for all possible 2' or four types of simultan~ous multiple 
faults on the lines i and J of the network of fig. I is then given by, 

T =  (F,!  n [F,) 

= W l 4 . 4 0 4 0 i  (44441 

Example 2: Let us now discuss the application of the above theorems to generate 
complete test sets lor 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,) = K,x22,+K,.?,x3 and hence f(X,)= X, +2,x3+x,x,. Thus we have, 
F,=x,f,+nT-,x, and F , = l + x , R , + x , x , = l .  Hence, {Fr}={d10,401} and 
( F , ]  = ($4$). Thus the complete test set for single fault on line i is given by, 
T ( l ) = { F , )  {P,} = jdlO, $01) = { I ,  2,5,6j.  

Now, let us obtain the complete test set for single fault on the internal line =the 
circuit of fig. 2. Then we have, f (Xr,)=R,x,Xl3+~,x,X, ,  and hence f(Xt,)= 
. Y I + ~ , ~ , + X , , .  Thus we have, F ,  = xtx,+,?,x, and F ,  = x,+2,f ,+ I =  1 .  Hence, 
{Frj = {Old, 041 ) and {F,] = [ & @ } .  The complete test set for single fault on the 
lnternal line 13 is then given by, 

T(13)= j ~ , !  n : F ~ }  = {old, 041) = j1,2,3:. 

In a similar manner the complete test sets for single fault on the remaining lines of the 
circuit of fig. 2 can be generated. 

FIG. 2. Combinarionai network of Example 2. 



Finally, let us discuss the application of theorem 2 for generating the complete test set 
for all possible 23 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, ,)= 

. . 

X , ~ , X , ~ + X ~ X ~ ~ X ~ ~  and.l'(X4. X13, = f223+ \ : z ~ I J +  - ~ 3 X 4 + X Y ~ 1 4 + ~ 1 3 .  Hence, 
F , = x , + x 3  and F , = ~ , f 3 + . ? , + . ~ 3 + i + ~ = I ,  SO that [F,}=(QIAQdl] and 
{F,} = {+&b]. Thus the complete test set for al! possible 2' or e~ght multiple faults on 
lines 4, 13 and 14 of the circuit of fig. 2 is given by, 

5. Conclusion 

In this contribution, a new technique is described for the detection of single and multiple 
faults 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(Xi) and ~Tx) or to find the expressions off(Xy, 
X',>,. .. , X,") and f(X;,, X,;,.. .. Xi;) 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 

can be dispensed with. (ii) Since the complete test sets are finally obtained 
by finding the intersection of the sets [F, i 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. 

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

Let f(x,,x,,. . . , 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 ix , ) .  

Let f(x,,x,,. ..,x,) be a logical function realising a combi- 
national network. The primary output of the network can be 
expressed in tenns of the logical variab1.e~ X,, , X,,, . . . , Xi 

associated with p lines i,, i,, ..., in of the network and denoted 
by m , , ,  X,>, . . . , X,). 
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