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Abstract
We present a new algorithm to extract characteris-

tic flip-flops, which form a characteristic state set, us-
ing state correlation information. The extracted char-
acteristic state set allows us to focus on a significantly
smaller set of flip-flops while ignoring other flip-flops,
thereby simplifying the target problem and reducing
state explosion in very large sequential circuits. Next,
partitioning is applied only on the characteristic state
variables, and partial state transition graphs (STGs) are
built. During test generation, test vectors are generated
using a two-fold criteria: (1) whether the vector will ex-
pand the overall STGs, and (2) whether this vector will
break the relationship among flip-flops within the cor-
related sets. Experiments showed that our extraction
algorithm can reduce the original complete state set by
up to 97%. In addition, with the reduced state variables,
we achieve not only equal or better coverages for both
stuck-at faults and design errors, the execution time is
also significantly reduced due to the much smaller set
of flip-flops. For some large sequential circuits, highest
coverages have been obtained.

1 Introduction

Generating effective vectors is an important research
problem in both testing and verification. However,
developing efficient test generation methods for large
sequential circuits remains very difficult due to time-
frame expansion and the need for implicit state enumer-
ation. In deterministic ATPGs [1–4], a fault is targeted
at a time and the corresponding test sequence is gener-
ated for the target fault. Aborts often result for hard-to-
detect faults when a large number of backtracks is en-
countered. Random or weighted random patterns can be
used as a preprocessing step of the ATPG to first remove
some faults to alleviate the computation cost. How-
ever, random-resistant faults make the approach limited,
and computation for multiple weights may be needed to
reach a satisfactory coverage.

∗This work is supported in part by NSF Grants CCR-0196470,
CCR-0098304, and CCR-0305881.

Instead of deterministic methods, simulation-based
ATPGs [5–10, 12] utilize information gathered by
simulating the circuit to guide the test generation.
Simulation-based ATPGs can be broadly divided into
two categories: fault-simulation based test generation
and logic-simulation based test generation. As its name
implies, fault-simulation based test generators use met-
rics obtained during fault-simulation on target faults to
guide the search. Since fault simulation can be costly, its
application for large sequential circuits may be limited.

On the other hand, logic-simulation-based test gen-
erators generate vectors by exercising the fault-free cir-
cuit into expected behaviors with only logic simulation.
Different criteria used to drive the fault-free circuit can
yield different fault coverages. In LOCSTEP [7], it
was observed that the test sequence generated by de-
terministic test generators generally traversed through a
sequence of states, and the new states reached by the
sequence usually helped in improving the fault cover-
age. Thus, the goal in [7] is to reach as many new states
as possible. Since the number of reachable states in a
large sequential circuit can be huge, the test set sizes
obtained can be large. In [6], it has been observed that
some measure to distinguish one new state from another
is important in large circuits, as the fault coverage tends
to level off even when new states continue to be added.
Thus, the aim is to reach not only new, but also valu-
able states. To achieve this, state partitioning is used.
The ATPG tries to favor those states that are deemed
more valuable, and hence more likely to detect the hard
faults. Because logic-simulation-based test generators
don’t target any faults, the fault coverage for large se-
quential circuits may be lower than the fault-simulation-
based counter-part, such as those reported in [5,10,12].
Nevertheless, in [8], improved methods for state parti-
tioning and partial STGs (State Transition Graph) have
been proposed, and high fault coverages have been re-
ported.

In design validation, formal methods using reacha-
bility analysis and model checking [13] are gaining pop-
ularity in the past decade. However, the well-known
”state explosion problem”, where the complexity of the
model is exponential in the number of variables that
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comprise the system, is still a major hurdle in validat-
ing today’s systems. An alternative approach for de-
sign verification is via simulation. However, the ob-
vious disadvantage is that the simulation vectors may
only traverse a small portion of all possible scenar-
ios within a complex design, known as the coverage
problem. Some semi-formal and abstraction techniques
[11, 15–18] have concentrated on generating tests from
scratch before simulation. For instance, high-quality
abstract tests are extracted from a finite-state-machine
(FSM) or VHDL model of a design. To explore the
corner cases or complex scenarios, the concept of state
exploration history was adopted in [14]. It maintained
state exploration history to avoid redundant work in
simulation. However, because a complete history is
expensive to maintain, aggressive abstraction and ap-
proximation were used in [14]. In [20], a new model
is proposed that adopts state partitioning and partial
State Transition Graphs (STGs) to enhance the simula-
tion coverage. It was observed that a good state par-
tition helps to traverse through useful portions of the
state space. By ”useful portions”, we mean portions of
state space where hard stuck-at faults or design errors
are more likely to be detected.

Our goal in this work is to develop an efficient al-
gorithm to generate effective vectors for both stuck-at
faults and design errors with only logic simulationon
a reduced circuit viewto avoid state explosion when
dealing with large sequential circuits. We first use state
correlation analysis to extractcharacteristicflip-flops at
the gate level to form a characteristic state set. This
characteristic state set is significantly smaller than the
complete state set. Next, we focus only on these charac-
teristic flip-flops and apply state partition [20] on them.
Figure 1 illustrates the basic concept of our algorithm,
which is dividing the characteristic state set into smaller
groups of flip-flops after extraction. With partition ob-
tained, partial State Transition Graphs (STGs) are built
for each state group. Our ATPG engine tries to gener-
ate vectors that will either (1) expand the overall STGs
as much as possible or (2) break the precomputed cor-
relation relationships among flip-flops in the correlated
sets. Experiments showed that our extraction algorithm
can reduce the original complete state set by up to 97%.
With only the characteristic flip-flops, equal or better
coverages can be achieved for both stuck-at faults and
design errors. In addition, since we target the much
smaller set of flip-flops, the execution time is signifi-
cantly reduced. For some large sequential circuits, high-
est coverages have been achieved.

The remainder of the paper is organized as follows.
Section 2 gives an overview and motivation for the new
test generation approach. Section 3 explains the algo-
rithm for extracting characteristic flip-flops. Section 4
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Figure 1: State Partitioning on Characteristic State Set

discusses the overlapped state grouping on characteris-
tic flip-flops. Section 5 explains how to generate effi-
cient vectors. Section 6 reports the experimental results,
and Section 7 concludes the paper.

2 Overview and Motivation

Presently, logic-simulation based methods are gaining
popularity in verifying digital system of today’s scale
and complexity. However, to make simulation meth-
ods efficient, state histories need to be maintained to
some extent to avoid repeated visits. This can result
in ”state explosion problem”. In [20], state partition-
ing and partial state transition graphs (STGs) were pro-
posed to solve this problem. However, for very large
sequential circuits, many STGs need to be stored and
maintained, which complicates the computation and in-
creases the execution time. Furthermore, a large number
of STGs can bring additional noise to the test generation
system so that it becomes difficult to distinguish the use-
ful partitioned states from those which are less useful
for detecting stuck at faults and design errors. Conse-
quently, we would like to reduce the number of state
variables that we need to consider if possible.

In general, the flip-flops on the data path do not
contribute as much in guiding test generation as those
flip-flops on the control path. We will explain this
with a simple example. Figure 2 illustrates a circuit,
in which flip-flopsFF1, FF2 andFF3 are on the data

Paper 29.2

821



path while flip-flopsFF4, FF5 and FF6 are on the
control path. Suppose we partitioned all flip-flops into
two sets,{FF1, FF2, FF3} and{FF4, FF5, FF6} and
built corresponding STGs (STG1 andSTG2) for each
of them. Suppose we have two vectorsV1 andV2 such
thatV1 reaches a new state (and/or state-transition) only
in STG1 while vectorV2 reaches a new state (and/or
state-transition) only inSTG2. Which vector would be
more useful if added to the test suite? Naturally,V2

is better becauseV2 allows us to explore more corner
cases within the controller, while states within the data-
pathSTG1 are generally deemed as more controllable
(less likely to be a corner-case state). To view this prob-
lem from a different angle, if we only consider flip-flops
{FF4, FF5, FF6} and build one STG for this set only
(flip-flops {FF1, FF2, FF3} are ignored), we can eas-
ily make the decision to chooseV2. Another notable
benefit is that the execution time can be greatly reduced
since we target a much smaller set of flip-flops.
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Figure 2: Differentiate between data path and control
path

ATKET [21] extracts behavioral information to sep-
arate data path flip-flops from control path flip-flops.
However, high level description of the circuit is needed.
In this work, we perform state correlation analysis to
extract thecharacteristicflip-flops from the gate level
description of the circuit. Thecharacteristicflip-flops
are defined as a subset of the entire flip-flop set that can
sufficiently represent the state characteristics of the cir-
cuit. In other words, one characteristic flip-flop is a rep-
resentative of a group of flip-flops with similar proper-
ties. Then, overlapped state grouping is applied on this
reduced state set and corresponding STGs are built. Fi-
nally, our ATPG engine uses spectrum information ex-
tracted from existing test set, and a Genetic Algorithm
(GA) test generation framework is used to construct test
vectors that will either (1) expand all the STGs as much
as possible or (2) break the precomputed correlation re-
lationships among flip-flops in the correlated sets. Fig-

ure 3 illustrates the overall framework. Details of the
blocks in the figure are explained in the subsequent sec-
tions. The work described in this paper differs from our
previous work [8, 20] in a number of ways. First, we
only target thecharacteristicflip-flops and ignore other
flip-flops in the circuit, while our previous work con-
sider all flip-flops in the circuit. Second, in this work,
the fitness function consider two factors as mentioned
above, while our previous work only consider whether
the vector will expand the STGs.
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Figure 3: Overall Framework

3 Extracting Characteristic Flip-flops

The key step of our algorithm is the extraction of char-
acteristic flip-flops. Two flip-flopsFFi and FFj are
said to be strongly correlated if in the presence of a par-
ticular logic value (0 or 1) inFFi, the probability of
FFj having a specific logic value (0 or 1) is very high.
Furthermore, if these two logic values are the same, we
sayFFi andFFj are positively correlated; otherwise,
we say they are negatively correlated. For example, the
bit streams listed in Figure 4 illustrate this concept. In
case (a), the bit streamFFi traversed is (10010011) and
the bit streamFFj traversed is also (10010011). We
can see thatFFi always has the same logic value as
FFj for the entire sequence; therefore, they are posi-
tively correlated. Conversely, in case (b), the bit stream
FFj traversed is (01101100) and we can conclude that
FFi andFFj are negatively correlated.

3.1 Review of signal correlation

In [22], exhaustive simulation of each combinational
cone was performed to gain accurate signal correla-
tion and a metric to determine the degree of correlation
caused by a set of reconvergent fan-out paths is intro-
duced. However, this step is very time consuming. In
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Figure 4: Positive and negative correlation

this work, to trade off between accuracy and compu-
tation effort, we only logic simulate the circuit using
T random vectors (in our work,T equals 10,000) and
record the bit stream each flip-flop traversed. In order to
compute the correlation between two flip-flops, we first
apply a transformation to each bit-streambi for flip-flop
FFi. That is, if any bit in the bit-stream is a logic 1 in
the original sequence, it remains as 1 inbi. If any of
them is a logic 0, we use -1 instead. Then we use the
following equations to determine if flip-flopsFFi and
FFj are correlated:

Corrij =

T∑

k=0

bik × bjk

Norm Corrij =
|Corrij |

T
− Pr

wherebik is thekth bit of bit streambi, Corrij is the
correlation measure between flip-flopsFFi and FFj ,
andPr is a predetermined threshold. IfNorm Corrij

is not less than 0, thenFFi and FFj are either pos-
itively or negatively correlated depending on the sign
of Corrij . Using the previous example again, since the
original bit-stream is (10010011), the actual values used
in bi will be (1 -1 -1 1 -1 -1 1 1). Bit streambj can be
obtained in a similar fashion. Thus, we can see that,
by this transformation, wheneverbik andbjk are differ-
ent, the product will be negative, and it will decrease
the correlation measure. On the other hand, if the two
bits are the same, the product will be positive, increas-
ing the correlation. In case (a) of previous example,
the lengthT = 8 and let us assume that the threshold
Pr = 0.85. Using the equations, we obtainCorrij = 8

and Norm Corrij = 0.15. SinceNorm Corrij is
greater than 0,FFi andFFj are positively correlated
according to the sign ofCorrij . Similarly, in the second

case, we can determine thatFFi andFFj are negatively
correlated.

3.2 Our method to compute state correla-
tion

A naive way to perform state correlation analysis is by
calculating the correlation measurement forevery pair
of flip-flops. However, this would require too much
computation and contain redundant work. If we con-
sider only 100% (or -100%) correlation, then the corre-
lation relationships have the transitive property; in other
words, if {FFi, FFj} are correlated and{FFj , FFk}
are correlated, then{FFi, FFk} are correlated as well.
On the other hand, if{FFi, FFj} are correlated and
{FFj , FFk} arenot correlated,{FFi, FFk} arenot
correlated. Furthermore, suppose{FFi, FFj} are posi-
tively correlated and{FFj , FFk} are negatively corre-
lated, then{FFi, FFk} would be negatively correlated.
Note that the above analysis is always true only if the
predetermined thresholdPr is set to be 1. Nevertheless,
even if flip-flops are not perfectly correlated, the transi-
tive property most likely still holds. All correlation pos-
sibilities are listed in Table 1, whereCorrmn represents
the correlation relationship between flip-flopsFFm and
FFn (m, n ∈ {i, j, k}), ’1’ means positive correlated,
’-1’ means negatively correlated and ’0’ means not cor-
related.

Table 1: Transitive Properties of Correlation

Corrik Corrjk

1 -1 0
1 1 -1 0

Corrij -1 -1 1 0
0 0 0 0

The correlation analysis algorithm exploiting the
transitive property is outlined below. As mentioned
above, the transitive property is always true only if the
threshold is 1. In practice, we use 0.98. Thus, the result
of correlation analysis we obtained becomes approxi-
mate.

Now we detail the correlation computation process.
First, we compute and store the correlation informa-
tion in a correlation matrixMcorr which is ann × n

square matrix (n is the number of flip-flops in the cir-
cuit). An elementMij in correlation matrixMcorr indi-
cates the correlation relationship between flip-flopsFFi

andFFj . It has three possible values as explained in
Table 1. By noting that the element on the diagonal is
always 1 andMcorr is symmetric, we only need to con-
sider the upper triangular elements. In addition, if two
flip-flops FFi andFFj are positively (negatively) cor-
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related, then the corresponding two rows inMcorr (af-
ter columnj, supposei < j) will be identical (negated).
This allows us to reduce the computation overhead sig-
nificantly. The pseudo-code is listed below.

// step 1: Logic simulation
logic simulation withT random vectors;
record bit stream for each flip-flop;

// step 2: correlation analysis
calculate the first line inMcorr;
for (i from 2 ton − 1) {

if (Mi−1,i 6= 0)
// using transitive property
copy values from linei − 1 with the

corresponding sign;
else{

for (all non-zero value in linei − 1)
set to 0 in linei;

for (all rest flip-flops)
calculate correlation measurement;

}
}

We will illustrate how this algorithm works with a
simple example. Suppose there are 5 flip-flops in the
circuit, and flip-flopFF1 is negatively correlated with
FF2 and positively correlated withFF5. So the first
row in Mcorr is (1 -1 0 0 1) as illustrated in Figure 5 (a).
We already set all thee elements on the diagonal to ’1’.
When we calculate the second row, sinceM12 = −1,
we can propagate this to the second row, but we need
to negate the sign on all elements in the row, as illus-
trated in Figure 5 (b). For the third row, sinceM23 = 0,
we cannot propagate any non-zero value from the sec-
ond row; instead, we set them to 0 in the third row, i.e.
M35 = 0. Then we need to calculate the correlation
measurement for the remaining flip-flops. In this case,
we need to calculateM34. Suppose flip-flopsFF3 and
FF4 are positively correlated as illustrated in Figure 5
(c). For the fourth row, sinceM34 = 1, we can sim-
ply copy the values from the third row to fillM45. The
lower triangular elements of the matrix can be filled in
simply by copying from the upper triangular elements,
and we will obtain the final correlation matrix as illus-
trated in Figure 5 (d).

Once we have obtained the correlation matrix
Mcorr, we can divide all flip-flops into several corre-
lated sets, each of which is a transitive closure on some
given flip-flops inMcorr. Starting from the first row
of Mcorr, for all the elements with non-zero values,
all the corresponding flip-flops form a transitive clo-
sure, indicating that they are all related (either posi-
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Figure 5: Correlation Analysis Using Transitive Prop-
erty
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Figure 6: Transitive Closure in Correlated Matrix

tively or negatively). Then, the rows and columns cor-
responding to these flip-flops are deleted fromMcorr.
For the reduced matrix, repeat the above process until
the matrix becomes empty. Using the example in Fig-
ure 5 (d), we start from the first row, sinceM11, M12

andM15 have non-zero values, the corresponding flip-
flops{FF1, FF2, FF5} form a cluster, thus composing
a correlated set. Then we delete rows and columns cor-
responding to these 3 flip-flops fromMcorr as shown
in Figure 6. For the reduced matrix, starting from the
first row again, we get another cluster, which contains
two flip-flopsFF3 andFF4. Then we delete the cor-
responding rows and columns and the matrix becomes
empty, ending the procedure. Finally we have 2 corre-
lated sets:{FF1, FF2, FF5} and{FF3, FF4}. If we
pick one representative flip-flop from each correlated
set, these representative flip-flops are characteristic flip-
flops of the circuit and form the characteristic state set.

Given a correlated state set, the way we select the
representative flip-flop from the set must be clever. Be-
cause we want the representative flip-flop of one cor-
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related set to interact with the flip-flops inother cor-
related sets as much as possible, we pick the flip-flop
whose structural fan-out cone contains the most number
of flip-flops in other correlated sets. Note that the flip-
flops in the same correlated set with this flip-flop should
not be over-counted. To do so, we add the following
constraint: any flip-flop belonging to the same corre-
lated set can only be counted at most once. The above
algorithm works as follows. Suppose Figure 7 gives the
circuit of previous example. BothFF1 andFF5 have
one flip-flop in their fan-out cone. However,FF5 will
be picked as the representative flip-flop becauseFF2,
the flip-flop in the fan-out cone ofFF1, is in the same
correlated set asFF1. The number of flip-flops in the
fan-out cone ofFF3 is 2 becauseFF1 andFF5 belong
to the same correlated set and they can only be counted
once. FF4 has no flip-flops in its fan-out cone, thus
FF3 will be selected as the representative flip-flop for
the correlated set{FF3, FF4}.

FF1


FF2


FF3


FF4


FF4


Figure 7: Choose Representative Flip-flop

4 Overlapped State Grouping on Charac-
teristic Flip-Flops

Although the number of characteristic flip-flops is sig-
nificantly smaller than the original number of flip-flops,
it can still be expensive, sometimes infeasible, to main-
tain the complete state histories on the characteristic
flip-flops for very large sequential circuit. In addition,
in order to generate efficient vectors, we need to differ-
entiate among the newly visited states on characteristic
flip-flops. Hence, state partitioning is applied. We limit

the maximum size each state group can be ask (in this
work, k equals 8). However, different from the previ-
ous work [20], our state partitioning is performed on the
characteristic flip-flops only. [20] proposed a partition
method based on ”Common Paths Graph” and ”triangle-
based algorithm”. The ”Common Paths Graph” is a
complete weighted graph, where each node represents
a flip-flop and the weight of each edge indicates how
many common paths to primary outputs and flip-flops
its endpoints (two flip-flops) share. Then, a triangle-
based algorithm is used to cut the graph, forming state
partition. Readers are referred to [20] for the ”Common
Paths Graph” and ”triangle-based algorithm”.

In our work, we need to modify the original ”Com-
mon Paths Graph” to form a reduced graph for the char-
acteristic flip-flops. Since a given characteristic flip-flop
represents the flip-flops of the correlated set, one sim-
ple way is to update the weights of the edges between
two characteristic flip-flops with the average weight of
the non-zero edge weights between their corresponding
correlated sets as represented by the following equation:

new wij =

∑
old wmn

number of such edge

m, i ∈ CSp, j, n ∈ CSq, old wmn 6= 0

whereCSp is the correlated set containing flip-flopi
andCSq is the correlated set containing flip-flopj. This
is illustrated in Figure 8.FF2, FF3, FF5, FF7, FF9

andFF10 are characteristic flip-flops after the correla-
tion analysis. {FF1, FF2, FF6} belong to correlated
setCS1 and{FF3, FF4, FF8} belong to correlated set
CS2. The new edge weight between characteristic flip-
flopsFF2 andFF3 in the reduced graph is the average
weight of edges{E13, E14, E23, E68} in the original
graph. With the reduced graph, we can use the triangle-
based algorithm [20] to cut the graph, thus forming the
state partition on characteristic flip-flops.

In the above state partitioning, each flip-flop in the
circuit can belong to exactly one partitioned set. How-
ever, by combining the spectral information embedded
in the characteristic flip-flops, we can construct over-
lapped state grouping; in other words, some characteris-
tic flip-flops may belong to multiple state groups. Thus,
we can adopt frequency decomposition using Hadamard
transformation [19] to extract the spectral information
embedded in the flip-flops. Note that, since we’re only
interested in characteristic flip-flops, spectral informa-
tion is extractedonly on characteristic flip-flops. In ad-
dition, since we already recorded the bit stream each
flip-flop traversed during the process of the correla-
tion analysis, extracting embedded spectral information
on characteristic flip-flops with dominant frequency [8]
will not introduce too much overhead.
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Figure 8: Update edge weight in reduced graph

The overlapped state grouping is illustrated in Fig-
ure 9. Suppose we have two state sets from the previous
example,{FF2, FF9, FF10} and{FF3, FF5, FF7}.
If two flip-flops have the same dominant frequency but
do not belong to the same state set, we add adirected
edge between them. The direction is decided by us-
ing the reduced graph on characteristic graph discussed
above. In Figure 9, supposeFF2 and FF3 have the
same dominant frequency, and the average weight of the
edges connectingFF3 and the nodes in partitioned state
setPS1 is greater than that of the edges connectingFF2

and the nodes in partitioned state setPS2, then the di-
rection of the edge betweenFF2 andFF3 is pointed
towardFF2. For each such edge, we add the original
node into the directed state set. By doing this, we obtain
overlapped state grouping incorporating both structural
and spectral analyses.

5 Generation of Vectors

In [8,20], test vectors are generated such that each parti-
tioned state space is maximally traversed. In this work,
in addition to manipulating the STGs for each parti-
tioned state set, we also observe the flip-flops within
each correlated flip-flop set. Vectors that maximally
traverse the STGs are added to the test set. However,
recall that all the flip-flops belonging to the same corre-
lated set have a precomputed correlation. If a new vector
breaks this relationship among the correlated flip-flops,
it is also added to the test set as this vector may help
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Figure 9: Overlapped State Grouping

to reach some new corner cases or exercise new activi-
ties of the circuit. This vector may help to detect addi-
tional hard faults or design errors. So, when we choose
from candidate vectors or use Genetic Algorithm (GA)
to generate new vectors, the criteria used is two-fold:
(1) whether the vector will expand the overall STGs at
most together with (2) whether this vector will break the
correlation relationship in correlated sets. This process
is shown in Figure 10.

STGs


Candidate Vector


or GA vector


Correlated Sets


expand the


overall STGs?


break the


correlation


relationship?


overall fitness


Figure 10: Manipulate STGs and Correlated Sets.

6 Experimental Results

The proposed algorithm is implemented in C++ and the
experiments were conducted on a number of ISCAS89
[23] and ITC99 [24] benchmark circuits on a 2.4 GHz
Pentium 4 with 512MB RAM, running the Linux oper-
ating system.

Table 2 reports the results of our correlation analysis
algorithm for some large benchmark circuits. For each
circuit, the number of original flip-flops is first given,
then the number of characteristic flip-flops under vari-
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Table 2: Size of Characteristic State Set in Large Sequential Circuits

orig. # Threshold
Ckt. FFs 0.80 Frac 0.85 Frac 0.90 Frac 0.95 Frac 0.98 Frac
s1423 74 18 24% 20 27% 23 31% 25 34% 26 35%
s5378 179 49 27% 54 30% 57 32% 59 33% 59 33%
s35932 1728 29 1.7% 31 1.8% 35 2.0% 41 2.4% 45 2.6%

b12 121 5 4.1% 5 4.1% 7 5.8% 9 7.4% 12 10%
b15 447 71 16% 76 17% 80 18% 83 18.6% 86 19.2%
b22 709 112 16% 117 16.5% 125 17.6% 128 18.1% 136 19.2%

ous thresholds are reported. For each threshold, we re-
port the number of characteristic flip-flops as a fraction
of the original number. Intuitively, as the threshold in-
creases, the size of the characteristic flip-flops will also
increase. Nevertheless, even for very high threshold
(0.98), the size of the characteristic state set is still sig-
nificantly smaller than the original number of flip-flops.
For circuit s35932, this is only 2.6% of the original flip-
flops. This provides the foundation to significantly re-
duce the execution time of generating vectors for both
stuck-at faults and design errors.

Next, we report our test generation results. For cir-
cuits with less than 50 flip-flops, extracting characteris-
tic flip-flops is not very meaningful. However, we in-
clude results for some small circuits to show the effec-
tiveness of the algorithm on small circuits as well. We
allow for a maximum number of 20,000 vectors to be
generated for each circuit, and we list the test genera-
tion time as the point where the maximum fault cover-
age was first reached. The threshold we used for corre-
lation analysis is 0.98 and the maximum size each state
group is set to 8.

In Table 3, the stuck-at results of our test generator
is compared with HITEC [1], a deterministic test gen-
erator, LOCSTEP [7] and the results from [8], both of
which are logic-simulation based test generators. For
each circuit, the original number of flip-flops is first re-
ported, followed by the number of characteristic flip-
flops extracted. Then, the number of faults detected,
test set size, and ATPG time are reported for each of
the three ATPGs. Because we limit the maximum test
set as 20,000, the results listed under [8] in the table for
b12 and b15 are slightly different from those originally
reported in [8]. Note that only our approach uses the
characteristic flip-flop information, the other techniques
targeted all flip-flops in the circuit. For LOCSTEP, exe-
cution times are not available.

From Table 3, we can observe that our approach
is very efficient in obtaining high fault coverages to-
gether with small test sets. Our execution time issig-
nificantly smallerthan the other approaches. This is be-
cause we target a significantly smaller number of flip-
flops. Note that for most of the circuits, very high cov-

erages have already been achieved by [8], but the de-
tection of a few extra faults is note-worthy, since these
are veryhard-to-detectfaults, which most ATPGs spend
most of their time on. For example, in the circuit s5378,
HITEC detected 3238 faults, LOCSTEP detected 3059
faults, 3642 faults were detected in [8], and we were
able to detect 3643 faults. Finally, for circuits b12, b15,
and b22 (all very hard-to-test circuits), our approach
achieved higher coverage than the previously reported
approaches. In b12 and b15, highest coverages have
been obtained by our method.

Tables 4 and 5 report our results when targeting de-
sign errors. In the experiment of Table 4, we injected
500 random gate substitution errors, where a gate is
changed to a different gate type with the same number
of inputs. The results of our test generator are com-
pared with (1) randomly generated vectors and (2) ran-
dom state partitioning. Random state partitioning is per-
formed by simply groupingk flip-flops together (k is
the maximum size of each state group). The same test
generator is used to traverse the partial STGs in each
of the random partitions. For each circuit, the number
of flip-flops is first reported, then the number of charac-
teristic flip-flops, followed by the number of errors de-
tected, test set size and test generation time (in seconds)
reported for each test generator. The test set size is re-
ported as the point at which it detects all the detected er-
rors. The last two columns report the ratios of the error
coverage and tests sizes from our approach over those
from random vectors.

From Table 4, we can observe that our approach is
very effective in obtaining much higher gate substitu-
tion coverages together with smaller test sets and short
execution times. For all the circuits, our approach can
detect at least 34% more errors compared with random
vectors. For some circuits, 2.58 times more defects can
be detected. For the ITC99 circuit b15, random vectors
can only detect 172 errors, with random partitioning,
283 errors (111 more) were detected; with our extrac-
tion algorithm, we were able to detect 386 errors while
the test set is less than 70% of the random test set.

Table 5 reports the results for 500 randomly injected
wiring errors. For all circuits, our method can detect at

Paper 29.2

827



Table 3: Experimental Results for Stuck at Faults

Deterministic ATPG Logic-Simulation-Based ATPG
# # of HITEC LOCSTEP [7] [8] Our Approach

Circuit of charac. # # Exe # # # # Exe # # Exe
FFs FFs Det Vec Time Det Vec Det Vec Time Det Vec Time

s382 21 7 301 1,463 90.0 364 5,354 364 568 7.2 364 498 1.7
s400 21 11 382 4,309 72.0 374 5,354 383 610 9.5 384 463 2.6
s1423 74 26 776 177 834.0 1,274 9,616 1,416 1,334 180.0 1,416 956 56.3
s5378 179 59 3,238 941 1104.0 3,059 7,545 3,642 1,479 240.0 3,643 769 82.5
s35932 1,728 45 34,902 240 - 34,812 2,408 35,100 215 30.0 35,100 176 4.7

b12 121 12 - - - - - 1,665 6,758 124.0 1,689 3,276 45.3
b15 447 86 - - - - - 18,286 19,318 4,978 18,302 12,724 1,538
b22 709 136 - - - - - 30,516 19,592 14,575 30,701 14,746 7,427

∗ ’-’ indicates that the data was not available; execution times were not available for LOCSTEP
∗ Time reported in seconds

Table 4: Experimental results for gate substitution errors
# # of Random Vectors Random Partitioning Our Approach Vector

Circuit of charac. # # # # Exe # # Exe Cov Length
FFs FFs Det Vec Det Vec Time Det Vec Time Ratio Ratio

s382 21 7 131 1,641 302 980 0.53 469 626 0.27 3.58 0.38
s400 21 11 174 1,732 217 1,517 0.65 437 347 0.42 2.51 0.20
s444 21 10 142 3,547 193 2,973 2.76 486 615 1.24 3.42 0.17
s1423 74 26 297 8,764 279 4,531 5.12 479 4,215 2.32 1.61 0.48
s5378 179 59 348 5,156 403 4,532 42.7 468 2,258 19.7 1.34 0.43
s35932 1,728 45 269 628 251 723 203.6 415 315 91.3 1.54 0.50

b04 66 19 233 3,592 258 2,538 10.3 398 1,548 2.1 1.70 0.43
b09 28 12 174 2,598 269 1,205 5.4 372 521 1.1 2.13 0.20
b12 121 12 140 7,234 147 5,683 20.4 295 4,639 5.1 2.10 0.64
b15 447 86 172 8,492 283 7,329 304.1 386 5,826 127.6 2.24 0.69
b22 709 136 187 9,513 232 9,047 725.3 369 5,264 203.2 1.97 0.55

least 30% more errors than random vectors. For some
circuits, 3.87 times more errors can be detected. For in-
stance, in circuit b12, we were able to detect 403 (out of
500) wiring errors in only 5.1 seconds. This is almost
twice the error coverage compared with random vectors,
in less than 25% of the execution time of random parti-
tioning on all flip-flops.

7 Conclusion

In this paper, we have presented a new algorithm that
uses state correlation analysis to extract characteristic
flip-flops. Then overlapped state grouping that com-
bines structural and spectral information is applied on
the extracted characteristic flip-flops. Because the num-
ber of characteristic flip-flops is significantly smaller
than the original number of flip-flops, our experimental
results showed that very high fault coverages on both
stuck-at faults and design errors can be achieved with
smaller test sets and shorter execution times. In the fu-
ture, we plan to continue to experiment on strategies to
select different representative flip-flops from each cor-
related set and see their effect on the overall test gener-

ation process.
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