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Abstract—Unknown values emerge during the design and test
generation process as well as during later test application and
system operation. They adversely affect the test quality by
reducing the controllability and observability of internal circuit
structures — resulting in a loss of fault coverage. To handle
unknown values, conventional test generation algorithms as used
in state-of-the-art commercial tools, rely on n-valued algebras.
However, n-valued algebras introduce pessimism as soon as X-
values reconverge. Consequently, these algorithms fail to compute
the accurate result.

This paper focuses on a new highly incremental CEGAR-
based algorithm that overcomes these limitations and hence is
completely accurate in presence of unknown values. It relies on
a modified SAT-solver tailored for this specific problem. The
experimental results for circuits with up to 2 400 000 gates show
that this combination allows high accuracy and high scalability
at the same time. Compared to a state-of-the-art commercial tool,
the fault coverage could be increased significantly. Furthermore,
the runtime is reduced remarkably compared to a QBF-based
encoding of the problem.

Index Terms—SAT, CEGAR, test generation, ATPG, unknown
values

I. INTRODUCTION

Unknown values (X-values) are a pain in VLSI testing. They
reduce the controllability and observability of internal circuit
structures resulting in an adverse impact on the test quality.
Unknown values emerge during the design and test generation
process as well as during later test application and system
operation — e.g. by uninitialized sequential elements, clock-
domain crossings or multi-cycle paths. Classically, unknown
values are evaluated pessimistically for example using n-
valued algebras [1, 2]. However, all these algorithms suffer
from the same problem that they are unable to accurately
determine the signal values as soon as X-values reconverge.
This results in a reduced fault-coverage or a higher number
of patterns that need to be considered. Consequently, in the
last years several algorithms have been published to overcome
these limitations.

Related work: In [3] the first accurate approach for ATPG
in presence of unknown values was presented. This approach
utilizes a QBF-solver and allowed for the first time the accurate
evaluation of faults in presence of unknown values. However,
the accurate analysis comes at the price of high runtimes and
a large number of aborted faults.

In order to lower the runtime while keeping a high fault
coverage, the authors of [4] proposed an approach employing
a SAT-based encoding for restricted symbolic logic (RSL)
in order to model unknown values more precisely compared
to three-valued logic. For an efficient encoding, structural
knowledge of the circuit is exploited in order to consider
only relevant X-reconvergencies. Similarly, [5] proposed (1)
an SMT-like solving strategy for RSL with on-the-fly clause
generation during solving and (2) an untestability check which

978-3-9815370-6-2/DATE16/ (©2016 EDAA

allowed the accurate detection of untestable faults. An im-
proved two-valued version of this accurate untestability check
was used in [6] together with an enhanced SAT-based encoding
that combines the accuracy of RSL with the efficiency of three-
valued encodings.

Still, all these RSL-based algorithms suffer from the same
problem that they are unable to determine the accurate result
in presence of unknown values — as soon as no test pattern
is found for a certain fault and the incorporated untestability
check fails. Furthermore, all these earlier approaches use a
standard SAT- or QBF-solver.

Contribution of this paper: In contrast, here, we focus on
the accurate classification of each fault by employing a highly
incremental approach tailored for this specific problem class.
In detail we present:

1) a highly incremental CEGAR-based algorithm that is
completely accurate in presence of unknown values.

2) several optimizations in order to reduce the runtime of
the overall method significantly.

3) a modified and stripped down SAT-solver which is the
fundament of the CEGAR-based algorithm.

Experimental results for large industrial circuits with up to
2400000 gates show the efficiency of the proposed method.
Compared to a state-of-the-art commercial tool the fault-
coverage is increased significantly.

The rest of the paper is organized as follows. Section II
gives a short introduction into the terminology. Sections III
and IV describe the proposed method and how it is embedded
into the complete ATPG framework. Experimental results are
discussed in Section V, before we conclude the paper in
Section VL.

II. PRELIMINARIES
A. X-Values

An X-value represents a well-defined but unknown binary
value — either being logic-0 or logic-1. This excludes undefined
values (e.g. caused by undefined voltage levels) and corre-
sponds to the semantics of unknown values in [7]. X-sources
are signals which generate unknown values — e.g. uncontrolled
sequential elements or clock domain crossings. If such an X-
source is reachable from a signal or gate, then this signal or
gate is X-dependent.

B. Fault Detection Requirements

Similar to [8], we consider a stuck-at fault detectable if and
only if there is a test pattern which makes the fault observable
at at least one output independent of the X-values. A fault
is observable if an output shows value v in the fault-free
case while it shows —w in the faulty case — for all possible
assignments to the X-sources.
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C. SAT

In this paper we concentrate on (extended) SAT-based
techniques to generate test patterns — or prove the non-
existence thereof (untestability). The Boolean satisfiability
problem (SAT) asks the question if there exists for a given
Boolean formula an assignment to its variables such that this
formula evaluates to true. Programs handling this kind of
problem are called SAT-solvers. We will only give a very brief
summary of SAT, a comprehensive introduction can be found
in [9].

Most modern SAT-solvers do not accept arbitrary Boolean
formulas — instead they expect a formula to be in conjunctive
normal form (CNF). A CNF is a conjunction of clauses. Each
clause is a disjunction of literals and every literal is either a
Boolean variable or its negation.

A natural representation of a combinatorial circuit is a
directed acyclic graph (DAG). The Tseitin-transformation [10]
allows to translate such a DAG into a CNF by introducing
auxiliary variables for each signal.

Furthermore, many SAT-solvers allow incremental solving.
This means the overall problem is partitioned into a conjunc-
tion of sub-problems. We start with a sub-problem and let the
SAT-solver search for a solution. If already this sub-problem
has no solution, then the overall problem has no solution
as well — because it is a conjunction of the sub-problems.
Otherwise, if the solver finds a solution, we add a further
sub-problem. Regarding the CNF representation this means
we just add further clauses to the CNF which was already
passed to the SAT-solver. The SAT-solver is now called on
the extended CNF and is allowed to re-use all the knowledge
generated during the previous solving calls. This re-use speeds
up the consecutive solve calls significantly. Furthermore, a
CNF could be solved under assumptions. This means the SAT-
solver assumes the given assumption-literals to be true and
tries to find a satisfying assignment under this restriction.

D. SAT-based ATPG

Without X-values the test pattern generation for a given fault
location could be mapped to a Boolean satisfiability problem
as follows: a CNF is created which contains

1) the fault-free representation of the circuit,

2) the faulty representation of the circuit,

3) D-chains [11] to model the propagation paths, and

4) additional clauses which demand a difference at at least
one output of the fault-free and faulty version of the
circuit.

If this CNF is satisfiable, a test pattern is extracted. Otherwise,
the fault is proven to be untestable.

In presence of X-values this direct mapping is no longer
possible if an accurate evaluation of the X-sources is desired.
Instead an iterative approach will be used which is described
in the next section.

[II. THE METHOD

The method described in this section builds on the untesta-
bility check (see Section III-A) first presented in [5] and
the accurate simulation algorithm proposed in [12] (see Sec-
tion III-B). Furthermore, a modified SAT-solver is used that is
tailored for this specific problem class (see Section III-E).
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A. Accurate Untestability Check (AUC)

As stated in Section II-B, a fault is detectable if there is a
test pattern which makes the fault observable at at least one
output independent of the X-values. In other words: the test
pattern has to give the same difference on an output for all
X-values. This means if there exists one assignment to the X-
sources such that no difference is propagatable to at least one
output, then we have proven the untestability of the considered
fault — because at least one assignment to the X-sources does
not have a test pattern.

So the basic idea is to check if this necessary condition
for the existence of a test pattern is violated. Obviously, this
condition does not guarantee to detect all accurately untestable
faults. But it can be easily strengthened. Instead of checking
only one assignment to the X-sources, we check two or more
simultaneously. This is done by

1) copying the X-dependent parts of the circuit,

2) applying different assignments to the X-sources in each
copy, and

3) adding extra clauses to propagate the fault effect in all
copies to the same output — while demanding that the
fault-free case shows the same value v in all copies and
the opposite value —v in the faulty case.

B. Accurate Testability Check (ATC)

If the CNF created by the untestability check is unsatis-
fiable, the fault is proven to be untestable. But if the CNF
is satisfiable, the valuation of the variables representing the
controllable inputs could or could not contain a valid test
pattern — we simply do not know without further investigation.

On the other hand, it is possible to check whether a pattern
for the controllable inputs propagates a difference to a certain
output o — so to say an accurate testability check. This check
is also SAT-based. Similar to [12] we create a CNF which
contains

1) the fault-free representation of the circuit,

2) the faulty representation of the circuit,

3) additional clauses which demand no difference at output
o of the fault-free and faulty version of the circuit,

4) the test pattern to be checked as assignment to the
variables representing the circuit inputs, and

5) the X-sources as Boolean variables.

When searching for a test pattern, we search for a valuation
of the controllable inputs. In contrast, here the values of
the controllable inputs are now given and we search for an
assignment to the X-sources. If the created CNF is unsatis-
fiable, there are no assignments to the X-sources violating
the detection condition. In other words: the test pattern is
valid and propagates the fault-effect to output o — for all
possible assignments to the X-sources. On the other hand, if
this CNF is satisfiable, we get precious information regarding
an assignment to the X-sources that violates the detection
requirements. This information is used to build the accurate
ATPG as described below.

C. The CEGAR-Loop

The key idea behind our accurate CEGAR-based algorithm
lies in the clever combination of both checks described above.
If the accurate untestability check (see Section III-A) succeeds
(the AUC-CNF is unsatisfiable), the fault is proven to be
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untestable. If the AUC-CNF is satisfiable, we get a possible
test pattern which may propagate a difference to one or more
outputs. For each output with a difference, we can now use
the accurate testability check (see Section III-B) in order to
determine if the possible test pattern is a valid test pattern.
If the ATC succeeds (the ATC-CNF is unsatisfiable) then the
fault is indeed testable and we are done. If the ATC-CNF is
satisfiable, we get a valuation of the X-sources which proves
that the possible test pattern is a spurious test pattern!. We
can use this assignment to the X-sources in order to exclude
the spurious test pattern by refining AUC-CNF with a further
copy. Then we solve again AUC-CNF. We iterate as long as
we get spurious test patterns. Figure 1 depicts the principle.
We operate on two CNF representations in an interleaving
manner and do incremental SAT-solving. In each iteration we
first solve AUC-CNF and — if needed — switch to ATC-CNF.
Furthermore, AUC-CNF is extended with further clauses and
the assignment to the X-sources determined by ATC-CNFE.

|
i
5 v
é DAG to CNF R AUC | unsat R
£ § CNF untestable
E -
2 = 8|3
= N ° g
< % k= <]
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g |2 5|3 |8
& o)
— <QC DAG to CNF R ATC | unsat R
CNF testable
CEGAR-loop

Fig. 1: In the CEGAR-loop, AUC-CNF and ATC-CNF are
solved in an interleaving manner.

This iterative principle is also called CounterExample
Guided Abstraction Refinement (CEGAR) [13]. We start with
a coarse abstraction (AUC-CNF contains only one copy) and
search for a counterexample (a possible test pattern). Then we
check if the counterexample is spurious or not (possible test
pattern is spurious or valid) and refine our abstraction in case
of a spurious counterexample in order to exclude it (AUC-
CNF is extended with further clauses). A similar approach
was proposed in [14]. But while [14] was designed to solve
generic 2-QBF formulas, we tailor our approach to X-aware
ATPG and exploit the structural knowledge of the circuit as
explained in Section III-D. Furthermore, we extend the above-
described CEGAR-loop with a second method to exclude
spurious counterexamples. We utilize the approach proposed
in [15] in order to determine a small subset of the controllable
inputs which provably represent a set of spurious test patterns.
This set of spurious test patterns can be excluded by adding
just a single clause to AUC-CNF. The calculation of such
a small subset is in principle possible with a standard SAT-
solver, but it can be made much more efficient with an adapted
SAT-solver by exploiting the knowledge already present in the
implication graph of the solver.

'This means, that for some valuations of the X-sources this pattern
propagates a difference to the output — but there exists at least one valuation for
which this pattern does not produce the desired output difference. Therefore,
we call such a pattern a spurious test pattern.

974

D. Efficient Handling of Multiple Outputs

There could be thousands of outputs a fault might propagate
a difference to. Therefore, we do not apply the CEGAR-loop
directly to the full fault instance — instead we use a layered
approach. The outer layer uses an extended version of the
untestability check as a filter (FIL) in order to determine a
possible test pattern and the outputs which might show an
observable difference for this pattern. The inner layer consists
of the CEGAR-loop which now considers only one output at
a time. After solving FIL-CNF we already have a possible test
pattern. Therefore, the CEGAR-loop is now entered at ATC-
CNF as shown in Figure 2.

4 CEGAR-loop
3
E DAG to CNF N AUC | unsat
g CNF °
£ 5
w (@] =
£ |5 8l |2
= = 0 = 2
< = R 9] 2
= 5] Slg |¢ £
8 § [ ) sl o
£ =
—— 5 |DAGWONF | | ATC | unsat |° .
(;2 CNF testable
a
E
DAG to CNF FIL | all outputs unsat
””””””””” > CNF
untestable

Fig. 2: Combination of FIL-CNF with the CEGAR-loop.

Again, we make use of incremental SAT-solving and create
FIL-CNF step-by-step. In a nutshell: we first build FIL-CNF
with all gates included in the cone of influence of the fault-
site in order to check if the fault is sensitizable. If the fault is
sensitizable, we build all gates in the cone of influence of the
nearest output — the nearness of an output o is determined by
the longest path from an input to o. If the fault is untestable at
the current output we proceed with the second nearest output
until either a test pattern is found or all outputs have been
processed without finding a pattern.

A similar approach is state-of-the-art when doing SAT-based
ATPG. Nonetheless, we need to make some adaptions which
are not needed when doing two- or three-valued SAT-based
ATPG — because we extend FIL-CNF not only in one, but in
two dimensions. On the one hand we incrementally add new
outputs — and on the other hand we also add further copies of
X-dependent parts of the circuit. Additionally, we have to keep
in mind that solving FIL-CNF is somewhat asymmetric: only
unsatisfiability is a conclusive answer — whenever FIL-CNF is
satisfiable the CEGAR-loop has to be called.

Therefore, when checking if a fault is sensitizable, we are
done if FIL-CNF is unsatisfiable. In case it is satisfiable we
employ the CEGAR-loop to get a conclusive answer. The same
is done for each output: if FIL-CNF is unsatisfiable for an
output, we proceed with the next output; if it is satisfiable,
we employ the CEGAR-loop — which could either return a
test pattern or prove that the fault is untestable at the current
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output. In standard SAT-based ATPG algorithms, when a fault
could not be propagated to a certain output, a unit clause
is added to the CNF which encodes the knowledge that no
difference will ever be observed at this output. This is done
to prune the search space of the SAT-solver before proceeding
with the next output. Regarding FIL-CNF this is only allowed
if FIL-CNF is unsatisfiable by itself and a call to the CEGAR-
loop was not needed — otherwise no such information can be
added to FIL-CNF. One has to keep in mind that the CEGAR-
loop is only called if FIL-CNF is satisfiable. If we now encode
the information into FIL-CNF that no difference will ever be
observed at the current output, we would implicitly forbid all
those test patterns which are spurious for the current output.
But there is no guarantee that all these patterns are also
spurious for the outputs to be processed later on. In order
to reduce such cases, we add further copies of X-dependent
parts of the circuit to FIL-CNF whenever the CEGAR-loop
proved the untestability of the fault on the current output. FIL-
CNF starts with two copies and may have up to four copies
with different and heuristically chosen assignments for the X-
sources for each copy.

The aim of this layered approach is to quickly isolate
outputs which are candidates according to our detection re-
quirement. To give an impression about how well this filtering
works, here some numbers from our experiments for a specific
circuit: assume after handling all easy-to-detect faults, 45000
faults remain unclassified. Further assume each of these faults
could affect 250 outputs on average — resulting in 11250 000
outputs to be visited in worst case’. If we now apply our
approach, it visits 4500000 outputs in total, but calls the
CEGAR-loop only 32000 times. The CEGAR-loop returns a
test pattern in 16000 cases and proves the remaining 16 000
cases to be untestable. This means over 99% of the visited
outputs are already filtered out by FIL-CNF and are not passed
to the CEGAR-loop.

As mentioned above, FIL-CNF is build incrementally for a
fault. In contrast, AUC-CNF and ATC-CNF are build from
scratch whenever the CEGAR-loop is called, because the
CEGAR-loop only considers one output and all gates in the
cone of influence of this output. Nonetheless, the CEGAR-
loop is incremental itself, because in every iteration AUC-CNF
is extended with a further copy of X-dependent circuit parts.
Furthermore, when the CEGAR-loop is entered, ATC-CNF is
created once and is re-used in every iteration, because the
patterns are applied as assumptions.

E. SAT-solver Modifications

In this paper we use an optimized and stripped down
version of the solver core of iISAT3 [16, 17]. We did several
modifications in order to tailor the solver for our method:

1) In order to allow the efficient solving of several hundred
fault instances per second, we optimized the way clauses
are stored. Now it is a very cheap operation to discard
a complete CNF and to reset the solver.

2) Clauses satisfied on decision level O are removed from
the watch-lists immediately instead of using a periodic
cleanup function.

2Because testable faults usually do not require to visit all outputs which
might be affected by the fault, the actual number of visited outputs will be
lower.
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3) As already mentioned in Section III-C, we did adaptions
in order to efficiently determine a small subset of the
controllable inputs which provably represent a set of
spurious test patterns. Here, we exploit the knowledge
already present in the implication graph of the solver.
We omit further details here due to lack of space.

Additionally, instead of a timeout, we limit the number of
conflicts, decisions and deductions the SAT-solver is allowed
to perform. We apply a global limit per fault instance and a
local limit per solve call. If one of these limits is reached
the solving process is aborted and the fault stays unclassified.
Using these limits instead of a timeout allows a deterministic
behaviour regarding the resulting fault coverage — independent
of the actual speed of the CPU the solver is running on.

IV. THE COMPLETE ATPG FRAMEWORK

The complete ATPG framework uses the accurate fault
simulation described in [8] and the simulator optimizations
presented in [6]. The ATPG framework reads the circuit
description in Verilog and generates a fault list. Instead of
random patterns, we use a commercial tool to filter out easy-
to-detect faults (see Section V). The remaining faults are
then processed one-by-one. All relevant gates needed for
sensitisation, justification and propagation of a fault, along
with the fault location are passed as a DAG to our approach
(see Section III-D). Our method classifies a fault either as
untestable, testable or aborted. A fault is aborted if the given
limits for the search process are reached (see Section III-E). If
a fault is testable, we employ the accurate simulator for fault
dropping.

V. RESULTS

The proposed algorithms are implemented in C. We evaluate
our method for stuck-at faults on full-scan circuits of the
largest ISCAS benchmarks as well as larger industrial designs
from NXP. All experiments were conducted on an Intel Xeon
CPU with 3.3 GHz. We perform structural fault collapsing
prior to each ATPG run and assume that a fixed and randomly
selected subset of circuit inputs is used as X-sources?.

Experiment 1: In this experiment, we consider for each
circuit an X-ratio of 1%, 2% and 5%. For every X-ratio we
consider five different X-source assignments. The reported
results in Table I are the rounded average over these five
assignments per circuit. In order to remove all easy-to-detect
faults prior to each ATPG run, all faults detectable by the
used commercial tool are marked as detected and are not
subject to further processing. Therefore, the runtime of the
commercial tool is always included in the runtime of the
proposed CEGAR-based ATPG in Table I. Furthermore, we
listed the runtime of the commercial tool separately in order
to show its fraction of the total runtime.

The proposed CEGAR-based ATPG is able to increase the
fault coverage (FC) considerably compared to the commercial
tool e.g. for an X-ratio of 5% the biggest gains are (given in
percent points): 6288 +34.25%pt., p78k +8.01%pt. and p378k
+7.98%pt.. On average over all considered NXP designs and
an X-ratio of 5% the FC of our method achieves a 3.79%pt.
higher FC than the commercial tool.

3The effect of clustered X-sources in ATPG has been discussed in [3].
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Because our method is accurate and does not introduce any
pessimism, the percentage of aborted faults is equal to the
number of unclassified faults. For many circuits and X-ratios,
our method classifies over 99.99% of all faults. On average
less than 0.04% of the faults were aborted.

Experiment 2: While the first approach for accurate X-aware
ATPG presented in [3] uses an off-the-shelf QDPLL-based
QBF-solver, the method presented here is specifically tailored
for this problem class. Therefore, we do no explicit compari-
son with this previous approach — instead we compare against
the QBF-solver RAReQS [18] which is a generalized version
of [14]. RAReQS is CEGAR-based as well and therefore more
closely related to our approach than a QDPLL-based solver.
Furthermore, RAReQS outperformed all other QBF-solvers for
application instances in the last QBF competition 2014.

We selected four circuits for this experiment: p78k, pl41k,
p267k and p388k. Additionally, we used an X-ratio of 5% with
one X-source assignment for each circuit. In order to compare
our method to RAReQS, we wrote out every instance which
was passed to our approach to a file and let RAReQS solve this
file with a timeout of 2 seconds. The runtime of our approach
also includes the time which was needed to write out all the
instances. The runtime of RAReQS contains the cumulated

execution time for all fault instances®*.

) runtime aborts
N 16.3% 0 (0.00%)
= | 100.0% 5 (0.02%)
. 6.1% i 248 (0.55%)
= 100% 23684 (52.6%)
o 1.6% [ 0 (0.00%)
Q| 100% | 6590 (10.5%)
@é 26.2% | 1106 (1.11%)
[ele]
2| 100% | 5453 (5.47%)

legend: | our approach | | RAReQS |

Fig. 3: Comparison of the runtime and the aborted faults
between our approach and RAReQS for different industrial
designs with an X-ratio of 5% (smaller bars are better).

Figure 3 shows a bar chart which compares on the left
side the runtimes in a relative manner — e.g. for pl41k our
approach only needs 6.1% of the runtime of RAReQS. On the
right side of Figure 3 we compare the number of aborted fault
instances in absolute and relative numbers — e.g. for p78k
our approach is able to classify all faults accurately while
RAReQS has a few aborts. It can be observed that our method

40f course each execution of a program binary causes additional runtime
overhead — on the other hand the observed runtime differences between our
approach and RAReQS are way too big in order to attribute them solely to
this overhead.
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always outperforms RAReQS in terms of runtime and number
of aborted faults, e.g. for p267k our approach is more than
50x faster and classifies every fault, while RAReQS aborts
10.5% of the faults.

While incremental SAT-solving is a well established tech-
nique and is used in numerous applications, incremental QBF-
solving is in general subject to several limitations, because
adding new clauses to the CNF and variables to the quantifier-
prefix may invalidate already learnt knowledge — resulting in a
loss of efficiency. Our approach does not have such limitations,
because it heavily relies on incremenal SAT-solving. This is
particularly exploited during the construction of FIL-CNF and
also reflected in Figure 3. Compared to RAReQS the efficiency
of our layered approach increases with the number of outputs
a fault might be propageted to. An extreme example is pl41k:
our approach classifies more than 99% of the faults, while
RAReQS classifies less than 50%. Furthermore, our approach
needs less then a tenth of the runtime which is required
by RAReQS. The following table gives an overview of the
percentage of the faults that could affect 1, 2-10, 11-100, 101-
1000 or more than 1000 outputs. As shown, in case of pl141k,
more than 20% of the faults could affect 100 or more outputs.

circuit number of outputs a fault might be propagated to

1 2-10  11-100 101-1000 1001+
p78k  17.82% 31.84% 50.34% - -
pldlk 4124% 2736% 11.31% 14.09% 6.01%
p267k  37.05% 33.46% 19.62% 9.49% 0.38%
p388k 38.51% 21.86% 35.61% 342% 0.60%

This means the more outputs a fault might affect, the
stronger will be the effect of FIL-CNF. This underlines the
effectiveness of tailoring our approach for X-aware ATPG
— because standard solvers with non-incremental solving are
unable to exploit this problem-specific knowledge.

VI. CONCLUSION

In this paper we presented a highly incremental SAT-based
CEGAR approach tailored for accurate ATPG in presence of
unknown values: It combines the benefits of using a SAT-
solver adapted to the specific problem with a layer-based
handling of the CEGAR-loop.

The results confirm the effectiveness of the presented
method. Compared to a standard CEGAR-based QBF-solver,
the proposed method is up to 50x faster. In comparison to
a state-of-the-art commercial tool and an X-ratio of 5%, the
fault coverage could be increased significantly by 4.72% on
average. Furthermore, on average 99.96% of all faults of
a circuit were classified accurately. At the same time, the
runtime stays reasonable — even though circuits with up to
2400000 gates have been considered.

In the future we want to apply the presented approach to
closely related problem classes such as finding initialization
sequences or reducing the pattern count.
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TABLE I: RESULTS OF THE PROPOSED CEGAR-BASED ATPG COMPARED TO A STATE-OF-THE-ART COMMERCIAL TOOL.

(1]
(2]
(3]

(4]

(5]

(6l

(71
(8]

(9]

Circuit Gates Faults X-Ratio Commercial tool proposed CEGAR-based ATPG
[%] FC [%] Runtime [s] AFC [%pt.] FC [%] UT [%] Aborts [%] Runtime [s]
1.0 82.46 42 14.92 97.38 2.59 0.02 45
c6288 2416 8704 2.0 — only one X-source as with X-Ratio 1.0% - therefore, the same results as above —
5.0 60.90 81 34.25 95.04 4.92 0.03 88
1.0 91.78 4 0.99 92.77 7.23 0.00 5
c7552 4043 10816 2.0 88.50 5 1.73 90.23 9.77 0.00 6
5.0 68.01 9 6.48 74.50 25.50 0.00 13
1.0 95.54 1 0.17 95.71 4.29 0.00 2
cs38417 23537 59041 2.0 93.58 1 0.25 93.83 6.17 0.00 3
5.0 86.54 1 0.45 86.99 13.01 0.00 6
1.0 97.29 10 1.40 98.69 1.31 0.00 14
p78k 74243 225476 2.0 93.59 20 344 97.04 2.96 0.00 37
5.0 84.24 38 8.01 92.25 7.75 0.00 222
1.0 91.94 78 0.17 92.11 7.89 0.00 133
p89k 88726 239090 2.0 86.32 84 0.27 86.59 13.41 0.00 169
5.0 71.74 38 1.04 72.77 27.23 0.00 180
1.0 95.28 121 0.89 96.17 3.83 0.00 212
p100k 96 685 259322 2.0 91.40 181 2.15 93.55 6.44 0.01 339
5.0 80.29 468 3.81 84.10 15.66 0.24 1927
1.0 95.86 40 0.38 96.24 3.76 0.00 641
pl4lk 172686 452599 2.0 93.90 44 0.62 94.52 5.48 0.00 1051
5.0 85.82 77 1.89 87.71 12.24 0.05 2783
1.0 94.71 42 0.35 95.06 4.94 0.00 160
p267k 271538 658395 2.0 90.95 49 0.43 91.38 8.62 0.00 285
5.0 80.00 84 2.03 82.02 17.94 0.03 616
1.0 96.83 65 1.70 98.53 1.47 0.00 162
p378k 371215 1127364 2.0 93.59 104 3.42 97.00 3.00 0.00 315
5.0 84.46 195 7.98 92.44 7.56 0.00 1483
1.0 93.86 360 3.53 97.39 2.61 0.00 1419
p388k 489271 1352303 2.0 91.71 634 3.93 95.64 4.34 0.02 2323
5.0 83.03 2729 5.39 88.42 11.41 0.17 10109
1.0 96.39 474 0.36 96.74 3.25 0.01 2413
p951k 1002883 2539361 2.0 93.69 797 0.63 94.32 5.66 0.02 4157
5.0 85.28 1107 1.46 86.75 13.21 0.05 9587
1.0 89.77 1596 0.95 90.72 9.24 0.04 11741
pl522k 1104085 2835817 2.0 84.08 2251 1.46 85.54 14.38 0.09 18940
5.0 70.63 3606 3.61 74.25 24.45 0.30 46556
1.0 93.20 6162 0.55 93.75 6.23 0.02 16901
p2927k 2408312 5697626 2.0 88.60 11547 1.13 89.74 10.20 0.07 30722
5.0 77.06 21621 2.67 79.74 19.22 0.27 73570
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