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Abstract

A method to apply bit-parallel processing at all stages of
robust and nonrobust test pattern generation for path delay
faultsis presented. Two different modes of bit-parallel pro-
cessing arecombined: fault paralld test patterngeneration
(FPTPG) and alternative parallel test pattern generation
(APTPG). We discuss the problems that appear while ex-
ploiting bit-parallelity and we describe how to overcome
them. Experimental results demonstrate a reduction of
aborted faultsand an acceleration up to a factor of nine.

1 Introduction

Theincreasing complexity of logic systems and the ap-
plication of high performance semiconductor technologies
have mgjor consequences in view of test preparation. Tests
targeted for stuck-at faults may beinsufficient to guarantee
an acceptable qudity level, because some defects and/or
random process variations do not change the steady state
behavior of acircuit but do affect the dynamic behavior of a
system. Considering path delay testing, not only the num-
ber of gates increases with the circuit size, but the number
of structura paths does, too.

The path delay fault model [1] has been introduced to
detect dow chips. It assumes delay faults on entire paths
inacircuit. A lot of research has been devoted to the topic
of path delay fault testing. Best suited agorithmsfor fault
simulation [1, 2, 3, 4] have been proposed. All state-of-
the-art tools use hit-paraldlity for fault smulation. In the
area of test pattern generation (TPG) efficient approaches
[5, 6, 7, 8, 9, 10] have been presented. Contrary to fault
simulation none of these tools exploits bit-paralldity. In
fact, thereisoneattempt [11] to useup to four bitsof aword
for test pattern generation for stuck-at faults. However, the
proposed methods result in a speed-up of only 1.2.

In spite of the discouraging results of [11], two inter-
esting facts form a strong motivation to exploit the entire
machine word length for automatic test pattern generation.
First, thereisenormousunused resource. Only asmall frac-
tion of a machine word representing alogic value isreally
active. Second, bit-parallelism has aready been exploited

successfully during fault smulation. The step from single
pattern singlefault propagation (SPSFP) to paralle pattern
single fault propagation (PPSFP) [3, 12, 13] resulted in a
speed improvement.

This paper showsthat it is possibleto use the whole ma-
chine word length for test pattern generation. For the very
first time we perform successfully bit-parallel test genera
tion at all stages of the algorithm. Two different modes of
bit-paralldl processing are possible: fault parallel test pat-
tern generation (FPTPG) where L faultsare treated simul-
taneoudly, and alternative parallel test pattern generation
(APTPG) that allowsthe examination of L different pattern
alternatives for a given fault. Starting with FPTPG and
passing over to APTPG for still undetected faults we ex-
ploit the machine word length for easy- and hard-to-detect
faults.

After a short introduction to Path Delay Fault Testing
in the following section the bit-paralel TPG approach is
explained in Section 3. Some interesting details that ap-
pear while using bit-parallelity are discussed in Section 4.
The experimental results given in Section 5 show advan-
tages and improvements of the new approach. Section 6
concludes the paper.

2 ThePath Delay Fault M odel

Smith [1] has introduced a hardware modd for delay
testing. The combinational circuit under test is embedded
between a block of input latches and a block of output
latches. All latches are assumed to be glitchless. At time
T thefirst vector V; isloaded into the input latches. At
time 75, after adl signasin the circuit have reached stable
values, the second vector V5 is applied. The logic values
of the primary outputs are sampled into the output latches
atime?s =T, + T-, where T isthedesired clock rate.

A path P has a nominal delay d(P) and may have a
delay fault called A(P). P issaid to befaulty if the delay
fault causes the wrong vaue of its primary output at time
Te,i.e d(P)+ A(P) > Te. A path delay fault is called
robust detectable, if and only if, its detectionisindependent
of al other delay faultsinthecircuit. If delays of arbitrary
gates may invalidate the detection, the fault is nonrobust



detectable. Obvioudy, robust detection implies nonrobust
detection.

All signas that feed gates on a path and are not path
signals are called off-path signals. The task of testing a
path delay fault is to sensitize a given target path. All off-
path signals of the path have to be set to logic values that
allow the propagation of atransition at the primary input
along the target path to its primary output. The test pattern
generation algorithm consists of two steps. First, the path
sensitization is performed, i.e., the required logic vaues
are assigned to all path signals and al off-path signals.
Second, al logic values at the off-path signals are justified
by assigning appropriatelogic values to the primary inputs
of the circuit. Test pattern generation is performed for all
pathsin the circuit.

3 Bit Parallel Test Pattern Generation

With this section we will present our bit-parallel test
pattern generation approach. Only for sake of explanation,
wefirst restrict ourselves to nonrobust TPG. The extension
to robust test generation is explained in the next section.

To generate nonrobust tests only the final logic values
of the signals have to be considered. A three valued logic
is convenient for thistask: 0,1, and X. Aswe have three
values, we need [log,3] = 2 bitsfor encoding. To exploit
the whole machine word length L, we store L logic values
in two words. Each bit level represents one logic value.
A best suited implication procedure guarantees an efficient
handling of the words while performing bit-paralld im-
plications. Table 1 shows the encoding we have chosen.

logicvalue || O-bit | 1-bit
0 1 0
1 0 1
X 0 0

conflict (C) 1 1

Table 1: Encoding for nonrobust TPG

The combination (1,1) is not used for encoding. Hence, it
represents an illegal signal assignment, i.e., aconflict.

To illustrate the procedure we consider an example cir-
cuit that is shown in Figure 1 for FPTPG and in Figure 2
for APTPG, respectively. Inthe sequel we concentrate on
bit-parallel TPG and consider path sensitization and back-
trace in Section 4. We assume for our example a four-bit-
computer, i.e, L = 4.

3.1 Fault Parallel TPG

During FPTPG we consider L faults simultaneoudly.
First, L paths are sensitized and the resulting implications
are performed. Now, there may be unjustified logic vaues
in the circuit. Aslong as thereis at least one logic value

that isnot justified, abacktrace procedureisperformed and
bit-parallel implicationsare made from the primary inputs.
Consider our example of Figure 1. We want to perform
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Figure 1: Performing FPTPG

FPTPG for 4 paths. We treat the pathsb — p — =, b — ¢ —
s—x,c—r—s—x, andc—r—s—yinpardld onthebit
levels0 through 3. In our notation, bit level Oisontheright
hand side and bit level 3 ison the left hand side. Figure 1
shows the resulting logic values of the four bit levels after
sensitizing the paths and performing the implications.

We can distinguish three cases. On bit level 2 and 3 all
signal values are justified. Hence, the two corresponding
pathsaretested. Onbitlevel 1aconflict occurredat signal ¢
(denoted by a”C"). Asno optional value assignments have
been made, the pathisredundant. Because thesensitization
of subpathb — ¢ — s witharisingtransitionat b isimpossible
all pathscontaining thissubpath are proved to be redundant,
too. Finaly, onbit level 0 no conflict occurred, but thevalue
1 a signd s isnot yet justified. The result of the backtrace
procedureisto assignal toinput d, and after the resulting
implications, signal s isjustified and atest pattern for path
b — p — z isfound. The advantage of FPTPG is that it
is possible to treat multiple paths s multaneously and not
sequentialy.

3.2 AlternativeParallel TPG

In order to examine severa aternatives of test patterns
simultaneously, APTPG isperformed. If theresult of back-
trace indicates that a various primary inputs 0 and 1 is
required, L aternatives can be considered simultaneoudly.
Assume that we want to test patha — p — x withafaling
transition at @. Thefinal values are shown in Figure 2. We
sensitizethe path a al L bit levels. Backtrace indicatesto
assign values to the primary inputsc and d. We examine
all four possibilitiesin four bit-levelsat onetime. Asthere
isat least one bit level without conflict the path is tested.

In general, we can consider al possible value assign-
ments at logs L primary inputs. As soon as we exceed this
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Figure 2: Performing APTPG
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limit we proceed with conventional backtracking on al bit
levels simultaneously.

3.3 Combination of FPTPG and APTPG

FPTPG and APTPG complete one another excellently.
In order to treat easy-to-test faults as efficient as possible,
we start with FPTPG and identify a lot of testable and
redundant paths; this leads to a speed-up of test pattern
generation. If backtracking is necessary, we dynamically
pass over to APTPG. We avoid the effort of resensitizing a
target path by simply flatteningtheactive bit of alogicvaue
tomultiplebit levels. With the help of APTPG we examine
hard-to-detect faults. As we examine severa aternatives
a time, backtracking is less probable and greater areas of
the search space can be examined; our combined method
resultsin less aborted faults, faster test pattern generation,
and faster redundancy identification.

4 Detailsof Bit Parallel TPG

Whiledevel oping bit-paralel TPG thesingletasksof the
algorithm were adapted. Bit-parallelity offers the possibil-
ity of an improved formulation of the path sensitization.
Backtracking had to be adapted to bit-parallelity. The con-
sideration of robust tests needed further examination. |f
robust tests for path delay faults are generated, not only
the fina value has to be considered, but some signals are
required to be stableat their value. We use the seven valued
logic of [5] to perform the generation. Our encoding of the
seven values is shown in Table 2. In order to achieve effi-
cient gate evaluations we use four bits for encoding. The
general TPG-agorithm is the same as for nonrobust TPG.
The difference is that the stable values have to be justified
from the primary inputs. FPTPG and APTPG work in the
sameway asexplainedin Section 3. A detailed explanation
of the mentioned proceduresisgivenin[14].

logicvaue || O-bit | 1-hit | stable-hit | instable-bit
Os 1 0 1 0
1s 0 1 1 0
03 1 0 0 1
15 0 1 0 1
Oz 1 0 0 0
1z 0 1 0 0
X 0 0 0 0
conflict 1 1 X X
conflict X X 1 1

Table 2: Encoding for robust TPG
5 Experimental Results

The bit-parald test generation approach was imple-
mented in "C" and isintegrated in our test preparation tool
TIP; currently, TIP consists of 6000 lines of code. We use
global implicationsand perform parale pattern fault ssimu-
lationafter every L generated test patterns(L isthemachine
word length); no further heuristics and speed-up-techniques
are implemented. The approach is tested with the help of
well-known benchmark circuits [15, 16, 17]. When se-
guential circuitsare processed, only the combinational part
isconsidered. Several experiments were performed to get
an impression of the improvements of the new techniques.

Theinitial experiment we made shows the efficiency of
the bit-paralld test pattern generator. We generated robust
and non robust tests for the ISCAS85 benchmarks. These
circuits are known to be hard to test due to their enormous
number of paths and due to the difficulties in detecting
their delay faults. We ran this experiment on a DECstation
3000/500withamachineword lengthof I = 64. Table3

| Circuit || #faults || #tested | efficiency [ time[q] |
c432 583652 3730 | 100.00 % 951.33
c499 795776 || 133696 | 99.94 % 2284.40
c880 17284 16083 | 100.00 % 49.84
c1355 8346432 22782 | 99.96 % | 14509.06
c1908 1458114 97495 | 99.98% | 86387.41
c2670 1359920 15370 | 99.99 % 755.02
c3540 || 57353342 88356 | 99.99 % | 140135.93
c5315 2682610 81435 | 99.99% | 14457.13
c7552 1452988 86114 | 99.87% | 42895.47

Table 3: Robust ATPG for the ISCASS5 circuits

and Table 4 show theresults, which demonstratethat weare
ableto handle all circuits in a reasonable amount of time'.
4 faults and F£tested represent the number of functional
paths in the circuit and the number of tested faults. The
efficiency isgivenase f ficiency = (1—£222ed) 100%,

where #aborted isthe number of aborted faults. Finaly,
the time for test generation is shown. Contrary to previ-

! except circuit ¢6288, containing 102° functional paths



[Circuit | #faults || #tested | efficiency | time[q] | ‘ Circuit H Lsens Leingle | tparatel ‘ einale ‘
c432 583652 15855 | 100.00 % 17.01 s/13 1.32 1.00 0.15 - 6.7
c499 795776 367744 | 100.00% | 446.91 s838 1.41 3.26 141 23
c880 17284 16652 | 100.00 % 6.51 938 2133 241 0.54 45
c1355 8346432 || 1110304 | 100.00 % | 1124.25 s991 3.96 11.67 1.63 7.2
c1908 1458114 355168 | 100.00% | 380.55 51269 17.50 23.50 7.44 3.2
c2670 1359920 130626 | 100.00% | 114.52 51423 10.91 44.76 10.26 4.4
c3540 57353342 || 1202584 | 100.00 % | 9637.56 3271 6.24 15.76 6.40 25
c5315 2682610 342117 | 100.00% | 1604.68 5378 16.02 17.76 3.06 5.8
c7552 1452988 277244 | 100.00% | 2825.41 9234 45.12 140.59 36.47 3.9

. s13207 1551.86 1634.67 | 3836.50 2.3
Table 4: Nonrobust ATPG for the ISCAS85 circuits 515850 || 30929.62 | 27602.17 | 5448.47 5.1

oudly published approaches for nonrobust test generation,
no aborted paths are left. In the case of robust test gener-
ation some aborted paths have been left for the ISCAS85
benchmarks; however the fraction of aborted faultsis a-
ways lower than 10~3. These two observations aso hold
for al sequential benchmark circuits.

In the main part of our experiment we compared the
bit-parallel generator to a version that is restricted to one
bit level. Of course, we carefully omitted any unneces-
sary overhead. The comparison is shown in Table 5 and

Table 6. Thereby, ;... isthe time for sensitizing the
‘ Circuit H tsens tsingle tparallel ‘ % ‘
s/13 0.92 1.63 0.37 4.4
s838 6.04 18.12 5.62 3.2
938 10.14 14.17 159 8.9
s991 15.76 39.98 29.34 14
s1269 45.15 717.67 408.84 1.8
s1423 31.06 110.62 13.16 84
s3271 18.31 631.30 154.70 4.1
s5378 51.40 122.01 26.92 45
9234 108.66 257.99 121.40 21
s13207 763.12 537.54 255.07 21
s15850 || 4770.00 | 41853.60 | 19579.88 21

Table 5: Comparison of bit parallel and single bit genera-
tion (robust ATPG)

paths (identical for single-bit and bit-parall€l sensitization),
tsingle iSthetimerequired by the single-bit approach, and
tparater 1S the time used by the parallel method proposed
in this paper. The given resultsimpressively show the im-
provements of our bit-paralldl approach. For all circuits
a speed-up is achieved; the average acceleration is about
five. Furthermore, contrary to the parallel approach, some
aborted faults occurred while handling the circuitswith the
single-bit approach. Hence, we achieve both a speed-up of
test generation and a reduction of aborted faults.

With the next experiments, we compared ourselves
to three efficient and well-known state-of-the-art tools.
TSUNAMI-D [8] represents an efficient BDD-based ap-
proach. BDDs are known to be best suited for test genera-

Table 6: Comparison of bit parallel and single bit genera-
tion (nonrobust ATPG)

tion as long as the BDD can be constructed. DYNAMITE
[10] is astructural method that has been shown to perform
very well. Since all published results were achieved on a
DEC 5000/200 (I, = 32) we computed our resultsfor this
machine, thoughonly 32 instead of 64 bitscan be exploited.
Theresultsfor ten published sequentid circuits can be seen
in Table 7 and 8 for nonrobust and robust test generation,
respectively. Thetables show that the bit-parallel approach
isableto generate compl ete test setsinareasonable amount
of time. For somecircuits TIPperformsslightly slower than
TSUNAMI-D. For detecting non-robust tests TSUNAMI -
D is based on a dightly deviated test class compared to
TIPand DY NAMITE. For nonrobust test generation TIPis
up to eight times faster than DYNAMITE, for robust test
generation it is comparable. Please note, that up to now
we use the suboptimal seven valued logic [5] instead of a
ten valued logic [6] for generating robust tests. Further-
more no heuristicsand speedup techniquesare used. These
resources are topics of our future work.

The comparison with NEST [9] isdifficult to do. NEST
targets on afast and good estimation of the fault coverage,
whilewewant to perform compl etetest generation. Results
for the circuits presented in Table 8 can be found in [9].
The interested reader may perform a comparison, always
keeping in mind the different intentions of the two tools.

6 Conclusion

We have shown with this contribution that it is possible
to perform hit-parallel test pattern generation at any stage
of path delay fault test generation. The experimental results
presented show that, analogously to bit-paralld fault simu-
lation, a speedup of up to nineis obtained and a reduction
of aborted faultsis possible. Our future research activity
concentrates on further speed-up techniques and the appli-
cation of hit-parallel test generation to further fault models,
first of al the stuck-at fault model.



Circuit TIP TSUNAMI-D DYNAMITE
#tested | time[s| || #tested | time[s] #tested | time[s]
s641 2270 25 2096 6.7 2270 6.2
s713 4922 4.4 2066 15.1 4922 26.8
51196 3759 135 3708 8.7 3759 24.9
s1238 3684 14.0 3663 9.0 3684 31.2
51423 45198 60.3 33981 878.5 45198 208.2
s1494 1927 20.7 1926 24 1927 5.2
s5378 21928 57.8 19413 284.1 21928 111.9
513207 476145 | 10195.8 || 162798 | 1566.0 476145 | 12274.6
s15850 || 10782994 | 125419.9 n.a na || 10782994 | 975240.0
s38584 334927 | 11991.7 || 170291 | 1934.7 334927 | 32364.9

Table 7: Comparison for nonrobust test generation (DEC 5000/200)

Circuit TIP TSUNAMI-D DYNAMITE
#tested | time[s] || #tested | time[s] || #tested | time[s]
641 1979 6.4 1979 8.2 1979 6.7
s713 1184 4.0 1184 20.6 1184 15.0
s1196 3581 69.0 3562 15.0 3579 32.3
s1238 3589 71.2 3654 16.6 3587 37.8
s1423 28696 162.1 23220 926.5 28696 315.0
s1494 1882 90.4 1882 3.0 1882 171
s5378 18656 227.6 18248 296.9 18656 198.0
s13207 27603 | 2813.8 27484 | 4286.0 27603 | 1984.0
s15850 || 182673 | 62138.1 n.a na || 182673 | 86040.0
s38584 92239 | 14060.0 90146 | 4790.2 92239 | 10636.0

Table 8: Comparison for robust test generation (DEC 5000/200)
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