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ABSTRACT

The Boolean difference is a mathematical concept which has found
significant application in the study of single and multiplc "otuck at"
faults in combinational logic circuits. In this paper, the concept of
vector Boolean difference is extended to the analysis of multiple stuck-
at faults in synchronous sequential circuits. A vector Boolean difference
technique is utilized to determine the set of 1nput/state palrs that will
produce a difference in either output or next-state between the fault-
free and faulty circuits. Assuming that the fault-free and faulty circuits
start in the same initial state, they must be driven by applying a sequence
of input vectors to a state in which either a difference in output or next-
state is evidenced. If a difference in output cannot be achieved immediately,
a second sequence of input vectors must be applied in order to propagate
the state difference to the output. Methods for combining the Boolean
difference analysis with technlques for deriving the required input vector
sequence are discussed.
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INTRODUCTION

Fault analysis in digital circuits has emerged as one of the
principal research areas in fault-ﬁolerant computing. _As LST realizations
ofldigital ¢ircuits have increased in popularity, the problem of genera-
ting fault-detection test sets for complex sequential circuits haé
-increased in importancé.' Significant results have been achieved in
generating tests for combinational logiec circuits under the assumption
that only single-fault situations can occur. However, there are cases
where multiple-fault situations must be considered. Several authors [l],
[2] nave recently extended the Boolean difference technique to the multiple
fault case. In this paper, the concept of vectof Boolean difference is
further extended to the analysis of multiple stuck-at faults in synéhronous
sequential circuits. ‘ ‘

Treating the current state of the circuit as a pseudo-input vector
and the next-state as a pseudo-output vector, a vector Boolean difference
technique is utilized to determine the set of input/state pairs that will
produce a difference in either output or next-state between the fault-
free and faulty circuits. Assuming that the fault-free and faulty circuits
start in the same initial state, they must be driven by applying a sequence
of input vectors to a state in which either a difference in output or next-
state is evidenced. If a difference in ‘output cannot be achieved immedi-
ately, a second sequence of input vectors must be applied in order fo
propagate the state difference to. the output. Methods for combining the
Boolean difference analysis with techniqués for deriving the required

input vector sequences are discussed.

CIRCUIT DESCRIPTION

Consider a synchfonous éequential circuit with m inputs, n outputs,

and b-bits of memory, Figure 1. These quantities are described by the

three vectors



x(k) = 1,0, X,000,...,% ()]

Input Vector = =
Output Vector = ¥(k) = LYi(k), Ye(k),...,Yn(k)]
State Vector = S(k) = Sl(k), sa(k),...;sb(k)]

where k is the time parameter, and X; (k), 1% ism, ¥, (k), 1<4isSn,
and S, (k), 1<3is<b, k=20 are Boolean varlables. Assume that the initial
state of the circuit is a known S(0). Then the behavior of the circuit

can be descrlbed by two vector-valued Boolean functlons
z(k) = glx(k), s(x)], k20 , . (1)
and
S(k + 1) = £[_)§(k), s(k)] , k20 . : | '('2')

Equation (1) for the output function can be decomposed as

~

Y, (k) = “glx(k), 8()], 1si<n , (3)
‘and the next-state function in Equation (2) is equivalent to
s,(k +1) = "f{X(k), 5(k)], 1515b ., (%)

‘Bach line of the circuit is labéled with a unique integer. 1In
addition, the primary inputs‘are'denoted by vector X(k) as indicated
_above, A line numbered j has a logical value Ij[z(k), S(k)] dependent
upon the current valnes of the input and state veclurs. The output
and next-state functions in Equations (1) and (2) can be modified to
explicitly indicate their dependence upon the iogical values of internal

lines as follows:



(k) = 6Lx(k); 8(x), 1)1 (5)
and
S(k + 1) = g[gk), s ), )] (6)
where vector I(k) has the form

100) = [1,,00, 1,00,...,1,(0)] . (1)

These concepts can be illustrated by the logic circuit in Figure 2.
It is assumed that the T flip-flops are properly clocked and possess the

state equation
S(k + 1) = Ts(k) + T S(k) = T® s(k) . (8)

The primary outputs can be expressed in terms of the inputs and flip-

flop states as

Yl(k) = Sl(k) S, (k)
(9)
Y, (k) = X, (k)
The next-state function is described by
8)(k + 1) = X, (k) 8§ (k) + X, (k) 8 (k) = X; (k) ® 8, (x)
(10)

Sp(k + 1) = T),(k) 8,(k) + Iy (k) §,y(k) = I, (k) @ 5,(k)
where

: Ilh(k) = Xz(k) Sl(k) + ')Ea(k) §l(k)‘. . (11)



If we are specifically interested in_lines 10 and 12, we can rewrite
Equation (11) to indicate this, result in

Iy (k) = Tpp(k) + 5y (k) I)o(k) . (12)-
When we are concerned with a specific subset of lines, jl, j2,...,jp, we
will denote the output and next-state functions reéulting from setting
Ijl ='8‘jl’ Ije = 9.32,...,13.p = &, , where a iE:{O,l}, i=1, 2‘,.7.,p, as
E[Z(k), _S_(k), ajl’ aj2""’a‘jp] and E[z(k)’ §_(k)’ ajl’ aj2""’ajp]’
respectively. For example, in Figure 2, if

Ilz(k) =0 and I )=1 ,

10(k

then I, (k) = 5, (k) and Sy(k + 1) = 8, (k) (k) + B (k) B,(x).

FAULTY CIRCUITS

The type of fault under consideration in this paper is representable
as the logical values of g group of lines in the circuit being permanently
stuck at the logical value one (s-a-l) or permanently stuck at the logical
value zero-(s-a-o). Fault situations in which lines I'l’ Ij2""’ij are
stuck at 8515 BypseerBins respectively, ajie{o,l}, i=1,2,...,p, will-
be denoted Ijl(s-a-ajl), Ijz(s-a-ajz),...,ij(s-a-ajp). In Figure 2 the
multiple fault consisting of line 12 stuck at O and line 10 stuck at 1 is
written Ila(s-a-o), Ilo(s-a-l). ’

Assume both the fault-free and faulty machines start in the
same initial state S(0). A test, t[5(0)], for a mltiple fault in a
sequential circuit with initial state S(O) is defined as a finite sequence
of input vectors, the application of which will cause the output of the
fault-free circuit to differ from that of the faulty circuit. A complete

test set for the multiple fault‘Ijl(s-a-ajl), Ijz(s-a-aje),...,ij(s-a-ajp),



denoted ?§(6)[I31(s-a-ajl),...,;jp(sja-ajp)],-contains every sequence of
input vectors which will detect this fault. A minimal test sequence for
a given collection of faults is the shortest sequence of input vectors
which will determine the bresence or absence of'ahy fault in the collection.
The minimal test sequence is-hot nécessarily unique. .

| In considering multiple faults, we must determine the dominating
faults and discuss equivalent faults. Two faults, @ and B, in aAsynchronous
sequential circuit starting in an initial state S(O) are'Said.to be‘"strongly'
equivalent" if the output and next-state fﬁnction‘of‘the circuit with |
fault @, are identical to those of the circuit with fault B. That is

& =8 | (13)

anda
fa=§8_" (1)

"Strong equivalence" (of faults in a synchronous sequential circuit re-
settable to an initial state S(0))is identical to the concept of equiva-
lence of faults in the combinational circuit derived from the synchronous
sequential circuit by breaking all feedback loops and considering the
current state vector as a pseudo-input and the next-state vector as a
pseudo output. ,

As an example, consider the combinational circuit in Figure 3. This
circuit was obtained from the sequential circuit in Figﬁre 2 by breéking
the feedback loops. Line numbers in Figure 3 are consistent with those
in Figure 2. The input and state vectors (Xi,Xe) and (31’32) form the
new input vector to the ¢ombinational c¢ircuit, and the output and next-
state vectors (Yl’Yz) and (SI,S;) form the new output vector.

If faults o and 8 are strongly equivalent, the tests for faults
a and B are identical. Moreover, for some multiple faults, a subset of

the faults may dominate the others in the set under consideration. In



Figure 3, the triple fault Ilh(s a-l), I (s a-0), T (s a~1l) is equlvalent.
to the single fault Ilh(s—a-l) Therefore, it is necessaly-to test only
for the presence of the dominating fault Ilh(s a-l) " A multiple fault
which contains only domlnating faults is called a reduced multiple fault.
Only reduced multiple faults will be considered in the foliow1ng.

In a conbinational cireuit, any multiple fault with dominating faults
has an equivalent reduced multiple fault, and this reduced multiple fault
is unique [1]. Furthermore, only one fault from each set of strongly
equivalent faults needs to be considered in the process of test sequence
generation, since tests for strongly equivalent'faults'are identical.
Thus, from each set of strongly eqnivalent faults in a synchronous

sequential circuit, only one reduced multiple fault need be considered.

BOOLEAN'DIFFERENCE.EXPRESSIONS FOR MULTIPLE
FAULTS IN SEQUENTIAL CIRCUITS

Consider a fault involving the p internal variables
I= [Ijl’ Ijz""’ij]

simultaneously. The vector Boolean difference of the output Y with
rcopeet to I can be derined as

M=

| _ 2, 2 | , -
lej.?...jp = b elX,8,I] ® Gflfﬁ,il . (153)

1]
ja

. | . .
Similarly, the vector Boolean difference of the next state S with respect

to I is

: )
Q L]
jljszp 5 Z F[x S,I] o L3l X,S, :]. | | (16)



In Equations (15) and (16), I = [Eﬁl?iﬁ2""’iﬁp]’ a super-bar means
logical complement, + represents the logical OR operation, and @ is the
exclusive OR. The vector Boolean differences in Equations(15) and'(l6)
- equal one if any term in fhe sum equals one and'équal zero only if every
térm in the sum equals zero. The brimary objective is to solve Equation
(15) for the input/state pairs'that will sensitize the output to differences
‘in the specified internal variables. However, if the output functions do
not depend on the selected internal variables, then Equation (16) must be
solved for the input/state pairs that sensitize the next state to differ-
ences in the internal variables under consideration.  If an internal
variable affects neither the output nor fhe next state of a sequential
circuit, it is unobservable- and may be eliminated without altering the
behavior of the circuit. ’

Define the residual functions of zG[K,g,l] and ﬁF[z,§,lJ as

I’ .

L i A
Go[g,_] = "6[X,5,0,0,...,0] 3 Fo[g,_] = "¥X,8,0,0,...,0] (7)
) ) ) )
‘6,[X,8] = 6lx,s,0,0,...,1] ; Fl[§,§] = F[§,§,o_,o,....,1]
) ) . L ) o v
Gl Xs81 = "6lX.8, p-bit F,[X,8) = "F(X,S, p-bit binary
binary number with number with deceimal
decimal equivalent @] equivalent o]
L ) )

¢ [x,s] = “alx,8,1,1,...,1) 3 “F _ [X,8,1,1,...,1] .
2P 2Py



Using the residual functions defined in Equation (17), Equatioms (15)
*(16) can be written [2] ' -

n .2 o

S s /) ) Tia
. Y=Z Z (m + m )(G ® “ag ) (18)

jij2...jp = £=1 i=0 . i zp-l-i i Zp-l-i

- b 2Pl ‘ :
Q’1'2 . §+ = Z (mi'+ m_ )(LFJ._ ® EF ' ) (19)
Jldee e P - =1 1i=0 . 2p-l“i 2p-1-1 '
where
. —

"I. I. ) . 3 I.
o Jj1 32 - Jp

m = Ijl Ij2 .A. . ij (20)

m = I. I- . L] . I. L]
gP_y 31732 Jp

Reversing the order of summation and regrouping terms in Equations (18)
and (19), we obtain ‘ '

2p-1_1 " n
Q... . Y=Z (m.+in, Z(EG.@’&G (21)
jlja...Jp = 1% L oPaaifem1 VR 2P.1-i

oP-1 4 b | .
Q... . st=2. m, +m 2 (%5 o tF . (22)
jlj2...Jp = 55 17 oPgife=1 \ 1 oPi-i

Consider the specific fault

Ijl(s-a-a.jl), Ijzgs—a-ajz),...,ij(s-a.-ajp) . (23)
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Define

I if a,, =1

Jk Jk
Ijk(?jk) = ) . (24)
Ijk if ajk = O’

The complete set of tests for this particular fault situation can be con-

sidered to consist of two disjoint subsets of tests [1]. Note that in
this section a test, or combinational test, is defined as an input/state
vector which whén applied to the combinational circuit derived from the
given sequential circuit produces é difference in output or next-state
between the fault-free and faulty circuits. Tests in the first subset,
called Type I, attempt to drive the logical values of all of the lines
31, §2,...,Jp to ajlf 532,..;,§6p, respectively. For example, the Type.I
tests for the double fault Ilo(s-a-l), Ilz(s-a-O).in Figure 3 attempt to

set Il = 0 and I,, = 1 simultaneously. Examination of the circuit in

Figureo3 shows thii Ild = 0, 112 = 1 can be achieved by setting
X2 = Sl = 1, The remaining subset of tests, identified as Type II tests,
consists of those tests which attempt to drive only a proper subset of
the lines to logical values which are complements of the faulty values.
In Figure 3, one Type II test for the fault Ilo(s-a-l), Ilz(s-a-o) attempls
to set I10 = 0, 112 = 0. This is accomplished by making the assignmenﬁs:
X, =1, Sl = 0.

For any p lines of a circuit, jl1,3j2,...,jp, there can be 2P pussible
stuck-at faults considering p single faults occurring simultaneously. The
complete combinational test set, consisting of Type I tests, for these

pEE - order multiple faults will be denoted as

+

B(I. I, ...I.)=tQ.. Y+ 0, ~st=1b e
Jj1? —j2°>"*"’7jp llala2---ap— Jjlj2...jp = (5)

Every input/state vector resulting from Equation (25) is a combinational
test vector for at least one of the 2P faults on these p lines. The
compiete set of Type I combinational test vectors for the multiple fault
specified in Equation (23) will be denoted by



. B[?jl(s-a-€jl)', ija(é}a-ajz) ,;..,ij(s-a-ajpi] .

Theorem 1 [2]: cConsider the combinational logic circuit which results -

from a given'synéhronous sequential circuit by regarding the current state

as a pseudoQinput and the next state as a pseudo-outpﬁt. The vector
Boolean functions which describe the output and next state in terms of
input, current state, and relevant internal line values are Y = g£§,§,gj
and §f = Efz,gkzj,_where I-= (Ijl’AIj2";”ij)‘ The complete set of
combinational test vectors of Type I to detect oP possible simltaneous

pEE - order multiple faults on these p lines is

-+
Bt TppeenoTyg) = % T e 8 - 2
2p—l-l [n :
3D IR 2 CLICT
- i=0 oPa1-i/f2=1 - 2Pa1ag

b
+ Z (IZFi ® *¥ ) =1 .
P11/

Corollary 1l.1l: The complete set of Type I combinational tests to detect

the specified multiple fault Ijl(s-a-ajl), Ijz(s-a-ajz),...,ij(s-a-ajp)
on the p lines jl, j2,...,Jp is

B[Ijl(s'a'ajl)’ Ija(s-a-ajg),..(,ij(s-a-ajp)].

= t\le(ajl) 132(352)---ij(351,) "[Qa‘lja...a'p’i * 93132..;:ip§+ =
n - b )
_ L. A& 2 4 » _
H mzp-l-n Zgl:. ( & © G2p-1-n)+ IE ( Fn @ Fap-l.n) t

where the notation defined in Equation (24) is used in Cor. 1.1 and

ajlajz"'ajp is a p-tuple of decimal equivalent T,

|
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Once again consider the fault Ilo(s -a-1), I -(s-a-O) in the combina-
~tional circuit of Flgure 3. lO 12 = 10 2 That is, ™ = 2 and
Py = = -
25 -1-m 1131nce p = 2. m = I10 12° Relevant values of the output and

next-state functions are, using Equations (9) and (10)

L1 . : .
TGy = TG, = 8; 5, | ' - (26)
2 - = ' -
G, =G, = X, . (27)
1 1 . :
- = ; 3 !
F, = F, =% &8 (20)
2 2

F,=1®s_=5, ; F,=85,®s,=8,8,+5, 5, . (29)

From Cor. 1.1, the equation to be solved for the combinational test vectors

is

To1 12[5 ® (sl S, + 5, s2)] =1 . (30)
As discussed previously, IlO = O"Il2 = 1 implies X2 = Sl i 1. Since
8, =1, the exclusive-or term in Equation (30) reduces to 82‘3 5, which

is identically equal to 1. Therefore, by Corollary (l.l), the complete

set of Type I combinational tests to detect fault Ilo(s;a-l),bllz(s-a-O)

is generated by setting X2 = Sl =1, Xl and 82 are unspecified. IEquationa
(26) through (29) imply that the fault will be detected by a difference in

S+ between the fault-free and faulty circuits. In the fault-free circuit,

2

S, = §,, while in the faulty circuit S, = S,.
.. To compute the complete set of Type I and Type II combinational tests
th

for all possible faults, single through p— - order on the p.lines
Jij2...jp, we must compute the vector Boolean differences of the output
and next-state functions with respect to all 2P different combinations of

the A variables I., T.....I. .
P » T1 TgetttTip



Theorem 2[2]: Consider the combinational logic circuit which resﬁlts from

a given synchronous sequentiel éircuit'by regarding the current state as a
pseudo-input and the next-stéte as a pseudo-outpﬁt The vector Boolean
functions which descrlbe the output and next state in terms of input,
.current state, and relevant internal line values are Y = G{X S, I] and
= F{X,8,I], where I = (Ial’ IJZ’°"’IJP)' The complete set of Type I
and Type II combinational test vectors to detect all possible fault situa--
“tions from single through p—}—1 -~ order on the p lines 3132."Jp is

+ + | A +
A Iy I, 05000l [ =23t[Q., ¥Y+0,. 8 +Q,. Y +0Q, ceot 0, +0,. 8.
{Jl’ j2’ ’JP] {I:Jl— 1 = je it Vel Yp 2t Yp B
+
+ lejz Y + leja S ...
. -
Q... LY+ Q. .S =1 .
jlj2...jp = jli2...jp = ;.

Corollary 2.1: The complete set of Type I and Type II combinational tests
to detect the specified multlple fault: Igl(s a-a l> Ijz(s a- aJa) ey
I .

s-a- on the p llnes Jl, j25...5Jdp is

JP( JP)

'

G[Ijl(s'a'aj;)’ ij2(s-afaj2>"'"ijp(s-é'ajp)-: tlel(Eﬁl)[le Y+ le §f]

- _ [
¥ Ijz(ajz)[ﬂjz‘l'+ 2 §+]+'“+ Lip 25p) “p X %p 8 ]
* 15(851) Tal®s )[ sage L+ 0 §+]*?“' - o
+ 1, (a) Ija(;ja)'"ij(sz)[ﬂjljz...jp Y + lejz...jp §+] _1l,

Again considering the fault I,,(s-a-1), I,,(s-a~0) in Figure 3, the

equation in Cor. 2.1 becomes

10(0)[ Xy +] * I12(1)[912 I+ §+] | (31)

+ IIO(O) I12_(1)'[Qlo,la Y+85,108 ] =1 .

13
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Referring once again to Equat1ons (9) and (10), we see. that only S a

function of I,o &nd I, Equatlon (31), therefore, becomes

= + ' ¥ = ' + = ,
o082 * T1p Y Sy * Ty Tp g 10 8, =1« (32)

Equation (32) implies that

- o+ ‘ + = ' + |
Tio o Sp =1 or I, 0,8,=1 or IjqT, 80,8 =1. (33)
) + = _ _ . .
Since {8, = §), we must have S, = 0, I,, = O for the first term in
Equation (32) to equal 1. Thus, X, = 1, 8, =0 is one Type II test for
the fault I O(s -a-1), I (s a-0). If this test is used, the fault-free
circuit will have a next-state function for S of the form 82 82. The
 faulty circuit will have S 52. ‘
+ . +
Another possibility occurs when I, 012 S, = 1. 912 S, = 8; + X,
Therefore, §1nce I12 = 31Xé,
I, 0. S =X 8 (3k4)
12 12 Y2 T e 1 ' 3

‘Setting Equation (34) equal to 1 implies X, = 1, 8§; = 1. In this case, the

fault-free circuit will have 52 = 82 and Lhe faulty circuit will have S; =4

The third term of Equation (32) equal to 1 results in the condition

2.

X2 = Sl = 1 as discussed in the section on Type I tests. Thus, the com-
plete set of Type I and Type II combinational tests for the specified
fault Ilo(s-a-l), Ilz(s-a-O) is {(x2 =1, 8 =.o)? (x2 =1, s = 1)} .
Or, -reducing the test set by noticing that setting X2 = 1 produces a
combihational test for the specified double fault regardless of the value

of §,, we conclude that the desired test set is {Xé-= l} .



DETECTING AND DIVERGING STATES

If the circuit is in é detecting state for faﬁlt T, an input can be
applied that will produce a differenée in output between the fault-free
and fault-m circuits. Let Z: be the. set of detecting states for fault m.
Then for any state g € Z:, there exists an input vector x such that the

pair (x, g) is a solution to the equation

I:jl(g_jl) i1 X +,I52(;j?) 52 X oot i:ip(;jb) jp =
| * I.J'l(;.jl) 152(532) Q4150 X *ees | (35)
" T3(35) Tgel2eh - Typ(3sp) RIEONE B
where
| (ajlajz"’ajp)z = wlé : :',; | (36)
It'may happen that no detectihg;states exist for faﬁlt'ﬂ; i.e., Z: = ¢.

For example;'this is the case in Figure 2 for the fault Iio(s-a-l),
Ile(s;a-o). Since neither output is a function of the faulty lines, no

input/state pair can be applied that will cause a difference in output

between the fault-free and faulty circuits. waevér,Ainput/sfate pairs

exist that will cause a difference in next-state betﬁeen the fault-free

and faulty circuits. Specificelly, for the fault Ilo(s-a-l), Ilz(s-a-o)

as disgussgd in the previous section, setting X2 = 1 will cause a difference

in next state between the fault-free and faulty circuits in Figure 2 for .

any initial state. .

If 2: is the empty set, we must consider 2;, the set of‘diverging
states for fault v, When the circuit is in a diverging state for fault m,
an input can be applied that will cause the next state of the fault-free
circuit to differ from the next-state of the faulty circuit. The input/

state pair is a solution to the equation

15
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a‘jl) Qj.l '

Ijl( st

+1(@5) Tp(Ee) P 8 e - (37)

* T () TeBe)Tip(Em) Yuse...p & =1 -

The difference in state must then be propagated to an output in order for
the fault to be detected. As mentioned earlier, every state is a diverg-

ing state for the fault Ilo(_s-a-l), I -a-0) in Figure 2.

12(8

DETECTING FAULT T

Given that the initial state of the circuit is §(0) for both fault-
free and faulty circuits, the problem is to generate a sequence of input
vectors that will detect fault . This can be accomplished by a modifi-
cation of the successor tree technique.

If the initial state §(O) € Z:, we are guaranteed that a sequence
of length 1 exists. That is, we can find an input vector that will
immediately detect fault ™. However, if S(0) ¢ Z:, we must either drive
the circuit to a state in Eg or drive the qircuit to a state in Z; and
propagate the resulting difference in state between the fault-free and
faulty circuits to an output. In either case, the successor tree is a
useful technique for keeping track of the states reached and the outputs
generated by thelfault-free and faulty circuits. When combined with the
Boolean4difference méthod applied to the combinational circuit resulting
from tho original semuential circuit, efficient test sequences can bé .
generated. A .

Define g _[X,S] and £ _[X,S] to be the output and next-state functions
respectively of the faulty circuit. For the fault Ilo(s-a-l), Ilg(s-ago)
in Figure 2,



g,lX,8) = ¥y =8 8, ~ (38)
glX,8] = (Y, =X, (39)
1 PO -

£ [X,8] = 1S, =% 98 (40)
2 + =

fn[X,S] ‘= nSp =8, @8 (hl)

These equations cofrespond to Equations (9) and (10) for the fault-free
circuit. ’ o e
Consider now the generation of a test sequence for the fault
Ilo(s-a-l), I12(s-a-0) in the circuit of Figure 2 starting in state
Sl-= o, 82 = 0. The example fol;owing Cor. 2 .1 shows that no detecting
states exist for this fault, but that all states are diverging states;
i.e., Z: = ¢ and Z; = U, where U is the universal'set. Furthermore, the -
Boolean difference procedure produces the result that setting X2 =1 will
cause a difference in S; bgtween the fault-free and faulty circuits. This
information is entered in the successor tree as indicated in Figure L.
Only one entry is made in each position because the results for the fault-
free'énd faulty circuits are jdentical. Note that the elements of the
input, output, and state vectors are written horizontally,.and~Xl(0)'is
left unspecified. The alternative possible input, Xl(O) 0, is not
followed up immediately. However, all alternatives are saved for future

reference.

The next otate for the faull-free circuit (Equation 10) is’

+ . + ; . B -
S, =X @0 = X)» 85 = 8 @ s, = O. quatlons' (40) and (41) 1mply that

+ + . s . s . e e .
“Sl = Xl’ TTS2 = 1 in the faulty circuit. This information is entered in

information is entered to the left of the faulty circuit information,
and the two vectors are séparated by a comma.
Equations can now be written to ascertain the input required to

cause a difference in output at t = 1.

the successor tree as indicated in Figure 5, where the fault-free circuit

17
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1= Yl(l) ® &Yl(l) = sl(i) s2(1) ® TTsl(l) ﬂs2(1)

X,(0) - 0® xl(o) 1 | (k2)

x,(0) .

‘Therefore, if Xl(O) = 1, a difference in output will appear at time 1

for any input at time 1. This information is entered into the next
refinement of the successor tree in Figure 6. Thus, the desired test

sequence is 11, X,(1) X.(1) where X.(1) and X_(1) are left unspecified.
1 2 1 2

CONCLUSIONS

It has been shown that the Boolean difference method, a powerful
tool for the generation of test sets for combinational circuitry, can
be effectively utilized in the synthesis of test sequences for multi-
output synchronous sequential circuits. Boolean difference equations
provide compléte sets of combinational tests for Lhe circuit derived
from a given sequential circuit by treating the current state as a pseudo-
input vector and the next state as a pseudo-output vector. When this
information is combined with a successor tree technique for treating the
sequentiality of the circuit, it becomes a straightforward procedure to

derive test §equences for synchrunvus sequentiel circuits.
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8266 E.
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D.
L.
w.
H.
H.
A.
A.
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