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Truth-Table Verification of an Iterative Logic Array

FRANCISCO J. 0. DIAS, MEMBER, IEEE

Abstract-This paper studies the problem of fault detection in
iterative logic arrays (ILA's) made up of combinational cells ar-
ranged in a one-dimensional configuration with only one direc-
tion for signal propagation. It is assumed that a fault can change
the behavior of the basic cell of the array in an arbitrary way, as
long as the cell remains a combinational circuit. It is further as-
sumed that any number of cells can be faulty at any time. In this
way, testing an array is equivalent to verifying the correctness
of its truth table. That could be done exhaustively through the
application of a set of tests whose size is exponential in N, the
number of cells in the array. The procedure presented in this
paper generates a test set whose size is constant (i.e., indepen-
dent of the number N of cells in the array). Conditions (on the
structure of the basic cell) for the application of this procedure
are presented. A practical example illustrating the application
of this procedure is presented. Bounds for the size of the derived
test set are presented and it is shown how to modify the basic
cell of an arbitrary array in order to test it with a constant num-
ber of tests.

Index Terms-Adder, cell, checking experiment, fault detec-
tion, iterative array, multiple fault, test, truth table.

INTRODUCTION
T HE iterative structure of an array is an attractive

feature for logic design as well as for testing. In gen-
eral, an iterative logic array (ILA) requires less equip-
ment and is easier to wire up than a standard combina-
tional circuit having the same switching function [1],
[2]. Besides the iterative structure of an array is reflect-
ed in highly patterned test sets whose sizes tend to be
smaller than those derived for equivalent random logic
realizations.

This paper considers the problem of testing arrays in
which the cells are identical combinational circuits ar-
ranged in a one-dimensional configuration with only
one direction for signal propagation. Arrays with these
restrictions are the ones which occur in common usage
(e.g., adders, arithmetic logic units, etc.). A typical array
with N cells (N-cell ILA) is represented as shown in Fig.
1. It is assumed that the logic values on the leads of
c (1),x (1),.- ,x (N) are directly controllable and those on
z (1),...,z (N),c(N + 1) are directly observable.
An N-cell ILA is testable if it is possible to detect the

presence of any fault in it, independent of the size of the
array. An N-cell ILA is testable with a constant num-
ber of tests, if there exists a set of tests which checks
the array for an arbitrary value of N.

It is commonly assumed that any failure in a standard
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combinational circuit can be represented by a line (set
of lines) being permanently stuck-at a logic value [3]-
[5]. A more general fault mQdel assumes that a failure
can change the logic behavior of a combinational circuit
in an arbitrary way, as long as no memory element is in-
troduced in it. The faults included in this model are re-
ferred to as the faults in the truth-table fault model
[6]-[9].
The fault mechanism within an ILA can be character-

ized on two levels: cell and array level. On the cell level
it will be assumed the occurrence of the faults in the
truth-table fault model. On the array level it was pre-
viously assumed that at most one cell would be faulty at
any time (the single-faulty cell fault model) [6]-[9].
This restriction is removed in this paper and the case in
which an arbitrary number of cells can be faulty at any
time (the multiple-faulty cell model) is considered. In
this way, the problem of testing an N-cell ILA becomes
equivalent to verifying the correctness of the truth
table of the entire array.
The correctness of the truth table of an N-cell ILA

can be exhaustively verified through the application of
2Nq+p inputs (tests) to the array as illustrated by Fig. 2.
The ultimate goal of this work is to characterize arrays
which can be tested with a constant number of tests
(i.e., the number of tests does not depend on the num-
ber N of cells in the array). Arrays which can be tested
with a constant number of tests were studied by Fried-
man [9] and in a more restricted extent by others [61,
[8]. All these works were based on the single-faulty cell
assumption which is being removed in this paper.

I. BASIc DEFINITIONS AND NOTATIONS

Some investigators [1], [2] observed a direct corre-
spondence between ILA's (of the type considered in this
paper) and clocked pulse-mode sequential circuits with
delay flip-flops for memory elements (synchronous se-
quential circuits). This analogy permits characterizing
the behavior of a cell by a flow table [1], [2]. It is as-
sumed that a typical flow table possesses n rows (n =
2P) and m columns (m < 2q). The logic patterns to the
input (output) carry leads of cell k are referred to as the
states on c(k) (or on c(k + 1)) and the logic behavior of
an N-cell ILA is completely determined by the state on
c (1) and the set of inputs which is applied to x(1),-^,
x (N). It is convenient to introduce the following defini-
tions and notations.

Definition 1: An input (input vector) Ij is defined as
the vector Ii = (sI,ajl,--,aN) which applies sj to c(1), a,
to x (),--,aN to x (N).

Definition 2: The outcome of an input Ij is defined as
the vector OIj = (f1,'-,f3N,sF) which is produced in
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Fig. 1. Representation for an N-cell ILA.

q (p+Nq) input leads

P - typice11P. N-cell ILA
cell

q

(Nr+p) output leads

(a) (b)

Fig. 2. (a) Typical cell of an ILA. (b) N-cell ILA as a single combina-
tional circuit.

z(1),---,z(N),c(N + 1) upon the application of Ij to the
array.

Definition 3: The input I = (si,al...a ) stands for the
input vector which applies sI to c(1), al to x(M),---,,a to
x(i), a, to x(i + 1),--- in such a way that each input of
the array receives the application of a logic pattern.

Definition 4: FSk (si) stands for an input vector which
applies the state si on c(k) and which does not specify
the values on x(k),x(k + 1),...,x(N).

Observe that Definition 4 has presented a partially
specified input vector of the type FSk (Si) = (si,a1i...
ak-ldd...d). The corresponding outcome is given by the
vector (A3l.'..k-ldd...d). It is possible to take advantage
of partially specified inputs so as to concatenate sets of
inputs. For instance, if I, = (sj,aia2X) and X = (7172),
then I, = (si,alaa2yl2). If Y = $Y1,Y2,Y31 is the set of
the sequences Yl,Y2,Y3 then IjY stands for the fol-
lowing three inputs vectors: I Y,1j Y2,1 Y3.
As an example, consider the six-cell ILA whose typi-

cal cell possesses the flow table Fi presented in Table I:

I, = (B,011101) OI, = (O00001,D)

I2 = (A;0111) stands for 2= (A,O111O1)
I3 = (A,Ollddd) can be represented as (A,011) or

FS4(C).

If X1 = (11) and X2 = (010) then 14 = (A,OX11X2)
stands for I4 = (A,O11101).

If Y = MY1,Y21 = 11,011 then I5 = (A,1)Y, also repre-
sented as I5 = (A, 1 Y), stands for the following two-
input vectors: (A,11) and (A,101).

II. DISTINGUISHING SEQUENCES AND SETS OF
IDENTIFYING SEQUENCES

On the basis of the ILA/sequential circuit analogy it
is possible to extend some concepts originally defined

TABLE I
Flow Table F1

0 1

A B/O D/1
B B/O C/O

C A/0 C/o
D A/O D/1

for sequential circuits to ILA's. The ultimate objective
is to adapt the ideas underlying checking experiments
for sequential circuits to the problem of truth-table ver-
ification of an ILA [10]. Consider the following two con-
cepts, originally presented for sequential circuits.

Definition 5: A distinguishing sequence (DS) is an
input sequence whose application to a flow table pro-
duces a different output sequence for each choice of the
initial state.

Definition 6: A set of identifying sequences (SIS) is a
set of input sequences whose application to a flow table
produces a different set of output sequences for each
choice of the initial state.

Let X = IXi,---,Xrl be an SIS for a flow table. The
length of X (represented as IXI) is defined as the length
of the longest sequence in X, whereas the size of X
(represented as IIXII) is defined as the number of se-
quences in the set X. Observe that a DS is a special case
of an SIS, namely, an SIS whose size is equal to 1.
As an example, observe that the flow table F1 does

not possess a DS but an SIS for it is given by the set X
= IXI,X21 = 11,011. The application of the set X to this
flow table yields the following output sequences as re-
sponses:

(A):11,001 (B):10,001 (C):10,011 (D):11,011.
A procedure for obtaining SIS's was presented in [10]

and the following result proved there is stated here
without proof.
Theorem 1: Every reduced flow table [11] possesses

an SIS such that ISISI < n - 1 and |S|SIS| < n - 1,
where n is the number of states in the flow table.

DS's and SIS's were used for the derivation of check-
ing experiments for sequential circuits [11], [12]. Simi-
larly, these concepts will be applied for the construction
of test sets for ILA's.

III. TEST GENERATION FOR AN N-CELL ILA

The derivation of a set of inputs which exercises the
flow table of each cell in the fault-free array is consid-
ered in this section. The set of inputs to be proposed
checks every transition in each cell of the correct array
and for this objective, SIS's are conveniently applied for
state identification purposes. It will be shown in the
next section, that this set of inputs actually forms a
test set for the array.
A straightforward way of checking the transition

atfl
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in cell k is through the application of the input I, =
(FSk(si)aSIS) as shown in Fig. 3. If this basic step is re-
peated for all transitions and for all cells in the array,
then the number of derived inputs is linear in N.
A more efficient way for exercising the array is

achieved by considering the following definition.
Definition 7: Let

a/l3
t: (Si )(sj)

be a transition in the flow table of the typical cell of an
ILA. A loop test associated with this transition [repre-
sented as Lp(t)] is defined as the input vector (eventu-
ally a set of input vectors) I, with the following charac-
teristics:

1) Ii = (Si,o7XZ).
2) X = 1Xi,X2,v--,Xr1, X is a SIS.
3) Z = IZi,Z2,.--Z,1 and |XiZjj = |X2Zd = *-- =

IXrZrI.
4) The input sequence aXkZk (k = 1,2,...,r) drives the

flow table from state si back to state si.
The length of Lp (t) (represented as LLp(t)I) is de-

fined as the value IXiZ1I = ... = IXrZr, and the size of
Lp (t) (represented as |LpL(t) 11) is defined as the value r.
As an example, consider the transition

0/0
t: (D) (A)

in the flow table F1:

Lp(t) = {(D,01101), (D,00101)},
X = X1,X21 = 11,011, Z = Z,Z21 = 1101,01 ,

X is an SIS, ILp(t)l = 5 and IILp(t)tI = 2.

The application of Lp(t) to an N-cell ILA will cause
the application of the transition t to cells 1,6,11,16,---
and the application of an SIS for the identification of
the states on c(2),c(7),c(12),c(17),.... It is possible to de-
fine four shifts for Lp (t) as

I(A,11010), (A,01010)1 j(D,10101), (B,10100)}

$(D,01011), (C,01001)1 1(A,10110), (A,10010)).
These loop tests will apply the transition t to cells

2,7,12,.., 3,8,13,---, and cells 5,10,15,---. In this way five-
input vectors are needed for applying the transition t to
each cell of the array and ten-input vectors are suffi-
cient for checking this transition in each cell (see Fig. 4).

Conditions for the existence of a Lp (ti) are given by
Theorem 2 and a procedure for the construction of
these sequences is presented in [101. The total number
of input vectors is given by

mn

EILp (ti)l ILP (ti) 1

and in the case of the flow table F1, "74" inputs are gen-
erated as shown in Table II. The following definition is
necessary for establishing Theorem 2.

FSk (si)

/

Fig. 3. Checking a transition in cell k.

Cell 1 2 3 4 5 6 7
Number

o i 1 0 1 0 1
(D) (A) (D) -p. (D) -° (A) -* (D). (A)- (D)---_.

O 0 1 0 1 0 0
(D (A) ( 1B) 1(C) N (A) 1(D). (A)- O(B)0

1 0 1 1 0 1 0
(A) so (D)_AMI(A) D)>(D) P (A ) (D)_>wgm (A)

1 0 0 1 0 1 0
(A) 10 (D)_MONW(A)- (B)- 0 (C) (A) p. (D)mo (A) -o

1 1 0 1 ') 1 1
(A) >ow(D) ----- go.(A) ___0(D)MMWb(A) lm (D) p. (D) g

o 1 0 1 0 0 1
(A) B) c(C (A) >(D).,(A) (B) 10 (C)

0/0
Fig. 4. Checking the transition (D) - (A).

Definition 8: A flow table possesses strongly con-
nected components if for any of its pairs (si,sj) of states,
there exists an input sequence which drives the flow
table from state si into sj if and only if there exists an
input sequence which drives the flow table from sj into
Si.
Theorem 2: There exists a Lp(t) for every transition t

in the flow table of the typical cell of an array if the flow
table is reduced and possesses strongly connected com-
ponents. Upper bounds for Lp(t) are given by

ILp(t)l < 2n - 1 + n(n- 1) log2n, JjLp(t)I < n -1.

Proof: See Appendix.
The process of test generation for an N-cell ILA can

be summarized by the following procedure.
Procedure 1: Consider an N-cell ILA whose typical

flow table is reduced and has strongly connected com-
ponents. Let the transitions in this flow table be labeled
as t1,t2,---,tmn. A complete test set for this array can be
generated as follows.

1)Fori l-tomndo:
a) Apply Lp (ti) to the array.
b) Apply the (ILp(ti)l - 1) shifts of Lp(ti) to the

array.
The test set derived by Procedure 1 completely exer-

cises each cell of the fault-free array. It is shown next,
that this test set is sufficient for checking the correct-
ness of the truth table of the array.

Observe that the application of Procedure 1 requires
truncating Lp (t) if N < Lp(t)j. However, it is shown in
[10] that a truncated SIS is still an SIS (in the context
of an ILA) and therefore a truncated Lp(t) can be used
for checking the array. In this way, the results to be de-
rived in the next section are all valid for arrays of any fi-
nite number of cells. The distinction between arbitrarily
large and small arrays [10] will be made in Section V in
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TABLE 11
Test Set Derived by Procedure 1

A B C C A -B

A - B °B C ° A - B
o 0 1 1 B

C °A-B 3 C 1C °A
o 0 B 1 0

AC A -I, B C A

C C ° A - B l C l C

B
I

C ° A - B ° B l C

B 1C 1
C ° A

B
1 1 C

B C I C ° A B C

A I D I D
I

D ° A l D

oI D O ,.A 1B B A 0 D

D A - 1) D ID A

1 1 1 B 1

DA A D A D A

D 1 D B A BD 1 D

A 1 D ° A I D ° A l D

B 1 1 1 0

D D 1D °A 1D
o 1 0 1 0

B A D A B A

B _ B C
0 0 °B

1

A ° B
0

33 I
A 0B B

1 2 3 4 5 6 7 8

1 1 0lC lC °A
° B l C ° A

- B l C I C

- B ° B I C
° A - B I C

0 A ° B ° B
1 0 BA-0B
B 0A B

1 1 0
D

D 1 1 D

I D ° A 1 D

1 A 1D l D

° Al D 0 A
1 D O. A I D
1

D 0A _I D

C A B _. ; C C

C ° A ° B ° 3 ° B 1 C

C 1C A B-l B 1C
c 1 C

0
A B13 0

E3

I
BB 1C A 0.B--LB B

........................

I D l D l D ....

1 1) 1 D ° A

1 I D I D ....

O A
I D I 1)

1 1) 1 1) 1 V ....

D A ..

D 1 D 1 D 1 D 1 D 1 D

D D A D - D A1B 1I
D lD D -D D

1 1D A D _ D

D 1 D
I

D l D I D 1 D

l) ° l 1)1 1DA D

order to give a more detailed evaluation of the upper

bounds to be proposed.

IV. TRUTH-TABLE VERIFICATION OF AN ILA

The validation of the set of inputs derived by Proce-
dure 1 as a test set is considered by analyzing the fol-
lowing testing experiment.

Definition 9: A testing experiment for an array can

be defined as follows.
1) Let AG represent the copy of the correct array and

let AT stand for the array being tested. Let T be the set
of inputs generated by Procedure 1.

2) Consider the application of T to both AG and AT.
If there exists any disagreement between the output
values of AG and AT then obviously AT iS faulty, other-
wise it is said that AT has passed the test set T.

'It would be desirable to show that if AT has passed
the test set TG then- A, and AT stand. for identical ar-

rays. Unfortunately, this is not necessarily true. How-
ever, the following lemma and theorem will show that if
AT has passed the test set T then AG and AT possess

the same truth table and this is equivalent to verifying
the correctness of the truth table of AT.
Lemma 1: Consider the application of two arbitrary

input vectors I, and I2 to both AG and AT (AT has
passed the test set T). Let Il force the state si on c(k) of
AG and st on c(k) of AT. Similarly, let I2 force sj on

c(k) of AG and su on c(k) of AT. Then si = sj if and
only if st = su.

Proof: By induction on the cell number k.
1) Let k = 1. Let Ii = (sa,al) and I2 = (sbWyl). Ob-

serve that there exists two tests T1, T2 in T such that
T, = (sa, ai SIS...) and T2 = (sb,'YlSIS...) which had
been applied to both AG and AT during the testing ex-
periment. Let the outcome produced by the SIS portion
be represented as OSIS(si), OSIS(sj), OSIS(st), OSIS
(sn) as indicated in Fig. 5. In this way, the proof goes
like

Si = S St =Su (la)

Since si = sj then OSIS(si) = OSIS(sj) and since AT
has passed the test set T then OSIS(st) = OSIS(s>). If
st su then AT is an array in which two different states
on c (2) produce the same response upon the application
of an SIS. Hence, a maximum of n -1 different states
are identified on c(2) of AT whereas n states are identi-
fied on c(2) of AG. This contradicts the hypothesis that
AT has passed the test set T. Thus, St = SU.

Si 5]s- St SU. (lb)

Since AT has passed the test set T then OSIS(st) 5

OSIS(s") and thus st s s,. Having shown (la) and (lb)
then si = Sj, iff St = S, fork-. 1.

2) Inductive Step: It is assumed that the lemma is
true for k. Let the application of I, and 12 force the
states SbS2,S3,S4 on c(k) and Si,Sj,St,Su on c(k + 1) as
*shown in Fig. 6. Observe that there exist two tests T1,T2
in T which apply the transitions

ak Yk

(si) (si) and (S2) (Sj)

to the cell k in AG. Let these. two tests be specified as

Ti = (S,c ... 1k-lakSIS...)
T2 = (Sd,a1...* *k-lYk SIS ...)

Let the application of T1 and T2 to AT induce the
states S5, S6 on c(k) and S7,S8 on c(k + 1) as indicated in
Fig. 6. Observe that the application of I, and T1 forces
the same state sI on c (k) of AG. Since the lemma is true
for k -1 then S3 = S5. Similarly, it is shown that S4 = S6.
Inspection of Fig. 6 reveals, that St = S7 and sM = S8. If
Fig. 6 is simplified so as to eliminate the application of
the inputs I, and I2, then a situation similar to the case
k = 1 is obtained and the proof that si = Sj if and only if
St= s is exactly the same as the one given for the case
k =1. Q.E.D.
Theorem 3: Let AT be an N-cell ILA which has

passed the test set T derived by Procedure 1. Then AG
and AT possess the same truth table.

Proof: Consider the application of an arbitrary
input I1 = (Sa,al...aN) and let the outcomes produced
by AG and AT be (f31-...3N,Se) and (Ylv-YN,Sf). The proof
that these two outcomes are identical is given as

1) k = z'k for k = 1,2,.-,N.
Let the application of Ii force the state sc on c(k) of

AG and st on c(k) of AT. Consider the test Ti in T
which applies the transition
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A
G

T1

AG:
1 SIS

/

V OSIS (Si )

AT:

SIs

OSIS (st)

su
~1-

(2) --

\ OSIS (Su)

Fig. 5. Tests for cell 1.

ak

(S,,) (S.)

to cell k in A. This test can be specified as

T= (Sb, 61 ...*k-lakSIS ...

The application of T1 to AT forces the state st on c(k)
as seen in the previous lemma. The outputs produced
by cell k are indicated in Fig. 7 and since AT has passed
the test set T then /k = -Yk.

2) Se =Sf.

As in part 1) of this proof, it is possible to apply a test
T2 (T2 in T) in such a7way that T2 forces Se on c(N + 1)
of AG and sf on c(N + 1) of AT. Since the logic values
on the leads of c(N + 1) are directly observable then Se
= sf, otherwise AT would not have passed the test set T.

Q.E.D.
As a consequence of Theorem 3, the "74" tests given

in Table II are sufficient for showing the correctness of
the truth table of any N-cell ILA made up of the basic
cell given in Table I. Observe that an exhaustive verifi-
ccation of the truth table of this array would require the
application of 22N+1 input vectors.

Observe that even though AG and AT possess the
same-truth table, they may be different arrays. As an
example, consider the five-cell ILA's AG and AT which
are based in the flow table F1 (see Fig. 8). AG is the cor-
rect array and hence, it is made up of five identical cells.
The array AT is constituted by five different cells-whose
truth tables are shown in Fig. 8. The application of the
"74" input vectors presented in Table II shows an
agreement between the outcomes of AG and AT and

T I 1 ()(k-1) (k)

_1 k

1(1) (~~~~~k-i)(k

6k-I Yk

T2 _ _ XS.Xj -

S S2~~~~~~~~~~~~~~~~~~~

2 (- (k

AT
1W k-l k SIS

T S

1 } S (k
I S S~~~~~~~~a S

3 t

J 1Y1 4X~~~ ~ ~~~~k-1; k2 d_6__

Fig.6.ppicaioofI1I1k-1 Y

S ~~~~~~~~~~~~SS

2 ()(k-i)(k

Fig. 6. Application Of I1,I2,Tj,T2 to AG and AT.

A:

a1 Lk-I ak

Ii (~~~~ ~ ~~~k-i(k) --

k

k- k SIS

T 1 k3_-< <
k

AT

la1 k-i Lak

1i (1) (k-I (k)

~1 k-I a SIS

Fig. 7. Application of 11,Tj to AG and AT.

therefore AG and AT possess the same truth table as
proved in Theorem 3.

Actually, there exists a 1-1 correspondence between
the states on c (k) of AG and AT, and this correspon-
dence is a function of k. In the present example, it can
be observed that the fpk's [1-1 correspondence on c(k)]
are given by
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cell 1 cell 2 cell 3 cell 4 cell 5

00 01/0 11/1 00 01/0 11/1 00 01/0 11/1
01 101/010/0 01 I01/0 10/0 01 i01/0 10/0

10o. I00/01 0/0 10 100/0 10/0 10 00/0 10/0

A 11/ 11 00/0 11/1 11 00/0 11/1

00 10/0 01/1 11 JT/o00/1 01 11/0 01/1
01 10/0 00/0 10 11/0 10/0 11 11/0 10/0

'10 11/0 00/0 00 01/0 10/0 10 00/0 10/0

11 11/0 01/1 01 01/0 00/1 00 00/0 01/1

9 2 (00)=(11)

2 (01)= (10)

9 2 (10)=(00)

P (1l)=(Ol)
2

If3(00)=(01)
3(01)=(ll)

? 3(l0)=(10)

P3 (11)= (00)

Fig. 8.

9 4 (00)= (00)

'P44(01)=(11)
C

4 (10)'=(10)

vp (ii)=(0o)
4

Arrays AG and AT.

00 01/0 1l/F1 00 01/0 11/1
01 01/0 10/0 01 01/0 10/0
10 00/0 10/0 10 00/0 10/0

11 00/0 11/1 100FI711/1

00 11/0 01/1 10 01/0 11/1
11 11/0 00/0 11 01/0 10/0
10 10/0 00/0 00 00/0 10/0

0 1/1 01. o/o 11/1

5(00)=(10)
9 5(01)=(ll)

5(l0)=(oo)

5(11)=(Ol)

9 6(00)=(00)
9 (01)=(Ol)

6

6 (10)=(10)

9 6(11)=(ll)

X,1(00) = (00) q0A(01) = (01)
eP(10) = (10) e i(1i) = (11)

(P00o)= (11) sP2(01) = (10)
P2(10)= (00) 42(1l) = (01)

o(00) = (01) p3(O1) = (11)
0(10) = (10) M11) = (00)

The state correspondence '0k can be illustrated by an

example. Consider the application of the input I, =

(D, 10010) to both Ag and AT. Observe that the input I,
is not included in the test set T and thus it had not been
applied to AT during the testing experiment. As shown
in Fig. 9, both arrays produce the same outcome
(10000,A) upon the application of I,, even though the
sequence of states applied to the carry leads of AG and
AT are not the same (Fig: 9). AT can be viewed as a

faulty version of AG, but the fault affecting AT is only
detectable by disassembling the array (or by inserting
test points).

mn
jTj = ,Lp(tA IILP (ti) 1

An upper bound for ITI can be calculated by consid-
ering the bounds given for L (ti) in Theorem 2

n(n -1ITI <mn(n-1)(2n-1 + 2 log2n).

N Small: Assuming that the synchronization portion
of every Lp (ti) is suppressed then the number of tests is
a linear function ofN and can be expressed as

ITtT< (N - 1)mnlSISI + mn
=mn(N- 1)(n- 1) + mn.

Arbitrary Value of N:

TI S. mir{mn(n - 1) (2n - 1 + n(n l)log2n),

mn(N - 1)(n -1) + mn.

V.BOUNDS FOR THE TEST SET T A modification in the flow table of the basic cell of
An implicit assumption in the application of Proce- the array is considered now. The modification to be pro-

dure 1 is that the number N of cells in the array is arbi- posed requires adding one column to the original flow

trarily large. This condition can be made more explicit table as shown in Table III. Observe that the modified
by specifying that N > |Lp (t)I for every transition t in flow table satisfies all the conditions required for the
the flow table. Observe that if a transition t is such that existence of a Lp(ti) for each of its transitions, as shown
N 2< ILp(t)1 then there is no point in using the syn- by the next theorem.
chronization portion of the Lp(t). The bounds for the Theorem 4: Given an arbitrary N-cell ILA whose typ-
size Iof T will be calculated separately for the two cases ical cell possesses- at least one output line, then the flow-
(N large and small) and expressed as the minimum be- table modification proposed in Table III will render this
tween-these two values. array testable by a constant number of tests. Moreover,
N Arbitrarily Large: An exact calculation for ITi is for each transition ti in the modified flow table there

given by exists a Lp (ti) such that ILp (ti)l < 2n and IILp(t )II = 1.

AT:

9 1(0)=(O0)
v (01)=(Ol)

1
v 1 (10)=(10)

v 1(11)=(ll)
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DIAS: ITERATIVE LOGIC ARRAY

cell number 1 2 3 4 5

1/1 0/0 0/0 1/0 0/0
AG D=(11) ----0(11) V (00) 0(01)- P-(10) vP(00)=A

1/1 0/0 0/0 1/0 0/0
AT D=-(Ill) 0-01) >(01) >(11) 0(00 0(O)=A

Fig. 9. Application of an input to AG and AT.

TABLE III
Modified Flow Table
X1 X2 ..... Xm

Si

S2

S_n-i

x5m+l

/20;s2 /
s /0
3 1

I
*I

S /0 I
s1/1 I

The previous theorem is proved in [10] and the fol-
lowing upper bound for 171 can be derived: I71 < min
12n2(m + 1), mnN).

Observe that no attempt has been made to optimize
the test set derived by Procedure 1, except for making
the size of this test set constant. A practical realization
of ILA's is presented in the next section and it is shown
that for that example it is possible to verify the truth
table of the entire array with the same number of tests
required for verifying the truth table of each of its cells.

VI. TESTING ITERATIVE REALIZATION OF ADDERS
An adder can be realized in an iterative way as given

by the following definition.
Definition 10: An (N,p) adder is defined as an ILA

with N cells-in which each cell is a p-bit adder [13].
It is easy to show that the flow table of a p-bit adder

satisfies the conditions required by Theorem 2 and thus
Procedure 1 can be applied for testing this array. A total
of 3.22P+1 tests are derived by Procedure 1 and of course
this number of tests is independent of the number N of
cells in the array. Observe that the number of tests re-
quired for exhaustively testing one single cell is 22P+1. It
is presented next some properties of a p-bit adder
which can be used for reducing the number of test gen-
erated by Procedure 1.
Theorem 5: The flow table of a p-bit adder is such

that each of its inputs is an SIS and the corresponding
flow-graph forms an Eulerian graph.
The previous theorem is proved in [10] and a direct

consequence of it, is that it is possible to cover all the
transitions in the flow graph of a p-bit adder without
going twice through the same transition. A corollary of
this perfect covering can be stated as follows.
Theorem 6: The truth table of an (N,p) adder can be

verified by the application of exactly 22P+1 tests [10].
A special case of the previous result had been pre-

viously derived by Kautz [61, except that in that work

the assumption was that no more than one cell would be
faulty at any time (the single-faulty cell assumption).
As an application of the Theorem 6, consider testing

an (N,1) adder. The flow graph for a 1-bit adder is pre-
sented in Fig. 10 and the following Lp(t) (and its seven
shifts) are sufficient for completely exercising the (N,1)
adder:

Lp(t) = (A,aia2a3a4a2a3a4al).

In this way, the eight tests presented in Table IV are
sufficient (and necessary) for checking the truth table of
an (N,1) adder.

VII. CONCLUSION
This paper considered the problem of fault detection

in ILA's. The fault model used is more powerful than
those assumed in previous investigations [6]-[9]. Be-
sides, it is very convenient since it is based only on the
truth-table description of a typical cell of the array. In
this way, the details related to a particular implementa-
tion of this cell can be completely ignored for fault-de-
tection purposes.
A procedure was presented for testing an N-cell ILA.

An upper bound for the derived test set has the com-
plexity O(mn4 log n) and therefore it is independent of
N, the number of cells in the array. This procedure was
modified in order to better suit small arrays and the
upper bound for this case has the complexity O(mn2N).
The procedure presented in this paper can be applied
to any ILA whose basic cell is reduced and has strongly
connected components. These conditions are not very
stringent and many practical ILA's satisfy them. Any
cell can be modified so as to satisfy these conditions. A
convenient cell change which requires adding one extra
column to the flow table was proposed. The modified
array can be tested by a test set whose size is bounded
by min I(O (mn2)), (O (mnN))I.,
A practical application of the results in this paper was
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a2=0,1/1 X

a,1I, 0/1

ca3=1, 0/0

-. 4 =1,1/ 1

Fig. 10. Flow graph for a 1-bit adder.

TABLE IV
Test Set for an (N,1) Adder

given: it was shown how to verify the truth table of iter-
ative realizations of adders with the minimum number
of tests.

APPENDIX

Proof (Theorem 2): Let
al/

t:(si) (sj)
be an arbitrary transition in the flow table. Since this
flow table is reduced then it possesses an SIS = {X1,---,
XrI such that I SISI < n-I and |ISIS 11 < n - 1. The ex--

istence of an Lp (t) can be shown by defining r se-

quences Y1,..., Yr such that

aXk Yk
(Si) > (Si)

for k = 1,2,...,r. These r sequences always exist because
the flow table has strongly connected components. Let
11 = I aXY1i,y , Ir = aXrYrI and let 1 be the least com-
mon multiple of 11,-,'r. Define the sequence aXkZk by
repeating lIlk times the sequence caXk Yk (k =

Observe that IXlZll = .. = XkZkl and all the other re-

quirements of Definition 7 are satisfied and thus an

Lp (t) has been constructed.
An upper bound for Lp (t) can be estimated by con-

sidering the basic idea underlying the construction of

the sequences Zl---Zr This corresponds to driving at
most n states (states reached upon the application of
Xi,Z,Xr to the array) into the same state in the same

c(k + p) and this is a synchronization process. Observe
that for synchronizing two states (given that this syn-

chronization is possible) a maximum of (n) symbols may
be required. If the states are synchronized by pairs then
a maximum of log2 n synchronizations may be required
and thus the length of the synchronization portion of
the Lp(t) is bounded by (n) log2n + n - 1, where n - 1
represents the length of the input sequence which may
be required for driving the final synchronized state to
the state si. Hence, ILp(t)l = 1 + ISISI + Isynchd < 1 +
n -1 + (n2) l1g2 n + n - 1 < 2n - 1 + (n(n - 1)/2) 1og2
n. Observing that JISISII < n - 1 then IJLp(t)Ij < n - 1.

Q.E.D.
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Transition Count Testing of Combinational Logic Circuits
JOHN P. HAYES, MEMBER, IEEE

Abstract-Logic circuits are usually tested by applying a se-
quence of input patterns S to the circuit under test and compar-
ing the observed response sequence R bit by bit to the expected
response Ro. The transition count (TC) of R, denoted c(R), is the
number of times the signals forming R change value. In TC test-
ing c(R) is recorded rather than R. A fault is detected if the ob-
served TC c(R) differs from the correct TC c(Ro). This paper
presents a formal analysis of TC testing. It is shown that the de-
gree of detectability and distinguishability of faults obtainable
by TC testing is less than that obtainable by conventional test-
ing. It is argued that the TC tests should be constructed to maxi-
mize or minimize c(Ro). General methods are presented for con-
structing complete TC tests to detect both single and multiple
stuck-line faults in combinational circuits. Optimal or near-op-
timal test sequences are derived for one- and two-level circuits.
The use of TC testing for fault location is examined, and it is
concluded that TC tests are relatively inefficient for' this pur-
pose.

Index Terms-Combinational logic circuits, fault detection,
fault diagnosis, minimal test sets, test generation, transition
count (TC) testing.
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I. INTRODUCTION

SEVERAL commercially available testers for digital
logic circuits employ the following technique for

fault diagnosis. A predetermined sequence of test pat-
terns is applied to the unit under test (UUT). The re-
sponse sequence R appearing at some selected test point
P of the UUT is monitored. Rather than recording the
entire sequence R at point P as is done in conventional
testing, only the transition count (TC) c(R) of R is re-
corded, i.e., the number of times the signal at P changes
value (from 0 to 1 or from 1 to 0). The TC c(R) is then
compared to the TC c (Ro) that should appear at P if the
UUT is fault-free. If c(R) and c(Ro) differ, it can be
concluded that a fault has occurred in some part of the
UUT having P as a primary output line. By repeating
this procedure for other test points in the UUT a high
degree of fault detection and isolation may be possible.
We will refer to this test method as transition count
testing or TC testing. Fig. 1 shows the flowchart for a
typical TC testing algorithm.

Consider the NAND network NA shown in Fig. 2. Fig.
2(a) shows the response sequence appearing on every
line of NA resulting from the application of a particular
test sequence S of length 5. Fig. 2(b) shows the corre-
sponding TC's on every line. Suppose the fault f = "line
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