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Abstract 
Weighted random pattern testing is now widely accepted 
QS a very economic way for external testing as well as for 
implementing a built-in self-test (BIST) scheme. The 
weights may be computed either by structural analysis or 
by extracting the required information from a precomput- 
ed deterministic test set. In this paper, we present a meth- 
od for  generating deterministic test patterns which can 
easily be transformed into weight sets. These test patterns 
contain only minimal redundant information such that the 
weight generation process is not biased, and the patterns 
are grouped such that the conflicts within a group are 
minimized. The quality of the weight sets obtained this 
way is superior to the approaches published so far with 
respect to a small number of weights and weighted pat- 
terns, and a complete fault coverage for all the ISCAS-85 
and ISCAS-89 benchmark circuits. 

1. Introduction 

Various BIST architectures based on pseudo-exhaustive, 
random, weighted random, and deterministic patterns have 
been developed in recent years. They offer different trade- 
offs between the test length and the hardware overhead re- 
quired to achieve complete or sufficiently high fault cov- 
erage [ l ,  2,4, 8, 9, 10, 11, 14, 25, 271. In this paper, we 
address weight generation for random pattern testing 
which can be used either for a built-in test scheme 
[8,20,27] or for a built-off test scheme [23,241. 
Weighted random patterns may be applied to circuits whe- 
re uniform pseudo-random testing would lead to an insuf- 
ficient fault coverage. Such a case is shown in figure 1. 
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Figure 1: 32-input AND 

The output v of the 32-input AND is tested for the stuck-at 
0 fault (SO-v) if all the inputs xi are set to 1. The occurence 
of such a pattern has a probability of 2-” if all the inputs xi 
are set to 1 with a probability of pi = 0.5. Hence, the de- 
tection probability of the fault SO-v isp,,, = 2”’. If a fault 
f has a detection probability of pf  then (1  -pf)N is the prob- 
ability that f is not detected by N independent patterns, 
and C := 1 - ( 1 - ~ ~ ) ~  is the confidence of detectingf by a 
random test set of N patterns. Finally, to reach a confi- 
dence C of a random test we need at least 

In( 1 - C )  

test patterns for the single fault f .  Elementary transforma- 
tions of formula (1) show that N grows linearly with l/o. 
Due to this observation, the test length required for detect- 
ing a set of faults F only depends on the faults f E F  with 
lowest detectability pf [21,26]. For more details see [29]. 
Applying formula (l>loto the SO-v fault f of figure 1, we 
need at least 4,48.10 patterns to obtain a confidence of 
0.999. But if we set each primary input xi to 1 with prob- 
ability pi:= ’m then the fault detection probability is pf 
= 0.5, and N = 600 patterns will be sufficient. 
We call P I= ( p  ,,...,pJ, O 1 p i  51, a set of weights, and 
PAP) is the detection probability of fault f if each input xi 
is set to 1 with probability pi .  For the example of figure 1 
with P 1 : = ( 3 m  ,..., ’m), we have p,(P,) = 0.5, and P, 
is an optimal set of weights. But unfortunately, there are 
circuits for which a single optimal set of weights does not 
work, as different faults may have contradictory require- 
ments on the input probabilities. 
An example is the circuit of figure 2 where the fault SO-v 
requires the weight set P I  described above, but the fault 

(1) N =  
In( 1 - P f  ) 
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SI-w requires the complementary value P,:=(I- '&E, ...., 
I-'m), and there is no common weight set appropriate 
for both faults. The only solution is applying multiple sets 
of weights: first we generate Nl=6OO random patterns cor- 
responding to weight set P I ,  then we apply N2=600 ran- 
dom patterns corresponding to weight set P,. 

l i 2 fEEv  2 1  W 

Figure 2: AND-OR requires multiple weights 

In general, a circuit may require PI, ..., Pr different sets of 
weights, and for each weight set Pi at least &. random pat- 
terns have to be applied. The efficiency of multiple weight 
sets is determined by both the number r of different 
weight sets and the total number N:=EiLl Ni of random 
test patterns to be applied. For implementing a BIST 
scheme, the number r has most impact on the additional 
hardware costs, and N determines the test time. 
The goal of weight generation is to reduce both r and N .  
In recent years, different methods for weight generation 
have been developed which can be classified roughly into 
methods based on structural analysis and methods based 
on deterministic test sets. 
Methods based on structural analysis [5, 15, 16, 24, 26, 
28, e.g.] use testability measures or heuristics to determine 
the weights. The advantage of these methods is the gen- 
eration of very efficient weight sets in terms of the num- 
ber of weight sets and the number of patterns. The draw- 
back is that they may provide only an incomplete fault 
coverage as they are based on heuristics. 
Methods based on deterministic test sets [13, 17, 18, 20, 
e.g.] use a precomputed test set T: = { t l ,  ..., tM) of M deter- 
ministic patterns. For each bit position i, the number of 1's 
is counted and divided by M providing the input weight 

In a second step, random patterns corresponding to the 
weight set P:=(p,, ...,pn) are generated, and fault simula- 
tion is performed. If a certain amount of these random pat- 
terns does not detect any additional fault, random pattern 
generation and fault simulation are stopped. If the fault 
coverage obtained so far is not sufficient, a new detennin- 
istic test set is generated for the remaining faults, a new 
set of weights is computed, and the entire process is 

repeated. 
The advantage of this procedure is that all non-redundant 
faults can be detected by a weighted random pattern test. 
The disadvantage consists in a high number of random 
patterns and a large number of weights. In the worst case 
each deterministic test pattern may result in a different 
weight set. 
In [51, the trade-offs between the structural based method 
and the test set based method are discussed, and the most 
efficient weight sets known so far are published. 
In this paper, we combine the advantages of both meth- 
ods. It is shown that a complete fault coverage by a 
smaller number of random patterns and a smaller number 
of weights is obtained in comparison to the methods 
known so far if weight generation is already considered 
during computing the underlying deterministic test set. 
The rest of this paper is organized as follows: in the next 
section we discuss the impact of deterministic test sets on 
weight generation. In section 3, an appropriate method for 
deterministic test generation is presented. The procedure 
that computes the weight sets is explained in section 4. As 
during BIST, the weights pi.=[0,l] have to be rounded the 
impact of this quantization is discussed in section 5. In 
section 6, experimental results on the ISCAS-85 and 
ISCAS-89 benchmark circuits are discussed [6,7]. 

2. Weight generation and deterministic test 
sets 

In general, a combinational circuit has many different 
complete deterministic test sets which result in different 
weight sets. Some deterministic test sets are less appropri- 
ate for weight generation due to mainly two reasons: the 
test sets may contain redundant information, or they may 
contain contradictory information. 
Contradictory information is caused by a pair of test pat- 
terns with a large Hamming distance as for instance the 
two patterns (1 ,..., 1) and (0 ,..., 0) for the AND-OR of fig- 
ure 2. They cannot be used both concurrently for weight 
generation. A method for resolving these conflicts is pre- 
sented in section 4. 
The problem of redundant information is explained with 
the help of the example in figure 3, the deterministic test 
sets TI, TI[ and the corresponding weight sets P ,  and P,. 
The test sets TI and T,  detect all 6 stuck-at faults at the 
primary inputs, but their weight sets lead to different fault 
detection probabilities as shown in table 1. 
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Figure 3: Example circuit with test sets T,T, and corresponding 
weight sets PI and P,, 

so-a sl-a so-b sl-b 
1 7 7 1  - - - -  1 

pf(pzzz) 7 6 18 18 

Table 1: Fault detection probabilities corresponding to the diffe- 
rent weight sets PI and PIl 

As already mentioned, the minimum detection probabilitiy 
determines the test length. The minimum pkPII) is 
whereas the minimum p / P J  is f /4  and PI1 leads to a test 
length roughly twice as long as the length for P,. The rea- 
son for this are some redundant bits set in T,, which are 
transformed into "Don't Cares" by test set TIfI (figure 4). 

SO-c sl-c 
1 

6 3 
- 

Figure 4: Test set Till and corresponding weight set Pill 
If "Don't Cares" occur in a test set they must not contrib- 
ute to the weights, and the input probability is computed 
as 

(3) 

In our example, this provides the weight set PIff shown in 
figure 4 and the fault detection probabilities shown in ta- 
ble 2. The minimum fault detection probability increases 
from 
In general, redundant bits can be removed from determin- 
istic test sets in two ways. A test set containing a mini- 
mum number of patterns can be computed by a tool like 
COMPACTEST [ 191, or the number of specified bits can 
be reduced already during test generation. The experi- 
mental results of section 6 will show that deterministic 
test sets of minimum size may indeed provide more effi- 
cient weights, but in some cases they suffer from many 
conflicts between the patterns since nearly always all bits 
are specified. 

for P , ~  up to f /6 for PIIp 

Table 2 Fault detection probability for the weight set P,ll 

Better results can often be obtained if ATPG hies to maxi- 
mize the number of "Don't Care" bits of all test patterns as 
a large number of "Don't Care" bits reduces both redun- 
dancies in the test set and conflicts between test patterns. 
The next section presents a method for maximizing "Don't 
Cares" during ATPG. 

3. Maximizing "Don't Cares" during test 
generation 

As ATPG for combinational circuits is now well under- 
stood, only some modifications of a FAN-like algorithm 
[12] are sketched in the sequel. Both static and dynamic 
global implications and unique sensitization techniques 
are applied to accelerate the process of test pattern genera- 
tion and the identification of redundancies [22]. Decisions 
are guided by a number of heuristics which particularly 
aim at generating test patterns with a large number of un- 
specified bits, and keeping the overall test set small. The 
heuristics use observability values which are determined 
by critical path tracing [3] and which are updated dynam- 
ically for each partial assignment. 
For the propagation of fault effects, a node on the D-front- 
ier is selected which is as close as possible to the primary 
outputs and is located on a path with a maximum number 
of undetected faults. To minimize the number of specified 
bits, the number of primary inputs which must be set to 
propagate the fault effect, is used as a second criterion. 
For line justification, observability values are used if there 
is a choice of a gate input line to be set to a controlling 
value. Two cases are distinguished: 
a) If the gate output is observable a gate input line is se- 

lected such that the number of undetected faults pre- 
ceding this line is maximum. 

b) If the gate output is not observable a gate input line is 
selected such that the number of primary inputs to be 
set becomes minimal. 

In addition, the ,,bit flipping" technique suggested in [19] 
is used to minimize the number of specified bits in a test 
pattern. For each specified bit the complementary logic 
value is simulated also. If the target fault is still detected, 
the bit position is considered as a " Don't Care". 
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4. Weight generation 

For each fault, the previous algorithm produces an incom- 
pletely specified test pattern to be used for fault simula- 
tion and fault dropping as usual. 

4.1 Zntegrating ATPG and weight generation 

First, a certain number of pseudo-random patterns is gen- 
erated and simulated. The detected faults are highly ran- 
dom pattern testable and can be dropped from the fault list 
F. For the remaining faults, redundancies are identified by 
a preliminary ATPG step. The redundant faults are remov- 
ed from the fault list F, too, and for the rest of the faults 
weight generation is done by a cycle as shown in figure 5. 
A) ATPG is performed for all the faults which are not 

detected by (weighted) random patterns so far. The 
A T E  tries to maximize the number of "Don't Cares" 
as described above. After the first run through the cy- 
cle there are already test patterns generated for all the 
faults, but these patterns are not used in successive 
runs since new test sets with less care bits may become 
possible. 

B) The deterministic test set T of step A) is used for com- 
puting a set of weights using formula 2). 

C) According to the weight set determined in B), random 
patterns are generated and fault simulation is perform- 
ed. This process is controlled by a user-defined para- 
meter k. Pattern generation is stopped if the last k suc- 
cessive patterns do not detect any new fault. A large 
value of k results in long test times and a small number 
of weight sets whereas a small k increases the number 
of weight sets and reduces the test length. 

4.2 Resolving conflicts 

The procedure presented so far may not terminate fast 
enough due to conflicts of test patterns. Conflicts are re- 
solved by partitioning the test set. The Hamming distance 
d(tl,tz) of two test patterns is the number of bits where 
these patterns are incompatible: 

B') Weight computation by using Hamming distance. 
A user defined parameter m controls the partitioning of 
the deterministic test set. It is reasonable to select m = 
O(logzk), and as already mentioned the pattern gen- 
eration is stopped if the last k pattems do not detect a 
new fault. A test pattern t eT  is determined such that 
lD(t, T ,  m)l is maximum. Only the patterns from 
D( t ,  T ,  m) c T are used for weight generation using 
formula (2). 

eneration. fault simulation 

I I Yes 

remaining faults 

Figure 5: ATPG and weight generation 

4.3 Reverse weight generation 

Faults detected during the last run through the cycle of 
figure 5 are the hardest to detect faults, and the set of 
weights generated during this step corresponds to test 
patterns which have a high chance of' detecting some ad- 
ditional faults also. Hence, all the faults are simulated by 
this last weight, and the cycles of the weight generation 
process are entered again for all the faults not detected by 
the last weight or by pseudo-random patterns. 
Results of the reverse weight generation are only used if 
they provide an improved solution. 

If d(tl , t 2 )  > m then there is no single set of weights such 
that both tl and tz are generated with a probability larger 
than 2-"', and for large d(t,,t,) it is not efficient to use 
both patterns simultaneously for weight computation. 
We define D(t,T,m):= ( t' E TI d(t' , t )  2 m )  and substitute 
the step B) of figure 5 as follows: 

The procedures B) or B') give us some real numbers for 
the weights pig [0,1], and there are no obvious methods 
for generating a random bit stream of these probabilities 
by hardware. For step C), a software approach as used in 
[5] can be applied A 32-bit linear feedback shift register 
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(LFSR) with a primitive polynomial is simulated and cy- 
cles through 232-1 states, each state is interpreted as a dual 
fraction s=O.O ... 01 through s=O.1 ... 11. The s are uniformly 
distributed in the interval [O.O ... Ol,, 0.1 ... llJ. In each 
cycle one random bit for input Xi is generated; if s I pi 
holds then we set xi=] else x,=U. 
This technique provides nearly exact weights, but for an 
actual hardware implementation as a BIST scheme or a 
built-off test the weights have to be rounded [8, 13, 23, 
24,271. The main idea of all these schemes is mapping r 
random bit streams to a weighted stream with the grid of 
2-r. For r=3, e.g., there exist boolean fuctionsf,(a,b,c) ,..., 
f,(a,b,c) such thatj(a,b,c) becomes true for exactly i E 
{ I  ,2,. . .,7] minterms. Three independent input streams at 
a, b, and c provide an output probability of 6 at fi(a,b,c). 
This scheme is sketched in figure 6, where the three inde- 
pendent input streams are generated by three different 
primitive LFSRs. 
Clock1 Select 

maximum "don't 
care" test sets 

circuit weights test length 
c432 1 1512 
c499 1 1251 
,2880 1 796 

LFSR 1 

LFSR 2 
weighted b$ 

MUX 

compact test sets 

weights test length 
1 1 490 
1 885 
2 10552 

Figure 6: BIST scheme for weighted random test 

In order to be applied in practice, the weighted pattern 
generation of step C) should consider a state of the art 
scheme as shown in figure 6 and has to use rounded 
weights. The experimental results of the next section will 
show that the proposed method works well even if a real- 
istic rounding is used. 

6. Experimental results 

Experiments were performed on the set of combinational 
benchmark circuits and sequential benchmark circuits 
[6,7] which are assumed to be fully scannable. During the 
first experiments, exact weights are used. The weighted 
pattems were obtained as described above using a LFSR 
with the characteristic polynomial Iz'+x?+I. A new cycle 
of weight generation in figure 5 was started again if new 
faults were not detected after applying k = I  024 con- 
secutive weighted random patterns. 
In the first experiment we investigated the effectiveness of 
a test set with a maximum number of "Don't Care" bits 
and a compact test set for weight generation. In these ex- 
periments, only the combinational benchmark circuits 

I I .. ~- - 

c1355 I 2 1  4397 I 1 1  6 588 
c1908 I 3 1  5452 I 3 I 12557 
c2670 
c3540 3 575 22 718 
c5315 2 138 15 170 
c6288 74 1012 
c7552 

Table 3: Number of weights and test lenghts by using different 
deterministic test sets (k=I024) 

The results obtained by using maximum "Don't Care" bits 
are always comparable with the results for compact test 
sets, and in some cases they are distinctly better. Hence, in 
the following we use test sets with maximum "Don't 
Cares", and we call this method X-test. In the next experi- 
ment, the weight sets were computed without performing 
a prior pseudo-random test. Table 4a and 4b compare the 
results of X-test to the results published in [5].  

Table 4a: Weight set computation by X-test and by [5] (k=512) 
(combinational circuits) 

The column " u n d  denotes the number of non-redundant 
faults which are not detected during weighted random pat- 
tem testing. In all the cases, X-test obtained a complete 
coverage of all detectable faults, and it leads also in some 
cases to significant reduction of the number of weight sets 
and the test length. For a better comparison of X-test and 
the method presented in [5] ,  the weight set generation of 
X-test was stopped when the number of undetected faults 
from [5] was reached. Table 5 shows that in cases where 
the structural analysis method stuck at an incomplete fault 
coverage X-test can provide the same fault coverage by 
less pattems and less weights. 
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I X-test I I 

Table 4 b  Weight set computation by X-test and by [5] (k=.522) 
(sequential circuits) 

I I X-tPst I I 

Table 6: Weight set computation after pseudo-random pattern 
simulation (step A of figure 3) (k=512) 

For real applications the rounding of the weights must be 
taken into account, too. In the next experiment, three line- 
ar feedbaGk shift registers x14+$+rr?+x+l, xIs+x+l and 
d6+$+g+P+2 as shown in figure 6 were used (table 7). 

Table 5 :  Number of weights and test length if fault coverage is 
restricted to [SI (k=512) 

The next experiment shows the results of the computation 
of weight sets after the easy to detect faults are eliminated. 
The results obtained from E51 are based on the computa- Table 7: Comparison of exact and rounded weights (k = 512) 
tion of weight sets from a deterministic test set. Only cir- 
cuits are listed which contain hard to detect faults (table Due to the indeterministic behavior and the applied heu- 

ristics during pattern generation, the results using rounded 
weights are sometimes even better than the exact results. 
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But in many cases, we need more patterns, and sometimes 
even more weight sets if the actual hardware application is 
considered during weight generation. Nevertheless, the 
results are still comparable to the weight computation 
techniques which do not consider the hardware imple- 
mentation at all. 

Conclusion 

Weighted random pattern testing is a widely acknowl- 
edged technique for implementing a built-in or a built-off 
test scheme. The efficiency of weighted random pattern 
testing depends on both the number of weight sets and the 
number of weighted random patterns. A new method for 
weight computation was presented which often provides 
more efficient weights than previously known techniques. 
The method generates deterministic test sets with a maxi- 
mum number of "Don't Care" bits which are used as a 
starting point for weight computation. The deterministic 
test sets are partitioned in order to minimize the number of 
conflicts between patterns during weight computation. 
The method also takes into account that for actual appli- 
cations the weights have to be rounded. Even in this case 
it may outperform state-of-the-art techniques which use 
exact probabilities. 
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