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Abstract
State justification is a time-consuming operation in test gener-

ation for sequential circuits. In this paper, we present a technique
to rapidly identify state elements (flip-flops) that are either diffi-
cult to set or unsettable. This is achieved by performing test gen-
eration on certain transformed circuits to identify state elements
that are not settable to specific logic values. Two applications that
benefit from this identification are sequential circuit test genera-
tion and partial scan design. The knowledge of the state space
is shown to be useful in creating early backtracks in determinis-
tic test generation. Partial scan selection is also shown to benefit
from the knowledge of the difficult-to-set flip-flops. Experiments
on the ISCAS89 circuits are presented to show the reduction in
time for test generation and the improvements in the testability of
the resulting partial scan circuits.

1 Introduction
Sequential circuits are known to be much harder to test than

combinational circuits. Test generators often spend significant
time on undetectable faults. Fast identification of these faults can
lead to a smaller test generation time [1, 2].

A powerful technique for proving the undetectability of faults
is the identification of illegal states. Formal methods are known
to find illegal states [3, 4]. A significant drawback of many such
approaches is the assumption of a fault-free reset state. Recent ap-
proaches [1, 5] also use BDD’s, but do not require the fault-free
reset state assumption. These methods find illegal states by identi-
fying states that do not have an incoming arc in the state transition
graph.

Sometimes it is not necessary to find illegal states; finding
states that are difficult to traverse with test generation tools can
be sufficient to speed up test generation for sequential circuits. In
this paper, we present a technique that can rapidly identify states
that are difficult to traverse by sequential circuit test generation
algorithms. This is achieved by utilizing a deterministic test gen-
erator and simple circuit modifications. The main advantage of
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the proposed method is its ability to adapt to specific test gen-
eration tools. Two applications that benefit from the knowledge
of the state space are presented along with experimental data on
ISCAS89 circuits.

The first application is rapid sequential circuit test generation.
During test generation, if the test generator needs to set a value
on a state line, a check is done to ensure consistency with the
state space knowledge. This early identification of conflicts will
be shown to be useful in forcing early backtracks. The next appli-
cation is the selection of partial scan elements. It will be shown
that state space knowledge provides a good indication of the testa-
bilities of the state elements.

2 Three-Value-Unsettable Flip-Flops
Let us consider a sequential machine M with n state elements

s1 to sn. The sequential circuit is assumed to have no global
fault-free reset line.

Definition 1 (Illegal State) A state Sill of a sequential machine
M is illegal when there exists an initial state Si from which there
is no sequence of input vectors that can bring the machineM from
Si to Sill.

Definition 2 (Unsettable Flip-Flop) A state element su in a se-
quential machine M is unsettable to v if there exists an initial
state Si from which there is no sequence of input vectors that can
bring the machine M from Si to a state where su is v.

Definition 2 states a general condition for unsettable flip-flops
that is difficult to prove. A more practical condition is defined
next.

Definition 3 (Three-Value Illegal State) A state Sill of a se-
quential machineM is a three-value illegal state if there exists no
input sequence (evaluated by three-valued logic simulation) that
can bring the machine M from the fully unspecified initial state
(consisting of all Xs and corresponding to the entire state space)
to Sill.

Definition 4 (Three-Value-Unsettable Flip-Flop) A state ele-
ment su in a sequential machine M is three-value-unsettable to
v if there exists no input sequence (evaluated by three-valued logic
simulation) that can bring the machine M from the fully unspeci-
fied initial state (consisting of all Xs and corresponding to the en-
tire state space) to a state where su is v.



Definition 4 gives conditions that are practical and relatively
easy to find. However, since sequential circuit test generation
tools sometimes have difficulties finding synchronizing sequences
[6], there are cases where a test generator cannot prove the condi-
tion in definition 4. The following definitions are given to further
simplify those conditions. It should be noted that the following
definitions are both tool and experiment specific.
Definition 5 (Difficult-to-Justify State) A state Sd of a sequen-
tial machine M is difficult-to-justify if a test generator, under a
specified time and backtrack limit, does not find an input sequence
that can bring the machine M from the fully unspecified initial
state (consisting of all Xs and corresponding to the entire state
space) to Sd.

Definition 6 (Difficult-to-Set Flip-Flop) A state element sd in a
sequential machine M is difficult-to-set to v if a test generator,
under a specified time and backtrack limit, does not find an input
sequence that can bring the machineM from the fully unspecified
initial state (consisting of all Xs and corresponding to the entire
state space) to a state where sd is v.

3 Identifying Three-Value-Unsettable FFs
The following procedure finds three-value-unsettable flip-

flops that will cause three-value illegal states, and difficult-to-set
flip-flops that will cause difficult-to-justify states. First, the circuit
netlist is modified by adding primary outputs to each flip-flop. As
shown in Figure 1, the modification can be done without affecting
the global structure of the circuit; hence, the circuit’s topological
levelization is not affected. Therefore, the CPU time needed for
this step is negligible; furthermore, the circuit modification can be
done after the circuit netlist is parsed in memory.

To test whether a state element si is three-value-settable to 1,
a deterministic test generator is run for the stuck-at-0 fault at the
newly created output in the modified circuit. Figure 1 shows such
a configuration. It is important that the stuck-at faults are put at
the new output and not at the output of the flip-flop; the stuck-at
faults should not change the output and next state function of the
good circuit.

Since the modified circuit has a primary output at the flip-flops,
there will be no propagation problem in the test generation stage
of this identification phase. Assuming that the test generator used
in this identification phase does not have the over-specification
problem [7], if the flip-flop is three-value-settable to 0 in the orig-
inal circuit, the stuck-at-1 fault at the new output will be detected;
and if the flip-flop is three-value-unsettable to 0, the stuck-at-1
fault at the new output will not be detected. Note that three-value-
unsettable flip-flops can only be identified using a deterministic
test generation tool that does not have the over-specification prob-
lem [7]; while in contrast, difficult-to-set flip-flops can be iden-
tified using any test generation tool. To identify three-value un-
settable flip-flops, the faults at the new POs have to be declared
untestable. To identify difficult-to-set flip-flops, aborted faults at
the new POs are allowed.

The described method is not restricted to finding one three-
value-unsettable flip-flop. The method can be extended to find any
combination of flip-flops that causes three-value illegal states.

Since test generation tools for sequential circuits have vary-
ing strengths and weaknesses, the set of difficult-to-set flip-flops
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Figure 1: Modified Circuit for Testing whether FFi is Three-
Value-Unsettable to 1

obtained using this method may be different depending on which
test generator is used. This fact can be advantageous in one of the
applications of difficult-to-set flip-flops, namely, speeding up se-
quential ATPG.

4 Faster Test Generation Using Difficult-to-
Set Flip-Flop Knowledge

One of the problems with deterministic ATPG tools for se-
quential circuits is the justification of initial states. After the prop-
agation requirements have been met, the starting initial state needs
to be justified [8]. There is a possibility that the initial state re-
quired for exciting and propagating the fault is not justifiable,
and therefore the requirement cannot be satisfied. These unreach-
able states can be identified quickly by identifying unsettable flip-
flops. Early recognition of unreachable states means early back-
tracking and a smaller search tree to be explored.

In our first phase, the difficult-to-set and three-value unsettable
flip-flops are identified using the method in Section 3. The infor-
mation collected is stored and then used in the second phase.

In the second phase, every time the test generator needs a value
at a flip-flop to excite/propagate the fault, the list of difficult-to-
set flip-flops is checked. If the required value is known to be un-
settable, then the ATPG algorithm has to backtrack. This second
phase is similar to HITEC’s [8] failed states. However, HITEC’s
identification of failed states is done for both the good and the
faulty circuit and hence has to be cleared before the processing
of the next fault. Our identification of difficult-to-set flip-flops is
done for the good circuit only and hence is valid for every fault.
Furthermore, since we identify difficult-to-set flip-flops one by
one in the first phase, the check for the difficult-to-set flip-flops
can be done each time there is a requirement for a state assign-
ment, and does not have to wait until forward fault propagation
and excitation are complete.

Since the difficult-to-set flip-flops are identified for the good
circuit, the information can also be used during the fault propaga-
tion and excitation stage of the test generator. Every time the test
generator makes an assignment on a state line, the list of difficult-
to-set flip-flops is checked. If the assignment is made on a state
line that is known to be a difficult-to-set flip-flop, the ATPG has
to backtrack.

For each difficult-to-set flip-flop, a flag indicating whether the



faults at the new output are aborted or declared untestable is main-
tained. This aborted/untestable flag is used in the second phase. If
a fault is declared untestable in the second phase, and no aborted
difficult-to-set flip-flops are used while performing test generation
for this fault, then the fault can be declared untestable. However,
if at least one aborted difficult-to-set flip-flop is used, then the fault
has to be declared aborted.

The results in Section 6 indicate that the proposed method
speeds up a deterministic test generation by up to 50%. It is also
interesting to note the improved detection offered by the method.

5 Difficult-to-Set FFs and Partial Scan
For each unsettable flip-flop, there will be at least one un-

detectable fault. We describe a method that applies the identi-
fication of difficult-to-set flip-flops to the selection of scan ele-
ments for partial scan. Previous methods for selecting flip-flops
are based on one or more of the following three techniques: testa-
bility analysis [9–11], structural analysis [10, 12–16] and test gen-
eration [12, 17]. The approach proposed in this paper combines
the above three techniques. First, a test generation technique is run
to find difficult-to-set flip-flops, then, structural analysis is per-
formed to rank flip-flops; and finally, some difficult-to-set flip-
flops are scanned with the objective of improving testability.

The first stage of the proposed method is the identification of
difficult-to-set flip-flops as described in Section 3. The objective
of this stage is to categorize flip-flops as either hard or easy to con-
trol. If there are no difficult-to-set flip-flops in the circuit, other
measures, such as the number of backtracks performed by the test
generator to detect the fault at the new primary output of the mod-
ified circuit (Figure 1), can be used. The next step is to rank the
controllability of each flip-flop; for this purpose, the S-graph [13]
is used.

In the second stage, the S-graph of the circuit is created and
each flip-flop is assigned a score of 0. For each difficult-to-set flip-
flop si, a set of flip-flops that influence si is identified. The scores
of the flip-flops that influenced si are incremented by 1. The ob-
jective of this stage is to have a ranking of the controllability of the
flip-flops, from hardest to easiest. The ranking of the flip-flops is
reflected in the scores of each flip-flop. The flip-flop with the high-
est score is the hardest to control.

Results in Section 6 show the effectiveness this approach to
partial scan.

6 Experimental Results
The following experiments on a SPARCstation 20 illustrate

the effectiveness of the proposed techniques in enhancing ATPG
and partial scan selection. First, HITEC [8] is utilized to find the
difficult-to-set flip-flops. Table 1 shows the number of difficult-to-
set flip-flops identified after running HITEC with time limits of 1
and 100 seconds and with respective backtrack limits of 10000 and
1000000. For comparison, the times needed by HITEC to gen-
erate tests for these circuits are also given [18]. From Table 1,
it is clear that the number of difficult-to-set flip-flops is a good
indicator of the circuit testability. If the circuit has difficult-to-
set flip-flops, HITEC requires considerable running time. Circuits
s641 and s713 seem to be exceptions, since the difficult-to-set flip-
flops found in these circuits are easily proven to be unsettable by
the difficult-to-set flip-flop identification program, as can be seen

from the small execution time. For circuits that are difficult to test
(s526, s1423, s5378), the running time for the difficult-to-set flip-
flop identification routine is only about 2-4% of the total running
time of the original test generator.

Table 1: Difficult-to-Set FFs Identification
Cct. 1 Sec. 100 Sec.

Time Limit Time Limit HITEC
# Diff. # Time # Diff. # Time [18]

FF (Sec.) FF (Sec.) (Sec.)

s382 10 11.6 1 135.5 10980.0
s400 10 11.8 1 138.0 8316.0
s420 32 22.9 32 388.2 –
s444 10 12.1 1 171.6 10224.0
s526 13 14.5 10 1013.5 38520.0
s641 4 0.8 4 0.8 6.4
s713 4 0.8 4 0.8 9.9
s820 0 0.5 0 0.5 360.6
s832 0 0.5 0 0.4 523.2

s1423 38 45.1 35 3603.3 99000.0
s5378 54 256.4 51 3613.4 130680.0

Table 2 shows the results of deterministic ATPG using
difficult-to-set flip-flop identification. We implemented our
approach on top of the HITEC [8] automatic test generation
tool. The selected circuits are those from Table 1 that have at
least one difficult-to-set flip-flop in the 100 seconds time limit
column. For circuits that are hard to test (s526, s1423, s5378),
the execution times for the proposed method are about 30-52%
of the running time for the original ATPG. In addition to reduced
running time, the proposed method also provides additional
detections; for example, the number of detected faults for s5378
is increased from 3238 to 3312. These additional detections
are direct consequences of the use of difficult-to-set flip-flop
information. Using that information, early backtracking and
hence a smaller search tree is achieved.

Table 2: ATPG Using Difficult-to-Set FFs Information

Cct. ATPG w/ HITEC
Difficult-to-Set FFs [18]

# Time # Time #
Diff (Sec.) Det. (Sec.) Det.
FF Faults Faults

s382 1 6805.5 306 10980.0 301
s400 1 5237.8 346 8316.0 342
s420 32 1405.6 32 – –
s444 1 5196.9 383 10224.0 378
s526 10 16513.0 353 38520.0 346
s641 4 10.0 404 6.4 404
s713 4 14.2 476 9.9 476

s1423 35 52041.8 891 99000.0 776
s5378 51 39541.3 3312 130680.0 3238

Table 3 shows the results of partial scan elements selection us-
ing difficult-to-set flip-flops. For comparison, the results of fault-
oriented OPUS [12] are also listed. We compare our approach
with fault-oriented OPUS since our approach is a combination of
testability analysis, structural analysis and test generation tech-



niques, and fault-oriented OPUS combines structural and test gen-
eration techniques and can be run on large circuits. The number
of scanned flip-flops is limited to 10%. HITEC [8] is run for the
scanned circuit with a time limit of 1 second and a backtrack limit
of 10000. Circuits selected for this experiment are the circuits that
have more than 1 difficult-to-set flip-flop when a 100-second time
limit is used (column 4 of Table 1). The proposed method has bet-
ter results for these selected circuits.

Table 3: Partial Scan using Difficult-to-Set FFs

Cct. OPUS Fault Partial Scan w/
# Oriented [12] Difficult-to-Set FF’s

FF # # Time # # Time
Scan. Det. Abt. (Sec.) Det. Abt. (Sec.)

s382 3 373 22 39.0 376 17 29.3
s400 3 391 25 37.5 393 20 35.5
s420 2 43 308 348.6 68 290 318.3
s444 3 394 65 108.5 418 37 52.1
s526 3 283 258 266.7 301 235 256.5
s641 2 439 0 7.2 439 0 7.1
s713 2 511 2 9.3 511 2 9.2

s1423 8 969 533 625.9 979 528 639.4
s5378 18 4276 199 308.1 4354 154 263.6

7 Conclusions
This paper demonstrates that identification of illegal states is

not always necessary; finding states that are difficult to traverse
with test generators may be enough. A method for the identifica-
tion of difficult-to-justify states through difficult-to-set flip-flops
is presented. The method starts by adding primary outputs to each
flip-flop; then, test pattern generation is performed on stuck-at-1
and stuck-at-0 faults at these new primary outputs. Two applica-
tions that utilize the difficult-to-set flip-flops information are pre-
sented. The first application demonstrates the potential usefulness
of the identification of difficult-to-set flip-flops in forcing early
backtracks in test generation. The second application, selection
of partial scan elements, provides an alternative way of selecting
flip-flops for partial scan circuits. This second application shows
that there is a strong relation between testability of a circuit and
difficult-to-set flip-flops.
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