3506

IEICE TRANSACTIONS, VOL. E 74, NO. 10 OCTOBER 1991

PAPER

Fault Detection Capability of an O(m-n) Test
Generation Algorithm for PLAs™

Yinghua MINT, Nonmember and Hideo FUIIWARATT, Member

SUMMARY Programmable Logic Arrays (PLAs) are very
suitable to VLSI implementation and very convenient for logic
design, because of the structure regularity and programmable
flexibility. However, PLAs are random-resistant circuits for
which random patterns are not effective for achieving a high fault
coverage, because of their high fan-in and fan-out. This paper
presents an O (m-n) test generation algorithm to generate ETG
(Easy Test Generation) patterns where #2 is the number of input
lines and » is the number of products. The fault coverage of ETG
patterns can be calculated based on parameters of a given PLA.
Experimental results show that the fault coverage is higher than
90% with the confident 90.3%. An alternative of the O (m-n) test
generation algorithm to enhance fault coverage is presented. The
given PLA is also possible to be modified to an ETG PLA to
reach 100% fault coverage of ETG patterns.

1. Introduction

Programmable Logic Arrays (PLAs) are very
suitable to VLSI implementation and very convenient
for logic design, because of the structure regularity and
programmable flexibility. However, PLAs are random-
resistant circuits for which random patterns are not
effective for achieving a high fault coverage, because of
their high fan-in and fan-out™®. But, on the other
hand, random testing is easy to implement in Built-In
Self-Test (BIST), and simplifies test generation. Much
work has been done in PLA design for random pattern
testability® ®. As another approach, a special kind of
PLA, an ETG PLA, was defined in Ref. ( 6 ) for which
ETG patterns can be generated by an O(m-n) test
generation algorithm, where m is the number of input
lines and 7 is the number of product lines, and the
fault coverage is 100%. The design methodology for
ETG PLAs is described in Ref. ( 7), and implemented
in a software package, PLAT®. The hardware over-
head is only 5% on an average.

Interestingly, it is found that for general PLAs,
not necessarily to be ETG PLAs, ETG patterns cover
more than 90% crosspoint defects. This paper demon-
strates the fact. Some formulas are given to predict the
fault coverage of ETG patterns based on some parame-
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ters of the given PLA. Experimental results show the
consistency of the calculation and fault simulation..
Finally, an alternative of the O (m-n) test generation
algorithm to further enhance fault coverage is remar-
ked.

2. ETG PLAs and ETG Patterns

Consider a PLA structure with input lines x;, xi,
s+t Xm, Xm to the AND array, product lines wy, **«, Wy,
and output lines z, -+, z. The product line w; is
represented by a 0/1/-or x sequence, where “-” repre-
sents “don’t care”, and is considered to be a point set.
The crosspoint connecting x; and w; in the AND array
is represented by (x;, w;), and similarly for (wj, zx) in
the OR array. The fault model considered includes
single extra or missing crosspoint faults. It has been
shown in Ref. ( 9) that these will model the effects of
all single stuck-at faults as well as most of the bridging
faults. Extra/Missing crosspoint defects in the AND or
OR array are represented by AE, OE, AM, or OM
respectively. Let W(z,) be the set of product lines
connected to output z, and let Z(w;) be the set of
output lines connected to product line w;.

Definition I: For any product w;, a point e; in the
Boolean space of dimension m is called the core of w;
if e; is obtained by replacing all x’s ofw; wth O’s.For
instance, for wy=0111xx, we have ¢, =011100.
Definition 22 The neighborhood of e;, denoted by T?,
is the set of points with at most one bit different from
e;. Points in T are called ETG patterns for w;. The
collection of all ETG patterns for every product line is
the test set 7, i. e., ETG patterns for the PLA.
Definition 3: A PLA isan ETG PLA, if T is capable
of detecting all detectable crosspoint faults, that is, the
fault coverage is 100%.

From the above definitions, the ETG pattern
generation procedure is as follows.

ETG Pattern Generation Procedure for PLAs:

For each product line wi, which is represented by
an m-bit 0/1/- sequence (“-” denotes “don’t care”)

wi:x;ﬁxlﬂé...x i"éi_..._

where x5=x; or x;(1/0), (j=1,2, -+, ¢;), and ¢; is
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the number of variables appeared in w;.
(a) replacing-’s with O’s results in the core of the
product.

Ti=x¥%x¥%x£00
(b) foreach j, (i=j=m), let
7=the vector complementing the j-th bit of T¢

and get the (m+ 1) patterns for the i-th product. Then,
the test set is as follows:

T=£J1{To‘} T?, -+, Ty}

Obviously, the computational complexity of the
procedure is O (m-n) where m is the number of input
lines and » is the number of product lines. It can be
simply executed on a tester during test application.

3. Fault Detection Probability with ETG Patterns

Let’s consider the probability of detecting
different kinds of crosspoint faults with ETG patterns
first.

3.1 Single AE Fault

Case I (AE fault f; in Fig. 1):

Suppose that an arbitrary input pattern is applied
at primary inputs with equal probabilities of O and1. In
order to activate the fault fi, the pattern should activate
w; without fi, but deactivate it due to the fault. The
probability of propagating the error due to fault f to
product line w; is 0.5, where ¢; is the fan-in of w;. On
the other hand, when ETG patterns are applied, there
are (m+1—c¢;) patterns, which can propagate the error
to w;.

To detect the fault fi, we have to propagate the
error further to one of the output lines connected to w;.
To propagate the error to an output line z.& Z (w;),
all other product lines connected to z, except w; should
be 0. In case of applying random patterns, the proba-
bility is

Single AE fault

Zk

1%"% ¥ .

Fig. 1 Single AE fault f.
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(1-0.5%)
wiEW(Zr),j+1
under the assumption of independency of signal propa-
gation. Hence, the probability of propagating the error
to at least one of the output lines is

1— <1— (1—0.5“"))

ZeEZ(Wi) wWiEW (Zg)yj+i
In cane of applying ETG patterns, let us assume that
each product line w;& W(z,) has the value 0 with the
same probability as in case of random patterns, i.e.,
0.5, Then we can derive the probability of error
propagation in the same way

1— (1— (1—0.5@'))
ZrEZ(W1) wWiEW (Rr),j*+1

The probability of detecting the AE fault with a ran-
dom pattern is thus

Prano (fl)

=0.5°f<1— I1 (1— IT (1—0-5“)))
2rEZ(Wi) w;eW(Zr),j+i

On the other hand, the probability of detecting the AE
fault with its ETG pattern is

- T (1—0.5vf))

wW;EW(2g),J¥1

Perc (f1) =1 _ZkeI;[(wi)<

It is apparent that the probability of detecting the AE
fault with an ETG pattern is much larger than that
with a random pattern. In fact, if ¢;=1, Pranp(fi) is
only half of Perc(f1), and the larger the ¢;, the smaller
the probability of random pattern detections. In addi-
tion, there are (m+1—c¢;) ETG patterns being able to
activate w;, and the fault cannot be detected only if all
the ETG patterns cannot propagate the error to any of
the output lines. Therefore, the probability of detecting
the AE fault with ETG patterns is

PETG(ji)

(m+1—cq)
(1—0.5%) ﬂ

(1)

- o (1-
ZREZ (w;) wyEW(2r),j+i

Single AE fault
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Fig.2 Single AE fault f;.
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Single AE fault
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Fig.3 Single AE fault f;.
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Fig. 4 Single AM fault f;.

Case II (AE fault f; in Fig.2):

Notice that there are (m—c¢;) patterns being able
to sensitize f;, and activate w;. Similar to Case Lit can
be obtained that the probability of detecting AE fault
J> with ETG patterns is

wieW(zr),j+i

—0.5%) ﬂ(m_m (2)

Case III (AE fault f; in Fig. 3) :

Notice that there is only one pattern being able to
sensitize f;, and activate w;. Similar to Case I, it can be
obtained that the probability of detecting AE fault f;
with ETG patterns is

Poc(fy) =1 —zkellw,-)(l . (1 —o.scf))

(3)

wicsW(zg),ixi

3.2 Single AM Fault (AM Fault f; in Fig. 4)

Notice that there is only one pattern being able to
sensitize f;, and deactivate w;. Therefore, the probabil-
ity of detecting AM fault f; with ETG patterns is

Perc () =1— - I (1—0.5@))

ZREZ(W;) wiEWI{(Zr)d+1
(4)
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Fig.5 Single OE fault f.
Single OM fault

Fig. 6 Single OM fault f.

3.3 Single OF Fault (OE Fault f in Fig. 5)

To detect the fault f;, it is necessary that the
product line w; takes the value 1. To propagate the
error further to the output line z,, all product lines that
are connected to z; should be 0. Notice that there are
(m+1—c¢;) ETG patterns activating w;. Therefore,
under the assumption of independency of signal propa-
gation, the probability of detecting OE fault f; with
ETG patterns is

PETG(ﬁ):1—<1_ H

wieW(2g)

(1 0 50) >(m+1'—‘ci)

(5)

3.4 Single OM Fault (OM Fault f in Fig. 6)

Notice that there are (m+1—¢;) patterns activat-
ing w;. Therefore, the probability of detecting OM
fault f; with ETG patterns is

) (m+1—c3)
PETG%>=1—<1— (1—0.501))

(6)

To evaluate the above detection probabilities, let

wiEW (Zr),j+i



MIN and FUJIWARA : FAULT DETECTION CAPABILITY

Table 1 Number of faults of each category.
Category fi fa f3 f4 f5 f6
# nc n(m—c) n{m-c) ne n(p-a) na

us consider the case when the fan-out of product lines,
the fan-in of output lines, and the fan-in of product
lines are all equal, respectively, i. e., |Z(w;)|=a,=a,
| W(z.)|=br=>b, and ¢;=c for all i and k. If they are
unequal, take the means as the parameters of the PLA,
ie.,

a=(a+a+-+a,)/n

b=(bi+b+-+bpy)/p (7).

c=(atct+e)/n
Then Egs. (1)-(6) can be simplified as follows.

PETG(ﬁ)=I——(1_(1_0_50)b—1)a(m+1_c> (8)

Perg(fo) =1— (1—(1-0.5¢) *71) am=9) (9)
Pere(f5) =1—(1—(1-0.5°)°71) ¢ (10)
Perg (fi) =1—(1—(1-0.5°)*~H) ¢ (11)
Pere(f5) =1— (1—(1—0.5¢) ®) m*1=¢ (12)
Pere(fe) =1— (1— (1—0.5¢) b7ty m+i=e (13)

All single crosspoint faults fall exclusively into six
categories. The number of faults of each category is
listed in Table 1. Assuming all faults are equally likely
to occur, the probability of occurrence of fault of each
kind is equal to the number of faults of the category
divided by the total number of faults. Known the
probability of detection of each category under the
condition of occurrence of fault of the category, as
indicated in Egs. ( 8 )-(13), by the complete probabil-
ity formula, we obtain the probability of detecting
single crosspoint fault with ETG patterns, i.e.,

PrZ{CPETG(fl) + (m—c¢) Perc(f3) + (m—c) Perc(f3)
+CPETG(ﬂ) + (P_'a) PETG(ﬁ)

For a randomly given PLA with a large number of
crosspoints, the probability of detecting single faults
with ETG patterns is equal to the fault coverage of
ETG patterns, that is, the ratio of the number of
detected faults by ETG patterns to the total number of
faults.

4. Experimental Results

The Eqs.(7)-(14) are applied to 62 practical
PLAs to compare the calculated fault coverage of ETG
patterns to the simulated one. The experimental results
are listed in Table 2, where
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butnotover  Freq g I S S I N [N I S |
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Fig. 7 The bar graph for simulated fault coverage.
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Fig. 8 The bar graph for calculated fault coverage.
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Fig.9 The bar graph for errors between simulated and calcu-
lated fault coverage.

NI: Number of Inputs,

NP: Number of Products,

NO: Number of Outputs,

# TEST: Number of ETG patterns,

SF-COV: Simulated Fault Coverage,

CF-COV: Calculated Fault Coverage,

DIFF: Difference between SF-COV and CF-

COoV. ‘

For the simulated fault coverage, SF-COV,

Mean=96.0%

Variance=0.72%

Minimum=62.2%

Maximum=100%
The bar graph is shown in Fig. 7. The statistical analy-
sis demonstrates that ETG patterns cover more than
90% single crosspoint faults for general PLAs of 90.3%.

For the calculated fault coverage, CF-COV,

Mean=92.0%

Variance=1.2%

Minimum=46.7%

Maximum=100%
The bar graph is shown in Fig. 8. The theoretical
estimate demonstrates that ETG patterns cover 80%
single crosspoint faults for general PLAs of 85.5%, and
cover more than 90% for general PLAs of 69.4%.
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Fig. 10 The bar graph for simulated fault coverage of EO1 ETG
patterns.

Comparing to Fig. 7, we know it is a conservative
estimate.

It is interesting to note the consistency of simu-
lated fault coverage and calculated one. Let

error=simulated fault coverage calculated fault

coverage
then,

Mean of errors=4.0%

Variance of errors=1.5%

Minimum of errors= —25.1%

Maximum of errors=38.3%

The bar graph for errors is shown in Fig. 9, which
shows 41.9% of estimates have the errors in the interval
(—1.3%, 6.6%), and 93.6% of calculated fault coverage
is either with very small error or with the practical
coverage larger than the calculated one, and then is
secure.

It is worth noting that most large errors are due to
seriously discrete distribution of the parameters a, b
and c. For instance, for XCC 36. PLA,

SF-COV=74.2%, CF-COV=99.3%,

error=—25.1%
where a=2.21 with some @;=minimum 1, and some
others=maximum 5. In addition, it has 39 primary
inputs, but ¢=7.8, which means there are a lot of
“don’t care”s, and the fan-outs of the 39 primary inputs
are seriously discrete, some are 1, some are 82. As
another example, consider XCD 51. PLA,

SF-COV=100%, CF-COV=79.7%, error=20.3%
for which $=15.0, but actually »=2, and b=36. In
these situations the assumption that all fan-out of
products, fan-in of output lines, fan-in of products are
equal would not be valid, so that the error becomes
large.

5. Remarks

This section is to show that if we double the
number of ETG paiterns, the fault coverage can be
further enhanced. We define two cores for each product
w;, the O-core is obtained by replacing all-’s with O’s,
while 1-core is obtained by replacing all-’s with 1’s,
ie.,

wi=x;§<1x?§...x?<ci_..._

Tif=xhocee 00
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Table 3 Comparison of test strategies.

Means Optimized test set EOQ ETG pattemns EO1 ETG patterns
# of tests 194 414 750
Fault Coverage 100% 96.05% 99.08%

Ti=xhxk-xE,1-1

EO1 ETG patterns are input patterns complementing
each bit of Ty or T{. The ETG patterns mentioned in
the previous sections are referred to EQ ETG patterns.

For the same 62 PLAs as indicated in Table 2, the
simulated fault coverage of EOl ETG patterns is with
the following.

Mean=299.08%

Variance=0.07%

Minimum=_85.97%

Maximum=100% .

The bar graph, as shown in Fig. 10, shows that EO1
ETG patterns cover more than 90% single crosspoint
faults for general PLAs of 96.8%, especially the fault
coverage is higher than 95% for 95.2% PLAs. The result
is comprehensive, because E01 ETG patterns include
all EO ETG patterns, the fault coverage is always
higher than that of E0 ETG patterns.

The penalty of the enhancement of fault coverage
is the increase in number of tests. Talbe 3 compares the
means of number of tests and fault coverage for an
optimized test set"'”, E0 ETG patterns and EO1 ETG
patterns. ‘

6. Conclusions

This paper presents an O (m-n) test generation
algorithm to generate ETG (Easy Test Generation)
patterns which cover more than 90% of single cros-
spoint faults for 90.3% of general PLAs, which are not
necessarily to be ETG PLAs. If EO1 ETG patterns are
applied, the fault coverage can be higher than 95% for
95.2% of the PLAs.

This can be at least an initial step for PLA test
generation. If higher fault coverage is required, a
deterministic test generation algorithm can be taken
for a very small fraction of crosspoint faults.

The fault coverage of ETG patterns can be calcu-
lated based on the parameters of the given PLA.
Experimental results show that the calculated fault
coverage is very close to the simulated result of the
fault coverage, and the theoretical analysis is correct.
In a design environment, if the calculated fault cover-
age satisfies the designer, he or she can use the O (m-
n) test generation algorithm to generate ETG patterns
without fault simulation. Otherwise, the designer can
transform his PLA design to an ETG PLA by using the
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ETG PLA Designer® to reach 100% fault coverage of
ETG patterns.
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