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1. Introduction

Many recent system-on-a-chip (SoC) integrated
circuits incorporate pre-designed and reusable components,
variously referred to as intellectual property (IP) circuits or
cores. Such circuits are frequently supplied by third-party
vendors and are extremely hard to test when embedded in a
SoC because their functions are specified only in high-
level terms. This is done either to protect the circuits' IP
content or else to allow system designers to synthesize
their own low-level (gate-level) implementations. Tests
can be generated for a high level description in order to
reuse them for all possible implementations [1]. However,
such tests usually cannot guarantee the detection of all
specified faults in all possible implementations.
Consequently, if we consider realization-independent
testing, we can only speak about such realizations that
fulfil specific requirements or have a particular structure
[2, 3]

Conventional fault models like the standard single
stuck-at model were developed for gate-level logic circuits.
Regardless of stuck-at fault model's efficiency for several
decades, alternative models need to account for deep sub-
micron manufacturing process variations [4]. Increasing
performance requirements of circuits makes it difficult to
design them with large timing margins. Thus imprecise
delay modelling, statistical variations of the parameters
during the manufacturing process as well as physical
defects in integrated circuits can sometimes degrade
circuit performance without altering its logic functionality.
These faults are called delay faults.

In this paper we will analyse the situation when tests
are generated for a particular implementation. In this case
there naturally rises a question — can a test generated for
one implementation be used for another implementation?
The same core can have distinct descriptions; e. g. a
parallel or sequential carry can be realized in an adder.
Naturally, that a test generated according to one structure
may not detect all specified faults of another structure. The
employment of different synthesis tools can have an
influence on the test quality as well. The problems of
generation of realization-independent tests for stuck-at
faults were addressed in [5, 6, 7]. We will investigate the
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delay faults coverage in various implementations of the
same circuit.

In this work we will analyse such implementations
that are generated by the synthesis tool according to the
same description, changing the synthesis tool and the target
library used during the synthesis. We will explore the test
quality of one realization for detecting faults of other
realizations. The ISCAS’85 benchmark circuits will be
used for experiments. As well we will analyse how the
tests for delay faults can be modified or expanded in order
to enhance the fault coverage of other realizations and we
will evaluate such possibilities by experiment.

The conventional synthesis goal is to find a trade-off
between the minimal area and the maximal performance.
The different implementations could be based on these
extremities: low area and high speed [5]. We have tried to
synthesize the circuits targeted on the low area and the
high speed. But the obtained results were very similar.
Then we changed a target library. The obtained results of
different target libraries were quite different. Therefore, the
choice was made for the implementations based on the
different target libraries.

The structure of the paper is as follows. We review
the related work in Section 2. We analyse the influence of
circuit re-synthesizing on the transition fault coverage in
Section 3. We explore the application of transition faults
tests to detect stuck-at faults in Section 4. We present the
enhancement of the independency of the test from
realizations in Section 5. We finish with conclusions in
Section 6.

2. Related work

Two general types of delay fault models: the gate
delay fault model [8, 9], and the path delay fault model
[10] have been used for modelling delay defects. Although
the path delay fault model is generally considered to be
more realistic and effective in modelling physical delay
faults, it is often difficult to use in practice due to a huge
number of paths in the circuit. Therefore, the gate delay
fault model is more feasible for large circuits. The most
commonly used gate delay fault model is the transition
fault model [8]. According to this model, every line in the



circuit is associated with two transition faults: a slow-to-
rise fault (rising fault) and a slow-to-fall fault (falling
fault). To simplify the analysis of transition faults, it is
often assumed that the extra delay caused by a transition
fault on a line is sufficiently large such that the delay of
every path passing through this line exceeds the maximum
allowed value, which is usually the system clock period for
synchronous sequential circuits.

The possibilities of using a test obtained for one
realization for testing delay faults of another realization are
studied in [5]. The suggested fault model is called a
coupling fault, which is devoted to testing stuck-at faults
and is applicable to test path delay faults. The
corresponding coupling delay tests detect all robust path
delay faults in any realization of the function. The size of a
coupling delay test set is very large compared to that of a
typical path delay test set, however [5].

The possibilities of supplementing or expanding a
particular realization test having a purpose to enhance test
quality for detecting of delay faults are analysed in [11-
14]. Test sets for path delay faults in circuits with large
numbers of paths are typically generated for path delay
faults associated with the longest circuit path. This may
lead to undetected failures since a shorter path may fail
without any of the longest paths failing. The paper [11]
proposes a test enrichment procedure that significantly
increases the number of faults associated with the next-to
longest paths that are detected by a compact test set. The
alternative approach to this problem is an optimisation of
the critical path selection [15] or a selection of the longest
testable path [12, 16]. The papers [12, 16] combine the
merits of both the transition fault model and the critical
path delay model. Both papers agree that more automatic
test pattern generation efforts are required to produce tests
for all faults in this model than that given by the single
transition fault model. Therefore the paper [12] suggests
that to obtain a high quality transition fault test set using
reasonable run times, initially a conventional transition
fault test set can be generated and then augmented by a test
based on the longest testable path passing through the fault
site.

The other possibility to enhance test quality is the n-
detection test set [13, 14]. The n-detection test set is one
where each fault f'is detected by » different input patterns,
or by the maximum number of input patterns if f has fewer
than n different input patterns that detect it. The paper [13]
has proposed a reordering procedure to obtain n-detection
test sets and variable n-detection test sets for transition
faults. Though ¢; and ¢, ; are selected from the given test set
as a test-pair for transition faults, authors do not consider
the number of input changes between ¢; and ¢,,;. However,
the multiple input change test-pairs have the following
disadvantages: 1) hazards may occur by multiple input
change test-pairs, and 2) multiple input change test-pairs
have a high power consumption. Further, the authors in
[17] proved that single input change test sequences are
more effective than multiple input change sequences to
obtain high robust delay fault coverage. The paper [14]
applies n-detection test sets to check path delay faults
where n is a function of the number of paths through the
check points.
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3. Application of transition fault tests to re-synthesized
circuits

The core can be synthesized by different electronic
design automation systems and mapped into different cell
libraries and manufacturing technologies. An important
issue is how the test set of the core covers the transition
faults of new implementations, which are done by the same
synthesizer or by a different one. The ISCAS’85
benchmark circuits have been selected for experiments.
Two versions of the original circuits have been taken: the
first original version and the second improved non-
redundant version. The first original version of the circuits
was considered as the basic version. Unfortunately, to use
this version as the basic was possible only for five circuits:
C432, C499, C880, C1355, C6288. The first version of the
other circuits couldn't be used for two reasons: 1) the
versions of the circuits C1908, C3540 and C5315 had
different interface; 2) the first versions of the circuits
C2670 and C7552 couldn't be compiled because of the
applied restrictions by the Synopsys test pattern generator
TetraMAX used for our experiments. The original non-
redundant ISCAS’85 circuits have been re-synthesized by
the Synopsys Design Compiler program in three modes
and by the Cadence BuildGates synthesis program. The
Synopsys Design Compiler program used three different
target libraries: 1) class.db — default mode; 2) and or.db —
AND-OR-NOT cell library of two inputs gates; 3)

virtex.db — FPGA cell library. The following six
realizations have been analyzed:
VO — the original ISCAS'85 benchmark circuit,
V1 — the non-redundant ISCAS'85 benchmark circuit,
V2 — Synopsys Design Optimization,
target library — class.db,
V3 — Synopsys Design Optimization,
target library — and_or.db,
V4 — Synopsys Design Optimization,
target library — virtex.db,
V5 — Cadence BuildGates synthesis,
target library — Ica300k.alf.
Table 1. The number of transition faults
Circuit VO V1 V2 V3 V4 V5
C432 1438 1412 1002 1172 1228 1050
C499 3436 | 3430 | 2646 | 2982 | 3138 | 2646
C880 2396 | 2396 | 2146 | 2280 | 3040 | 2170
C1355 3366 | 3350 | 3274 | 3618 3306 | 3274
C1908 4872 | 4848 | 2176 | 2796 | 2996 | 2440
C2670 - 5646 4134 4486 4922 4162
C3540 9360 | 8960 | 6154 | 6448 6942 8024
C5315 | 13988 | 13816 | 10312 | 10364 | 13382 | 10652
C6288 | 14560 | 14422 | 13528 | 14790 | 18180 | 25678
C7552 - 19160 | 11962 | 12048 | 14136 | 12898
Total 53416 | 77440 | 57334 | 60984 | 71270 | 72994

We can see the number of transition faults for each
realization in Table 1 and 0. It needs to draw attention to
the fact that originally the circuits C432 and C499 have
XOR gates. When a test is generated for XOR gate, it does
not detect 2 faults of the equivalent circuit constructed of
NOT, AND and OR gates. All the other versions of the
circuits are constructed from primitive gates: AND, OR,



NAND, NOR and NOT. In order to have equal conditions
for all versions of circuits, the original circuits C432 and
C499 were expanded to the NOT, AND and OR gates. The
version V5 of the circuits is constructed from FPGA cells.
The transition faults of these circuits were simulated at the
gate level, too.

Transition faults & Circuits

The number of transition fault:

The circuits

Fig. 1. The number of transition faults for each realization

The original non-redundant benchmark realizations
have more transition faults in total. This means that the re-
synthesized circuits were more optimised. The percent of
the difference between maximum and minimum numbers
of transitions faults to the maximum number of transition
faults varies from 10 to 55. It demonstrates the diversity of
realizations and the impact of the target library on the
design synthesis.

The number of transition faults has to be equal to the
number of stuck-at faults because every pin of the gate has
two transition faults (a slow-to-rise fault and a slow-to-fall
fault) and two stuck-at faults (stuck-at 0 and stuck-at 1). If
we look to the paper [7] which presented the numbers of
stuck-at faults for benchmarks circuits we would see two
or three times smaller numbers. The reasons are the
following: 1) a simulation program of the stuck-at faults
for two inputs AND gate includes 4 stuck-at faults into a
fault list meanwhile a simulation program of the transition
faults for the same gate includes all 6 transitions faults; 2)
the equivalence and dominance relations are applied for
stuck-at faults. Therefore, for example, the circuit C880
has 942 stuck-at faults [7] and 2396 transition faults.

Synopsys test pattern generator TetraMAX was used
to generate test sets for transition faults. The test sets have
been generated for each basic version of the original
ISCAS’85 circuit and then the same test set was applied to
all the other implementations of the same circuit. The
choice of the basic version for each circuit was discussed
in the beginning of this section. As we remember two
original versions of the circuits C1908, C3540 and C5315
had different interface. Therefore, two test sets were
generated for these circuits. The test sets of the version VO
were used only for this particular implementation. The test
size of test sets with a 100% transition faults coverage is
displayed in Table 2. In each test generation case, we see
the test size dispersal (0) in the number of circuits. The test
sizes for the realisation of the circuits c¢432, c880, c6288
are very similar. Nevertheless, these circuits have quite a
different dispersal of transition faults after re-synthesizing
(Table 1).
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Table 2. The size of test sets

C432 C499 C880 C1355 | C1908
VO 268 434 282 620 630
\2! 628
C2670 | C3540 | C5315 | C6288 | C7552
V0 838 580 236
\"2! 510 836 598 912
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Fig. 2. The number of test patterns for each circuit

The fault coverage and the number of undetected
faults for each realization of the circuit were computed.
Table 3 presents the results of the experiments. Two lines
are reserved for each circuit. The first line of these two
lines holds the number of undetected transition faults, the
second line holds the transition fault coverage. Of course,
the number of undetected faults is zero for the version VO
of all circuits. The version V1 differs very slightly from the
version VO of all circuits and therefore the faults of this
version were detected very well, but we don't have to
forget that this version was the basic one for 5 circuits, too.
The faults of all the other versions of the circuits were not
detected completely, except the version V3 of the circuit
C432. In general, the version V3 was checked the best for
all the circuits. Recall, that this version is implemented on
the base of two inputs gates. The worst result has the
version V5, but the only circuit C6288 had a big
contribution to this result (see 0). From the engineering
point of view, this result could be excluded. Then the least
fault coverage is 93.06% of the version V4 of the circuit
C880. This result leads to the conclusion that different
synthesis tools have no real influence to the detection of
the transition faults. If we compare the results of the stuck-
at faults for the other realizations presented in the paper
[7], we could find that the biggest average percent of
undetected faults is 1.35. The biggest average percent of
undetected transition faults from Table 3 is 2.53. But this
result includes the worst case of the circuit C6288 which
could be excluded. If the result of the circuit C6288 is
excluded, then the biggest average percent of undetected
transition faults is 1.81. But when the comparison is
accomplished an attention has to be paid to the fact that
stuck-at  faults were exercised only for two
implementations: V2 and V3. The biggest average percent
of undetected transition faults of these implementations is
1.36 which means the same as for stuck-at faults.



Table 3. The undetected transition faults and a fault coverage Table 4. The undetected stuck-at faults and a fault coverage
Circuit | VO | V1 V2 V3 V4 V5 Circuit | VO | V1 V2 V3 V4 V5
C432 0 36 26 0 46 26 97.52 C432 0 36 5 0 30 5

100 | 97.45 | 97.41 100 96.25 100 | 97.45 ] 99.50 | 100 97.56 | 99.52
C499 0 0 13 1 8 13 C499 0 0 0 0 0 0
100 | 100 99.51 99.97 | 99.75 | 99.51 100 | 100 100 100 100 100
C880 0 0 1 1 211 1 C880 0 0 0 0 149 0
100 | 100 99.95 99.96 | 93.06 | 99.95 100 | 100 100 100 95.10 | 100
C1355 | 0 0 128 111 36 128 C1355 0 0 58 46 8 58
100 | 100 96.09 96.93 | 98.91 | 96.09 100 | 100 98.23 | 98.73 | 99.76 | 98.23
C1908 | 0 0 24 17 19 24 C1908 0 0 3 1 1 3
100 | 100 98.90 99.39 | 99.37 | 99.02 100 | 100 99.86 | 99.96 | 99.97 | 99.88
C2670 0 114 130 28 114 C2670 0 73 81 6 73
100 97.24 97.10 | 99.43 | 97.26 100 98.23 | 98.19 | 99.88 | 98.25
C3540 | 0 0 52 63 50 315 C3540 0 0 1 5 2 139
100 | 100 99.16 99.02 | 99.28 | 96.07 100 | 100 99.98 199.92 | 99.97 | 98.27
C5315 | 0 0 40 64 429 52 C5315 0 0 15 14 336 19
100 | 100 99.61 99.38 | 96.79 | 99.51 100 | 100 99.85 | 99.86 | 97.49 | 99.82
C6288 | 0 10 127 77 145 2430 C6288 0 0 37 25 39 1453
100 | 99.93 | 99.06 99.48 | 99.20 | 90.54 100 | 100 99.73 1 99.83 | 99.79 | 94.34
C7552 0 64 99.46 | 62 26 77 C7552 0 6 2 3 18
100 99.49 | 99.82 | 99.40 100 99.95 199.98 | 99.98 | 99.86
Total 0 46 589 526 998 3180 Total 0 36 198 174 574 1768
% 100 | 99.74 | 98.64 99.07 | 98.19 | 97.49 % 100 | 99.75 | 99.53 | 99.65 | 98.95 98.82
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Fig. 3. The total number of undetected transition faults for each
realization of the circuit

4. Application of transition fault tests to detect stuck-at
faults

The generated test sets for transition faults were
applied to all implementations of the circuits in order to
detect stuck-at faults. The results of the fault coverage and
undetected faults are presented in Table 4. Two lines are
reserved for each circuit. The first line of these two lines
holds the number of undetected transition faults, the
second line holds the transition fault coverage. The total
number of stuck-at faults was the same as reported in
Table 1. As we could expect the detection of stuck-at
faults is better than their counterparts transition faults. To
check the trends of the detection of stuck-at faults for
different circuits and for different implementations and to
compare them with trends of the detection of the transition
faults one needs to look at the 0 and 0. As we can see the
distribution law is absolutely the same only the numbers of
undetected stuck-at faults are smaller than their
counterparts transition faults. It is possible to conclude that
the trends of the detection of stuck-at faults and transition
faults for different implementations are absolutely the
same.
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Fig. 4. The total number of undetected stuck-at faults for each
realization of the circuit

5. Enhancement of the independency of the test from
realizations

As it is reported in [13, 14], n-detection test sets are
useful in achieving a higher defect coverage for all types of
circuits and for different fault models. We applied merged
test sets for testing as a double-detection approach. The
single test set consists of a random generated test set and a
deterministic generated test set. The deterministic test
generation was used only for hard-to-detect faults. It
contributed very few test patterns to the final test set.
Therefore both test sets have different test patterns and
each of them detects all faults of the basic realization (VO
or V1). The numbers of test patterns of both test sets are
presented in the second column of Table 5. The first
number represents the number of test in the first set, the
second number - the number of test in the second set. The
numbers of undetected faults of double-detection test sets
and a fault coverage are given in the other columns of
Table 5. The column under name VO has empty cells for
the circuits C1908, C2670, C3540, C5315, C7552, because
the basic version of these circuit was V1.




Table 5. The fault coverage

Circuit | VO/ | VO | V1 V2 V3 V4 V5
Vi
C432 268 | 0 36 5 0 35 5
264 | 100 | 97.5 1 99.5 | 100 | 97.2 | 99.5
C499 434 1 0 0 10 0 4 10
420 | 100 | 100 | 99.6 | 100 | 99.9 | 99.6
C880 282 | 0 0 0 0 171 | 0
302 | 100 | 100 | 100 | 100 | 94.4 | 100
C1355 | 620 | O 0 2 2 4 2
646 | 100 | 100 | 99.9 | 99.9 | 999 | 99.9
C1908 | 628 0 5 16 5 5
612 100 | 99.8 |1 99.4 | 994 | 99.8
C2670 | 510 0 85 80 6 85
532 100 | 97.9 | 98.2 | 99.9 | 98.0
C3540 | 836 0 11 14 13 158
832 100 | 99.8 | 99.8 | 99.8 | 98.0
C5315 | 598 0 16 17 367 | 52
584 100 | 99.8 | 99.8 | 97.3 | 99.5
C6288 | 236 | 0 2 18 7 20 1286
236 | 100 | 99.9 |1 999 | 99.9 | 999 | 95.0
C7552 | 912 0 13 17 12 21
894 100 | 999 1999 | 999 | 99.8
Total 0 38 165 | 153 | 637 | 1624
% 100 | 99.7 |1 99.6 | 99.7 | 98.8 | 98.9

The average percent of undetected faults in case of
double-detection test sets declined more than twice (0),
except the version V4 of circuits. Also the maximum
percent of undetected faults has the same tendency as the
average percent of undetected faults, except the version V2
of circuits (0).

Average percent of undetected faults

3,00%
2,50% A
2,00% A
1,50%
1,00%
0,50% -
0,00%

—&@—Double test
—ll— Single test

Fault coverage

" V2 V3 \Z V5

Versions of circuits

Fig 5. The average percent of undetected transition faults for
each realization of the circuit

The version V1 of circuits is a special case. For some
circuits (C1908, C2670, C3540, C5315, C7552), it was the
basic one. Therefore the single test set has no undetected
transition faults for the version V1 of these circuits. For
other circuits (C499, C880, C1355), the single test set
already detects all transition faults for the version V1. And
it is very interesting to notice, that the double-detection test
sets did not improve the test quality for the version V1 of
the circuit C432. That was the only case where double-
detection test sets did not increase the coverage of
undetected faults of a single test set. The latter fact only
reminds to us that double-detection test sets are not enough
in order to improve a test quality. In general, the
maximum percent of undetected faults 9.46% (0) is
significantly higher than the average percent of undetected
faults 2.51% (0). The double-detection test sets decreased
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almost twice both the maximum and the average percent of
undetected faults.

Maximum percent of undetected faults

10,00%

8,00% -

6,00% - —&—Double test

4,00% - ——Single test

Fault coverage

2,00% -

0,00%

V1 V2 V3 \Z3 V5

Versions of circuits

Fig. 6. The maximum percent of undetected transition faults for
each realization of the circuit

6. Conclusions

The comparison of the detection of the transition
faults for different implementations of the circuit was
carried out the first time. The results show that the tests
reused for re-synthesized circuits detect on average more
than 98% of all transition faults. The maximum percent of
undetected faults 9.46% is significantly higher than the
average percent of undetected faults 2.51%. The double-
detection test sets declined the maximum and the average
percent of undetected faults almost twice.

The comparison of the trends of the detection of
stuck-at faults for different implementations [7] and the
detection of transition faults for different implementations
was carried out, too. It is possible to conclude that the
trends of the detection of stuck-at faults and transition
faults for different implementations are the same. Finally,
the presented results lead to the conclusion that re-
synthesizing of a circuit doesn't create any problems to the
testing of re-synthesized circuit — it is possible to apply the
test patterns of the original circuit for the re-synthesized
one with a little loss in a fault coverage for the re-
synthesized circuit.
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schemos realizacija. Il. 6, bibl. 17 (angly kalba; santraukos lietuviy, angly ir rusy k.).

E. Bareila, V. Jusas, K. Motiejiinas, R. Seinauskas. Transition Fault Coverage for Different Implementations of the Circuit //
Electronics and Electrical Engineering. - Kaunas: Technologija, 2005. — No 3(59). — P.78-83.

The design complexity of systems on a chip drives the need to reuse legacy or intellectual property cores, whose gate-level
implementation details are unavailable. The core test depends on manufacturing technologies and changes permanently during a design
lifecycle. The purpose of this paper is to assist to designer in the decision making how to test transition faults of re-synthesized cores.
We have performed various comprehensive experiments with combinational benchmark circuits. Our experiments show that the test sets
generated for a particular circuit realization fail to detect in average only less than 1.5% of the transition faults of the re-synthesized
circuit but in some cases this figure is more than 9%. The same trends are valid for stuck-at faults of different implementations, too. The
double-detection test sets declined almost twice both the maximum and the average percent of undetected transition faults for all
implementations of the circuits, except one singular implementation of one circuit. I11.6, bibl. 17 (English, summaries in Lithuanian,
English and Russian).

9. bapeiima, B. IOcac, K. Moteronac, P. Illefinayckac. AHaIu3 OTHOTHI JAe(eKTOB 3aJeP:KKH I/ Pa3HbIX PeaJM3alHil CXeMbl
// dnekTpoHuKa M djeKkTpoTexnuka. - Kaynac: Texnosorus, 2005. — Ne 3(59). — C.78-83.

IIpn npoeKTHpOBaHUH CIOKHBIX COBPEMEHHBIX CHCTEM HCIONB3YIOTCA y>K€ T'OTOBBIE OJIOKM, AETald KOTOPBHIX HAa BEHTHUIIBHOM
YPOBHE SIBIISIIOTCSI HEM3BECTHBIMU. T€CT JuIsi Takoro OJIOKa 3aBHCUT OT TE€XHOJIOTMH H3TOTOBJIEHMS U MOXKET KaXJbIH pa3 MEHSTHCS.
Llens 5T0# pabOTHI MOMOYS MPOSKTUPOBIIMKY MPUHATH PEHICHHE IO TTOBOLY TECTHPOBAHUS NE()EKTOB 3a[JCPKKH TaKHX OIIOKOB. MBI
MPOBEIM MHOTO AKCIHEPHMEHTOB, HCIIONB3ys] KOMOWHAI[MOHHBIE CXeMBI. Halmm SKCIIepHIMEHTHI ITOKa3bIBAIOT, YTO TECTHI OMHOI
peanu3anuy B cpefHeM He 0OHApy>KHBAIOT TOJIBKO 1,5% Ne(eKToB 3aJepKKH APYTUX pealn3aliii, OJHAKO B HEKOTOPHIX CIydYasx 3Ta
mappa paBHa 9%. Drta Ke camas TEHASHIUS CcoOIMIogaeTcs ¥ U KOHCTaHTHBIX OJMHOYHBIX HeucrpaBHocTeil. TecTsl,
OOHapy>KMBAIOLME HEHCHPAaBHOCTH 110 [Ba pa3a, YMCHBIIWIM CPEJHUH ¥ MaKCUMAaIBHBIA IPOIEHT HeoOHapyKMBaeMbIX
HEHCIIPAaBHOCTEH B JiBa pa3a, 3a MCKIIIOUYEHHEM OJHOW cxeMbl. M. 6, 6ubn. 17 (Ha aHrImMiiCKOM si3bIKe; pedepaTsl Ha JUTOBCKOM,
AQHIJIMHACKOM M PYCCKOM $3.)
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