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Abstract

In this paper, the problem of fault detectiom
in easily testable programmable logic arrays (PLAs)
is discussed. The easily testable PLAs will be
designed by adding ®Bxtra logic. These augmented
PLAs have the following features: (a) for a FLA
with n inputs, m columns (product terma) and 1
sutputs, there exists a "universal" test set such
that the test patterns and responses do not depend
on the functiom of the PLA but depend only om the
size of the PLA (the values n, m, and £}; (b) the
number of teats is of erder mtm. For the augmented
PLAs, universal teat sets to detect faults in FLAs
are presented. The types of faults considered here
are single and multiple stuck faults and cross-point
faults in PLAs. Fault locatiom and vepair of PLAs
are also considered.

I. Introductiom

With the increasing circuit density in a single
large scale integrated (LSI) circuit chip, the
difficulty of testing the circuits is becoming
apparent. In order to overcome this problem, methods
have been suggested in which test points and addi-
tional loglc are used for the purpose of easing the
test generation problem [1]-[3]. Designing easily
testable circuits, one should pay attention to the
following features: (a) the cost of generating
test patterns is low, that is, the cemputatiom
time for test generation is shert; and (b} the
cost of testing the circuits is low, that is, the
length of test sequences is short.

This paper is concerned with the problem of
fault detection and location in the easily testable
programmable loglc arrays (PLAs) which have the
abovementioned features. The PLA, which is concep-
tually a two-level AND-OR, is attractive in LSI due
to its memory-like array structure. A method is
prasented to sugment FPlAs by adding extra legic
go that the sugmented FlLAs have the following easi-
1y testable features: (a) for a PLA with n inputs,
m columns (product terms) and & outputs, there
exists a "universal" test set such that the test
patterns and responses do mot depend on the function
of the PLA but depend only on the size of the FLA
{the values n, m, and £ ); (b) the number of tests
is of order n+m. Since the sugmented PLAs have the
universal test set, the test genkration of FLAs 1=
no more necessary, and the cost of test generatiom
is considerably reduced to almest zero. The aug-
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mented PLAs introduced in this paper is similar to
the PLA which was independently obtained by Hong and
Ostapke [3]. However, since the augmented PlLAs
considered in this paper is somewhat different from
[3] and also since no test sequence for multiple
faults appears im [3], we will present universal
test sequences for single and multiple faults in the
PLAs. First, single stuck faults and single cross-
point faults are considered, and the universal test
sets to detect these faults in PLAs are presented.
Then, the types of faults are extended to sultiple
faults. Pault locatlen and repailr of FLAs are also
considered where the faults are assumed to be mulci-
ple cross-point faults. :

11 _rr_cgn-lhln Logic Arrays

A programmable logic array (PLA) consists of
three main parts. These are the decoders, the AND
array and the OR array. The decoders are usually
implemented by single-bit decoders or double-bit
decoders as shown in Figures 1 or 2. Both the AND
array and the OR array are used to implement multi-
output combinational loglc with sum—of-products
forms. Fig. 3 shows an example of a 4-input, 2-
output PLA with single-bit decoders, which realizes
two functions in the following:

By =y VR WOy Y AP

£, =%, VX V¥ 11;3 v o E X,
Fig. & shows another realizatiom using a FLA with
double-bit decoders. .

In the following sections ITI and IV, we pres-
ent a method to augment PLAs with single-bit decod-
ers or double-bit decoders by adding extra logic
so that the sugmented PLAs are easily testable PlAs
with short "universal" test sequences. The Lypes
of faults considered in Sectioms III and IV are
single faults in the FLA which are the stuck faults
and the cross-point faults. A cress—point fault im
a PLA is a fault such that the presence (absence)

of a contact between a row and column of the FLA
becomes the absence (presence) of the contact.

III. Augmented PLAs with Single-Bit
: Decoders

In order to design &n easily testable PLA with

gingle -bit decoders, we augment a given PLA by add—
ing extra loglc, that is, a shift register, two
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Fig. 1 Example of PLA with single-bir decoders

cascades of EORs (Exclusive ORs}, and ene column and
one row to AND and OR arrays, respectively, as showm
in Fig.5. The commections of the added column in
the AND array is arranged so that each row of the
AND array has an odd number of comnections. Similar-
ly,the connections of the added row im the OR array
is arranged so that each columm has an odd number of
connectiona. In the augmented PLA, each column
{product term) by is ANDed by each variable 55 of
the shift register as follows:

by = pp-54 for i=1.2,...,m
where py is a product term gemerated by the ith
colusm of the AMD array without the shift register,
and m 18 the number of columns. Fig.5 shows a PLA
augmented from the PLA shown In Fig.3.

The augmented PLA has the following properties:

(1) The shift register can be used to select
an arbitrary column of the AND array by setting 1
to the selected columnm and O to all other celumms.
(See Fig.E-a).

(2) The augmented decoders with control inputs
1_1_ and y3 can be used to sensitize an arbitrary row
of the AND array by setting 0 or 1 to the selected
row and 1 to all other rows. (See Fig.6-h).

{(3) The cascade of EORs under the OR array can
be used as a parity checker to detect single errors
in the sensitized row of the AND array.(See Fig.6-c].

(&) The cascade of EORs on the left of the OR
array can be used as a parity checker to detect
single errors in the sensitized colusmn of the OR
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array. (See Fig.6-d).

Urilizing the sbove properties of the augment-
ed PLA we can present a universal test set to detect
gingle faults in the following:

{1) Stuck faults on the input or output lines
or gates within the decoders, the AND array. and
the OR array.

(2) Cross-point faults in the AND and OR
aTrTays.

Table 1 shows the test set Ap m, g to detect
the above types of faults, where n is the number
of inputs, m is the number of columns in the AKD
array, & is the number of rows in the OR array,

and
o
t =
&
and " = " represents don't care.

For this test set Ay g5 g, we have the follow-
ing theorem.

Theorem 1: Let M, . ; be an augmented PLA with
single-bit decoders which has n inputs, = columns
in the AND array and L rows in the OR array. For
any M, o g. the test set Ap m,; can detect all
single stuck and cross-point faults in the decoders,
ARD array and OR array. 0 1

Proof: When we apply test inputs xzj and 134
the {th column is set to 1 and other colums are
all set to 0. Therefore, both IEJ and I%j can

detect any cross-point fault on the jth column of

if m iz even

if m 18 odd




stuck fault en the rows of the
OR array by ebserving the output Z3, and a stuck-
at-0 fault om the jth column, stuck-at-1 faults on
the other columns and stuck-at=0 faults on the rows
of the AND array by ohserving the output Zj.

by spplying test T3 (T3). the (2i-et (2ith)
row of the AND array is set Eo 0 and other rows are
all set to 1. Therefore, test 131 (I%i‘j can detect

a stuck-at-1 fault on the
AND array by observing

the OR array and any

all eross-point faults and
24-1 st {21 th) row in the
the output Zj.

Tests Igj. I% (§=142,+4.,m) and I'};,_. I%hlii-l,

7,...,0) can also rect all stuck faults in
decoders. The stuck-at-0 faults on the jnput lines
of OR gates can be detected by 1%1 and I, (3=1.2,

The atuck-at=1 faults on the input lines

-
detected by 19, and T3, (1=1.2,

of OR gates can be 34

es-sf). The stuck-at=0 faults on the input lines
11 (i=1,24--+,0), ¥1 and ¥3 can be derected by Izj

sod Ty (3o1,2,..--im). The stuck-gt-1 Faulte oo
the imput limes xj (im],2,..0,0) ;¥ and ¥z can be
detected by Igi and Ih (i=1,2,...,n0).

Q.E.D.
Next, we will show that the test set Ay o 8
can also detect smy muleiple stuck fault in Ethe
Exclusive-OR cascades under the fault assumption
that permits only stuck-type faults on the external
input and output lines of EOR gates, that is, mo
fault within EOR gates is consgldered.

Lemma 1: Por an Exclusive-OR cascade realiza-
rion of a k-input linear funetriom, all multiple
stuck faults on the external lines of EOR gates
can be detected by rhe following k+l tests:

t, ® (00 ve v s v ea)
k- B R
t‘.’. = (0,105 000ess:0)
€ = (0,0,-0ns-430:1)
Lemma 2: If k input vectors are linearly im—

dependent, then these k wectors plus zero vector
are sufficient to detect amy mltiple stuck fault
on the external lines of EOR gates in a k-input
Exclusive-0R cascade.

Lat My 5 g be an augmented PLA, and let Cp and
£y be the cascades of EORs having the output Zy and
94 respectively, in the augmented PLA shown in
Fig.5. Let M = [:ﬁ] be a matrix of i rows and m

colums whe uﬂn

1 if there exists a link
at the (1,j)-th positiom
B4y - of the OR array,
and
1] otherwise
By Lemmas 1 and 2, we have the following theorem
for the multiple faulks in Etwo ecascades of EORs, Cl

and C3.
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Theorem 2: The tests Lj;. IEj (4=1;2;...,m)
in Ay g g 2Te sufficient to h:t.t:t all multiple
stuck ?nulu in Cy. If the columm rank of matrix
Hog is L, then all the multiple stuck faults in C3
can be detected by tests I;;, and [gi (3=L, 250000

in lﬂ.m,l-'
Using the test set L“_.'t,
a test sequence for rhe augmented PLAs as

we Ccan construct
follows:
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The test sSequence o, can also detect the
shift funetion of the shilt'register as well as
all single stuck and cross—point faults in the PLA.
The length of the test sequence is 2m+3dm.

How, we have presented the test set and the
test sequence for the augmented PLAs. Both the
test set A, o g and the test Sequence %, g 1 have
the following advantages of easy tuubii!i . The
test Ap p,p does not depend on the connection
pattern of the PLA but depends omnly on the values
n, m and £, that is, the test patterns and Tesponses
are unilgquely derermined only by the size of the FLA.
Therefore, the test set = ig " universal ".
We can also see that the tésl sequence Op m ¢ is
universal. Hence, the test generatien of the aug-
mented PLAs iz no more necessary. Moreover, the
universal test sequence is a wery shert Cest sequence
whose length is 2e+im. Im this way, we can see
that the augmented FLAs are VeTry gasily testable
PLAs having a universal test sequence.

Takle 1 Universal test set A
n,m,L

X e %y x aghy By oreeer By eeees sl
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Fig. 5 Augmented FLA with single-bit decoders
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IV. Augmented PLAs with Double-Bit Decoders

The PLAs with double-bit decoders cam be similar-
1y augmented by adding extra logie, that is, a shift
reglster, two cascades of EORs, and one columm and
one row to the AND and OR arrays, respectively, as
shown in Fig.7. Fig.7 shows a PLA augmented from
the PLA shown in Fig.4. The augmented double-bit
decoders have four control inputs ¥1:.¥2,¥3 and y; as
shown in Fig. 7.

For the augmented PLA with double-bit decoders,
we can similatly cemstruct a universal test set
Bni-'l as shown in Table 2, and the following theorem
holds.

Theorem 3: Let Il.,h._g be an augmented PLA with
double-bit decoders which has n inputs, m columns in
the AND array and % rows in the OR array. For any

» the test set can detect all single
ﬁlﬂilmd cruan-pnintngiﬁlts in the decoders, AND
array and CR array.

Theorem 4: By m,3 ¢&n detect all multiple stuck
faults in the cascade 1+ If the column rank of Mgy
is L, them all multiple stuck faults in the cascade
Cz can be also detected by Bo,m,n-

Using the test ser By ,m, g+ We can construct the
universal test sequence Po,m,s for the augmented PLAs
as follows:

T R
fayme = T Typlppe e By Bo Doee I,
3.2 & 8.3 .3
Ttz - Tola oo - T
0 _0 ]
UpUgeenelpy Typlgpee-Igm
Ty ks 3
131132...131!1 131132...1'35
2

I3 13. 135,

3'az T3

where the test pattern Ui (i=1,2,...,m1) is defined
as
Tk ?1’2?3"# 51....515“1. ..Sn 'zlzz
"1 R T e e T e R R g -
The lemgth of the test sequence is Z2n+5m.
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V. Multiple Fault Detection

%o far we have discussed the single fault detec-
tion problem for the augmented PLAs. Similarly, we
can extend the single fault model to the types of
multiple faults in the following. WNote that no more
than one of the following multiple faults occurs
simultaneously.

1. Multiple stuck faults on the primary inputs

x, (1=1,2,..-,8).

2: H.li.llti.plt stuck faults on the comtrol inputs
yi (i=1,2,3,4).

3. Multiple stuck faults on the rows in the
AND array. :

4. Multiple stuck faults on the colums in the
AND and OR arrays.

5. Multiple stuck faults on the rows in the
OR array.

6. Multiple stuck faults on the input and
cutput lines of the EOR cascade C,.

7. MWultiple stuck faalts on the fapub and
cutput lines of the EOR cascade Cp provided
that the colum rank of Mpp iz equal to
the number of rows in OR array.

8. ©Odd number of cross-point faults on the
columns of the OR array.

9. 0dd number of cross-point fauwlts on the
rows of the AND array.

For the class of the above mentioned multiple
faults, we can show that the test sets m, & and
By, g, g ATE also universal teat sets for the augment-
ed Plis with single-bit decoders and double-bit
decoders, respectively.

Mow, the cascade of EORs in the PLA is used as
a parity checker to detect odd number of errors on
the rows and columns of the AND and OR arrays,
respectively., In the same way, this approach can be
extended to other multiple fault model by applying
ercor detecting codes such as limear codes [7], where
the augmented PLAs will be designed to have more than
two cascades of EORa.

Table 2 Universal test set !-“I

V1. Fault Location and Repair

In this section, we consider the fault detect-
ion and repair of the augmented PLAs. For the aug-
mented PLAs there exists a universal test sequence
of fault location. The types of faults considered
here are the multiple cross—point faules in the AND
and/or OR arrays.

Fault location test can be pecrformed by identi-
fying the configuratiom of the AND and OR arrays,
that is, whether there exists a link between sach
row 1 and column j of the arrays. By applying the
test pattern shown in Fig.8, we can identify whether
there exists a link or contact between row i and
column | of the AND array. If the wvalue of ocutput
Z1 is 0 {1}, then there exists a link (correspeond-
ingly, no link) at the (i,j)-th position of the AND
Array.

For the OR array, the test pattern shown in
Fig.9 can detect the presence or absence of a link
between row i and colusm j of the OR array. If the
value of output fj 1s 1 (0), then there exists a
link (no link) at the (i,j)-th position of the OR
array. MNote that the last rew of the OR array does
not have a direct output, however it is observable
from the additional output Zj.

Using these test patterns, we can completely
determine the configuration of the AND and OR arrays.
Therefore, all multiple cross-point faults cam be
found by chserving the respomses. The number of
tests for the AND array is Znom, and the number of
tests for the OR array is m. Hence the total
length of the fault location test sequence for the
augmented PLAs is Znmim.

How, after the fault locatiom test the faulty
PLA can be repaired as follows. For a field
programmable logic array (FPLA), it is knowm that
an arbitrary product term cam be both logically and
physically deleted and a new product term can be
generated by using spare columns of the PLA, and
thus the faulty FLA can be repalred using spare
rows andfor colums [9]. If the PLA is
a mask programmable logic arvay (MPLA),
it iz difficult to repair the PLA for

1 B2 itaself.

In this case, we can repalr
the favlty FLA by using the well known

memory patch technique. This is a
method to recover the fucntion of the

faulty MPLA by switching it to a spare
FPLA when someé @rroTs occur.

VIII. Conclusion

1 In this paper, we have introduced
a design of easily testable FLA=s by add-
ing extra logic, and presented universal
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test sequences for them. These augment—
ed PLAs have the very short universal
test sequences such that the test
patterns and responses are uniquely
determined only by the size of the FlLAs
independently of the function of them.
The length of the universal test se-
quences to detect single and msultiple
faults is of order mém, and the length
of the universal test sequences to
locate multiple faults is of order nm,
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where n is the number of inputs and m is the number
of product terms in the PLAs.

Although we have not considered PLAs with flip-
flops in this paper, we can augment them to have
the universal test sets. This can be done by apply-
ing scan—in ard scan-out technique [B].
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