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Abstract
Design-for-testability (DFT ) for synchronous sequential
circuits allows the generation and application of tests that
rely on non-functional operation of the circuit. This can
result in unnecessary yield loss due to the detection of
faults that do not affect normal circuit operation. Consid-
ering single stuck-at faults in full-scan circuits, a test vec-
tor consists of a primary input vector U and a state S . We
say that the test vector consisting of U and S relies on
non-functional operation if S is an unreachable state, i.e.,
a state that cannot be reached from all the circuit states.
Our goal is to obtain test sets with states S that are reach-
able states. Given a test set C , the solution we explore is
based on a simulation-based procedure to identify reach-
able states that can replace unreachable states in C . No
modifications are required to the test generation procedure
and no sequential test generation is needed. Our results
demonstrate that the proposed procedure is able to pro-
duce test sets that detect many of the circuit faults, which
are detectable using scan, and practically all the sequen-
tially irredundant faults, by using test vectors with reach-
able states. The procedure is applicable to any type of
scan-based test set, including test sets for delay faults.

Categories & Subject Descriptors: B.8.1 Reliability,
Testing, and Fault-Tolerance

General Terms: Reliability

Keywords: functional tests, reachable states, scan design.
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1. Introduction
Design-for-testability (DFT ) for synchronous sequential
circuits [1]-[11] allows tests to be generated and applied
to the circuit with DFT logic, which may not be applica-
ble to the circuit without DFT . Such tests use non-
functional operation of the circuit, enabled by the DFT
logic, to detect faults. This has several implications. (1)
Faults detected during non-functional operation may not
affect the functional operation of the circuit. If a fault can
only be detected during non-functional operation, the fault
is undetectable or possibly even redundant, and its detec-
tion may cause unnecessary yield loss. Considering delay
faults, faults that can only be detected during non-
functional operation do not affect the circuit performance
during normal operation. This, again, can lead to
unnecessary yield loss. This problem is discussed in [12].
(2) Non-functional operation may result in a higher power
dissipation than normal operation. It may be necessary to
avoid this situation to preserve battery power or to avoid
damage due to a higher power dissipation than the circuit
is designed for.

To simplify the discussion we consider single
stuck-at faults in synchronous sequential circuits with
full-scan (our results are applicable to other fault models,
including delay faults as discussed later). A test vector for
a full-scan circuit consists of a subvector U that specifies
the values of the primary inputs, and a subvector S that
specifies the values of the present-state variables. We
denote a test vector by U .S . We say that a test vector
U .S can be applied during normal circuit operation if S is
reachable from all the circuit states. We verify this pro-
perty by checking whether S is reachable from the all-
unspecified state, i.e., by checking whether it is possible to
find a primary input sequence that takes the circuit from
the all-unspecified state to S . If S is not reachable from
the all-unspecified state, then S may not be reachable
from the initial state of the circuit during normal opera-
tion. For the reasons discussed above, it is better to detect
faults using test vectors that include reachable states.

To obtain test vectors whose state subvectors are
reachable states, a possible solution is to perform test gen-
eration such that only reachable states are used in every
test vector. However, this requires modifications to the
test generation procedure, including identification of
reachable states during test generation. It is also possible
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to identify reachable states in advance; however, the
number of reachable states may be too large to allow this
process to be carried out effectively. Performing sequen-
tial test generation is another way to ensure the use of
reachable states during test application. In either case, the
resulting test generation process will be more complex.

The solution we explore in this work does not
require any modifications to the test generation procedure,
and does not require any sequential test generation. The
proposed procedure accepts a test set C generated for the
full-scan circuit and produces a new test set CR (where
the R stands for reachable). Using a simulation-based
process, the procedure checks for every test vector
U .S ∈ C whether S is a reachable state. During this
process, the procedure also collects a set of fully-specified
reachable states Ψ that are as close to S as possible. If S
is reachable then U .S is included without modification in
the new test set CR . If S is unreachable, then the states in
Ψ are used for defining new test vectors, which are
included in CR instead of U .S . The resulting test set CR
contains only test vectors with reachable states.

The fault coverage achieved by CR may be lower
than the fault coverage of C for several reasons. (1)
Some faults are only detectable using test vectors with
unreachable states. An example is shown in Figure 1 using
the state diagram of a synchronous sequential circuit. The
fault changes the output value under the state-transition
from S 1 to S 2, which is marked with a dashed line in Fig-
ure 1. The fault can only be detected using a test vector
that has S 1 as its state subvector. However, S 1 is not a
reachable state since it has no incoming state-transitions
from S 2, S 3, S 4 and S 5. Such a fault is undetectable in the
non-scan sequential circuit. (2) The proposed procedure
does not perform an exhaustive search for reachable
states. Thus, it is possible that the state S in a test vector
U .S would be reachable but the procedure would not
identify this fact. As a result, faults detected by U .S may
not be detected by CR . (3) The proposed procedure only
considers test vectors of the form U .P (where P is a
state) to replace a test vector of the form U .S , i.e., it only
replaces the state subvector but not the primary input sub-
vector. It is possible that some faults detected by U .S
would not be detectable by test vectors of the form U .P
but would be detectable by test vectors of the form V .P
for a different primary input subvector V .

S 1 S 2 S 3

S 4 S 5

Figure 1: An example state diagram
We investigate experimentally the extent to which

the proposed procedure is able to produce single stuck-at
test sets with reachable states. Our results demonstrate

that the proposed procedure is able to produce test sets
that detect many of the circuit faults, which are detectable
using scan, and practically all the sequentially irredundant
faults, by using test vectors with reachable states. We
stress that the proposed procedure does not change the
structure of the test set, and that each test vector still has
the form U .S . However, the states S are reachable states
after application of the proposed procedure.

During test application, it is possible to use only CR
to ensure that only faults that affect the functional opera-
tion of the circuit are detected. For added reliability, it is
also possible to define a test set that consists of CR fol-
lowed by tests out of C to detect the faults that cannot be
detected by CR . Such a test set would detect as many
faults as possible using reachable states and the remaining
faults using unreachable states. We denote this test set by
CmR (mR stands for maximal reachable).

Although we consider only stuck-at test sets with
test vectors of the form U .S , the proposed procedure is
also applicable to test sets with two-pattern tests used for
detecting delay faults. In this case, the proposed procedure
can be applied to the state included in the first pattern of
every two-pattern test of a broadside test set. In the case
of skewed-load, the state of the second pattern needs to be
a reachable state as well. It is also applicable when a scan
operation is followed by a sequence of primary input vec-
tors applied in functional mode. In this case, the proposed
procedure can be applied to the scan-in states.

It is important to note the following point. In [12],
tests that consist of a scan operation followed by several
primary input vectors are used to obtain broadside transi-
tion fault tests that are better at ensuring that fault detec-
tion occurs during functional operation. This is based on
the intuition that a longer sequence of primary input vec-
tors applied after the scan operation is more likely to
cause the circuit to enter its functional operation mode
(what we call here its reachable state space). The exam-
ple of Figure 1 shows that this is not necessarily true.
Starting from state S 1 it is possible to apply a primary
input sequence of arbitrary length that will leave the cir-
cuit in an unreachable state, S 1. In more complex state
diagrams there are even more opportunities to stay in an
unreachable state after a (long) sequence of primary input
vectors. The use of reachable states to define tests that
use functional operation of the circuit resolves this issue.

The paper is organized as follows. In Section 2 we
describe the simulation-based procedure for finding reach-
able states. In Section 3 we describe the procedure for
modifying a test set C into a test set CR with reachable
states. Experimental results are given in Section 4.

2. Finding reachable states
In this section we describe the procedure we use for
checking whether a state S , which is part of a combina-
tional test vector U .S , is reachable in the sequential cir-
cuit. The same procedure is used for collecting a set of
fully-specified states Ψ, which are reachable in the
sequential circuit and have the smallest possible Hamming
distances from S . If S is not reachable, the states in Ψ will
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be used for replacing S to form new combinational test
vectors that potentially detect the same faults but contain
reachable states. We demonstrate the procedure by con-
sidering ISCAS-89 benchmark circuit s 27.

A combinational test set C for s 27 is shown in
Table 1. The circuit has four primary inputs and three
state variables. Each combinational test vector in C has
the form Ui

.Si , where Ui is the four-bit subvector applied
to the primary inputs, and Si is the three-bit subvector
applied to the present-state variables.

Table 1: Test set for s 27
i Ui Siiiiiiiiiiiiiii
0 0000 011
1 1001 010
2 0100 110
3 0111 001
4 1101 011
5 1010 000cc

c
c
c
c
c
c
c

Considering the test vector U 1
.S 1 = 1001.010, we

need to check whether S 1 = 010 is reachable. We use a
simulation-based procedure to compute an input sequence
that brings the circuit from the all-unspecified state xxx to
S 1 = 010, or to a state which is as close to S 1 as possible.
We initially set P = xxx . Starting from P , we construct
the input sequence by considering at most LMAX consecu-
tive time units, where LMAX is a preselected number. At
every time unit u , we apply a preselected number
NRAND = 5 of random vectors V 0, . . . ,V 4. We then select
one of the vectors, Vr , to be included in the input
sequence. The selection is based on an analysis of the
next-states obtained under V 0, . . . ,V 4. The selected next-
state becomes the present-state at time unit u +1.

At time unit u = 0 we have P = xxx and we con-
sider the five random vectors Vr , 0 ≤ r ≤ 4, shown in Table
2(a). Under column Qr we show the next-state obtained
when Vr is applied to the primary inputs and the circuit is
in present-state P = xxx , 0 ≤ r ≤ 4. For every next-state
Qr we compute the following parameters.

Table 2: Constructing an input sequence for S 1

(a) u =0
r Vr Qr n_spec new_state distiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
0 0100 0x1 2 1 2
1 0101 0x1 2 1 2
2 1101 101 3 1 3
3 1100 101 3 1 3
4 0100 0x1 2 1 2c

c
c
c
c
c
c

c
c
c
c
c
c
c

c
c
c
c
c
c
c

(b) u =1
r Vr Qr n_spec new_state distiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
0 0110 000 3 1 1
1 0110 000 3 1 1
2 0000 001 3 1 2
3 0101 001 3 1 2
4 1010 100 3 1 2c

c
c
c
c
c
c

c
c
c
c
c
c
c

c
c
c
c
c
c
c

The first parameter we compute is the number of
specified values in Qr , denoted by n_spec (Qr ). Since the
combinational test vectors in C are fully specified, our
first priority is to bring the circuit to a fully-specified state.
We achieve this goal by selecting a state that has the
highest value of n_spec (Qr ) [13].

The second parameter is denoted by new_state (Qr ).
We set new_state (Qr ) = 1 if Qr was not reached before
along the input sequence being computed. Otherwise,
new_state (Qr ) = 0. We prefer Qr to be a new state since
this maximizes our ability to explore the space of reach-
able states.

The third parameter we compute is the Hamming
distance between S 1 and Qr , denoted by dist (S 1,Qr ). The
Hamming distance is incremented by one for every bit
where S 1 is different from Qr . This includes bits where
Qr is unspecified (S 1 is completely specified). We prefer
to select a state for which dist (S 1,Qr ) is minimum as a
heuristic to guide us towards reaching S 1. In addition, if
S 1 is not reached, it is advantageous to obtain states that
are as close to it as possible.

The parameters n_spec (Qr ), new_state (Qr ) and
dist (S 1,Qr ) for the five vectors considered at time unit
u = 0 are shown in Table 2(a). We note that V 2 and V 3
have the highest numbers of specified values. They both
result in new next-states that have the same distance from
S 1. Therefore, we arbitrarily select V 2 with Q 2 = 101.
This becomes the present-state P at time unit u = 1.

At time unit u = 1 we have P = 101 and we con-
sider the five random vectors Vr , 0 ≤ r ≤ 4, shown in Table
2(b). All the next-states have the same number of
specified values and they are all new states. We select
between V 0 and V 1 arbitrarily to use V 0 with
dist (S 1,Q 0) = 1.

At time unit u = 2 we have P = 000 and we con-
sider five random vectors Vr , 0 ≤ r ≤ 4. We find that
under V 2 = 1011, the next state is Q 2 = 010, equal to S 1.
Therefore, the procedure terminates with the indication
that S 1 is reachable. The three fully-specified present-
states reached during this process are included in the set
Ψ. We have Ψ = {101, 000, 010}.

Applying the same process to the other test vectors
in Table 1 we find that S 0 is reachable at the end of a pri-
mary input sequence of length 18, S 3 is reachable at the
end of a sequence of length 2, S 4 is reachable at the end of
a sequence of length 9, and S 5 is reachable at the end of a
sequence of length 2. The only state that cannot be
reached is S 2. For S 2 we obtain an input sequence of
length LMAX = 20 that visits the states shown in Table 3
(we only show in Table 3 fully-specified new states when
they are reached). Under column u we show the time
unit. Under column Vu we show the input vector at time
unit u . Under column Pu we show the present-state at
time unit u . We then show the three parameters related to
Pu . The states reached in Table 3 are included in the set
Ψ. They will be used later to define new test vectors that
will replace U 2

.S 2.
We refer to the procedure demonstrated above as

Procedure 1. The complexity of Procedure 1 is deter-
mined by the need to simulate up to NRAND LMAX input
vectors. Parallel pattern simulation can be used to speed
up Procedure 1.
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Table 3: Input sequence for S 2 = 110
u Vu Pu n_spec new_state distiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
1 1101 100 3 1 1
2 0110 101 3 1 2
3 0011 000 3 1 2
4 0101 010 3 1 1
5 0010 011 3 1 2

10 1111 001 3 1 3cc
c
c
c
c
c
c
c

cc
c
c
c
c
c
c
c

3. Obtaining test vectors with reachable states
In this section we describe the procedure that accepts a
test set C where some of the states may be unreachable
and produces a test set CR where all the states are reach-
able. As before, a test vector is represented as U .S .

The test set CR is obtained as follows. For every
test vector Ui

.Si ∈ C , if Si is reachable then Ui
.Si is

copied to CR . If Si is not reachable, we add to CR a set of
test vectors R (Ui

.Si ) to replace Ui
.Si . The set R (Ui

.Si )
may contain test vectors that do not detect any new faults.
As a result, the number of test vectors in CR may be
larger than necessary. We remove unnecessary test vec-
tors from CR by performing fault simulation with fault
dropping. A test vector that does not detect any fault dur-
ing this process is removed from CR .

We first consider the example of s 27. We then
describe the general procedure.

3.1. Example
For the test set of s 27 shown in Table 1, we found earlier
that the states S 0, S 1, S 3, S 4 and S 5 are reachable. The
corresponding test vectors Ui

.Si for i = 0,1,3,4,5 are
copied from C to CR . For U 2

.S 2 we define a set of test
vectors R (U 2

.S 2) as follows.
Every test vector in R (U 2

.S 2) has the form U 2
.Pu ,

i.e., we maintain the primary input subvector U 2 of U 2
.S 2

in every test vector included in R (U 2
.S 2). For Pu , we use

the states included in Ψ during the application of Pro-
cedure 1 to S 2. These states are the present-states shown
in Table 3.

We consider the states Pu in Ψ by order of increas-
ing distance dist (S 2,Pu ). Thus, we start with P 1 = 100 and
P 4 = 010 at distance 1; we then consider P 2 = 101,
P 3 = 000 and P 5 = 011 at distance 2; and finally we con-
sider P 10 = 001 at distance 3. For every Pu we add to
R (U 2

.S 2) the test vector U 2
.Pu . We obtain the set of test

vectors R (U 2
.S 2) = {0100.100, 0100.010, 0100.101,

0100.000, 0100.011, 0100.001}. Instead of U 2
.S 2, we

include the set R (U 2
.S 2) in CR . The resulting test set CR

is shown in Table 4.
Table 4: The test set CR for s 27

i Ui Si i Ui Siiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiii

0 0000 011 6 0100 010
1 1001 010 7 0100 101
2 0111 001 8 0100 000
3 1101 011 9 0100 011
4 1010 000 10 0100 001
5 0100 100cc

c
c
c
c
c
c
c
c

cc
c
c
c
c
c
c
c
c

By ordering the test vectors in R (Ui
.Si ) as we do,

we ensure that earlier test vectors are more likely to detect

the faults detected by Ui
.Si , while later test vectors can be

dropped by performing fault simulation. The upper bound
on the number of test vectors included in CR before drop-
ping any test vectors is |C |LMAX (for every original test
vector in C we may include in CR up to LMAX test vec-
tors).

Performing fault simulation with fault dropping for
the test set CR shown in Table 4, we find that test vectors
U 6

.S 6, . . . ,U 10
.S 10 do not detect any new faults. We end

up with a test set CR that includes the first six test vectors
in Table 4.

3.2. Procedure
The procedure for constructing CR from C is given next
as Procedure 2.
Procedure 2: Constructing the test set CR
(1) Let C = {Ui

.Si :0≤i <n } be the given test set. Set CR = φ.
(2) For i = 0,1, . . . ,n −1:

(a) Call Procedure 1 with Si .
(b) If Si ∈ Ψ , add Ui

.Si to CR . Else:
(i) Set min_dist =

min{dist (Si ,Pu ):Pu ∈ Ψ }.
(ii) For dist = min_dist , min_dist +1, . . . ,

NSV (where NSV is the number of state
variables):

For every Pu ∈ Ψ , if dist (Si ,Pu ) =
dist , add Ui

.Pu to CR .
(3) Let CR = {Ui

.Si :0≤i <m }. Let F be the set of faults
detected by C . For i = 0,1, . . . ,m −1:
(a) Simulate F under Ui

.Si with fault dropping.
(b) If Ui

.Si does not detect any fault in F , remove
Ui

.Si from CR .
The complexity of Procedure 2 is determined by the

fact that Procedure 1 is called |C | times. Procedure 2
also performs fault simulation with fault dropping of CR .

4. Experimental results
The results of the application of Procedure 2 to single
stuck-at faults in ISCAS-89 and ITC-99 benchmark cir-
cuits are reported in this section. We only consider cir-
cuits for which synchronizing sequences can be computed
starting from the all-unspecified initial state using three
value logic.

For all the circuits we use a compact test set C 0 as
the test set C . The test set C 0 is obtained by the dynamic
compaction procedure of [14] for ISCAS-89 benchmark
circuits. For ITC-99 benchmark circuits it is selected out
of a large set of random vectors and compacted by reverse
order fault simulation.

To provide additional flexibility in constructing CR ,
we also use an incompletely specified test set Cx obtained
as follows. We start from the compact test set C 0. For
every fault f , we find the first test Ui

.Si in C 0 that detects
f . This test is obtained by fault simulation with fault
dropping of C 0. We then consider each fault f . Let f be
detected by Ui

.Si ∈ C 0. Considering only Si , we
unspecify the bits of Si one at a time. If f is still detected
by Ui

.Si after unspecifying bit j of Si , we keep bit j
unspecified; otherwise, we restore the original value of bit
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j under Si . At the end of this process we have a new test
Ui

.Ŝi for f , where Ŝi is incompletely specified. We add
Ui

.Ŝi to Cx and drop from consideration all the faults that
it detects. The test set Cx is typically larger than C 0 since
fewer faults are detected by each test.

When Procedure 1 is applied to check whether an
incompletely specified state Ŝi is reachable, the distance
between Ŝi and a state Qr reached during Procedure 1 is
defined over the specified bits of Ŝi . As a result, the
search for a reachable state concentrates on fewer
specified bits, and it is more effective. When C is incom-
pletely specified, we allow incompletely specified states
Qr to be included in Ψ. As a result, CR may be incom-
pletely specified as well.

As parameters for Procedure 1 when C is the com-
pact test set C 0 we use LMAX = 1000 and NRAND = 100.
When C is the incompletely specified test set Cx , it is
easier to reach the states of Cx or states close to them and
we use LMAX = 200 and NRAND = 100.

Procedure 2 reduces the size of CR by fault simula-
tion with fault dropping that eliminates unnecessary tests.
To reduce the size of CR further, we also apply to CR
forward-looking reverse-order fault simulation [15]. This
is a static compaction procedure similar to reverse order
fault simulation but more effective in removing unneces-
sary tests.

The results are shown in Tables 5 and 6. Part (a) of
every table contains information about numbers of
(detected) faults while part (b) contains information about
test set sizes. The cases where we use the test set Cx for
C are marked with x’s. In all other cases we use a con-
ventional, compact test set C 0.

In part (a) of every table, after the circuit name we
show the number of state variables and the number of sin-
gle stuck-at faults. Under column detected we show the
following numbers of detected faults. Under subcolumn
seq we show the number of faults detected by a test
sequence generated for the non-scan sequential circuit.
For ISCAS-89 benchmark circuits the test sequences are
generated by a test generation procedure that can detect
all or almost all the sequentially detectable faults. Under
subcolumn orig (C ) we show the number of faults
detected by C . Under subcolumn mod (CR ) we show the
number of faults detected by CR . In the last column we
show the run time of Procedure 2 in seconds on a Sun
B1000 workstation (this includes the run time of the calls
to Procedure 1).

In part (b) of every table, under column orig (C ) we
show the number of test vectors in C , and the number of
test vectors in C that have reachable states. Under
column mod (CR ) we show the number of test vectors in
CR before removing unnecessary test vectors, the number
of test vectors in CR after removing unnecessary test vec-
tors (this is the number of effective test vectors in CR ),
and the number of test vectors in CR after forward-
looking reverse-order fault simulation. The last column
will be explained later. The following points can be seen
from Tables 5 and 6.

Table 5: Experimental results for ISCAS-89
(a) Numbers of faults

detected
orig mod

circuit s.v. flts seq (C) (CR) time(sec)iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
s208 8 215 150 215 155 62.25
s298 14 308 273 308 273 81.57
s344 15 342 335 342 335 68.45
s382 21 399 378 399 376 154.11
s400 21 421 395 415 392 156.07
s420 16 430 204 430 209 200.45
s526 21 555 463 554 460 415.48
s641 19 467 408 467 408 174.81
s1196 18 1242 1239 1242 1241 5346.29iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
s1423 74 1515 1457 1501 1434 732.81
s1423x 74 1515 1457 1501 1457 2429.45iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
s5378 179 4603 3659 4563 3428 10769.49
s5378x 179 4603 3659 4563 3681 28353.72iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
s35932 1728 39094 35110 35110 35110 14141.35c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

(b) Test set sizes
orig(C) mod(CR) comb

circuit tst rch all eff flr (CmR)iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
s208 27 1 426 32 19 38
s298 24 1 974 43 25 37
s344 15 0 2769 37 17 20
s382 25 0 12406 61 28 38
s400 24 0 13264 61 32 42
s420 43 1 374 25 17 57
s526 50 0 13538 93 51 81
s641 22 0 6617 58 28 42
s1196 138 1 136590 192 135 136iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
s1423 26 0 25948 174 70 92
s1423x 676 300 61051 136 71 105iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
s5378 100 0 96910 251 80 180
s5378x 1625 644 195859 207 97 565iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
s35932 13 0 13000 321 52 52cc

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

cc
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

cc
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

x - incompletely specified test set
(1) The compact test set C 0, when used as C , typically
includes very few test vectors with reachable states. The
incompletely specified test set Cx includes large numbers
of reachable states. This is due to the fact that the incom-
pletely specified states in Cx are easier to reach.
(2) The number of test vectors included in CR is typically
high, sometimes very high, compared to the number of
test vectors in C . However, by dropping unnecessary test
vectors it is possible to obtain a test set which is in most
cases smaller than C .
(3) The number of faults detected by CR is typically
higher than the number of faults detectable in the non-
scan circuit. The detectable faults of the non-scan circuit
constitute a subset of the faults that affect the functionality
of the circuit. The other subset of faults that affect the cir-
cuit functionality are undetectable faults, which are not
redundant (partially detectable faults) [16]. The number
of faults detected by CR is smaller than the number of
faults detectable by the test vectors in C , which may have
unreachable states.
(4) The use of Cx instead of C 0 for the test set C can
result in a test set CR that detects significantly more
faults. This is due to the fact that the states in Cx are
easier to reach and hence the states contained in Ψ are
closer to the states in Cx . Consequently, the tests in CR
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Table 6: Experimental results for ITC-99
(a) Numbers of faults

detected
orig mod time

circuit s.v. flts seq (C) (CR) (sec)iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b03 30 452 334 452 349 150.20iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b04 66 1346 1168 1344 1248 1667.63
b04x 66 1346 1168 1344 1260 702.94iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b05 34 1816 - 1729 1128 2037.02
b06 9 202 186 202 190 38.41
b07 51 1183 - 1153 935 776.37iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b08 21 489 - 489 485 253.35
b08x 21 489 - 489 487 38.70iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b09 28 420 339 420 394 126.22iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b10 17 512 467 512 489 282.72
b10x 17 512 467 512 490 70.33iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b11 30 1089 997 1078 1042 1547.31c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

(b) Test set sizes
orig(C) mod(CR) comb

circuit tst rch all eff flr (CmR)iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b03 31 0 5604 55 33 52iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b04 62 0 61998 150 47 69
b04x 643 469 34635 101 54 135iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b05 83 0 280 68 40 102
b06 20 0 87 22 16 19
b07 69 0 344 49 32 85iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b08 50 0 7506 90 50 53
b08x 228 207 3965 74 44 46iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b09 32 0 1746 49 35 44iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b10 57 1 1471 88 47 65
b10x 223 165 3207 65 46 67iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
b11 77 0 62259 145 70 86c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

x - incompletely specified test set
are closer to the tests in Cx , resulting in the detection of
more faults.

After CR is applied, to achieve a higher level of
reliability and for diagnosis, certain test vectors from C
may be applied as well. The number of test vectors from
C that need to be added to CR in order to achieve com-
plete fault coverage is computed by performing fault
simulation with fault dropping of CR followed by C .
Tests in C that do not detect any new faults are dropped.
The resulting test set detects as many faults as possible
using reachable states and the remaining faults using
unreachable states. We denote this test set by CmR .

We report on the size of CmR in the last column of
Tables 5(b) and 6(b). It can be seen that the size of CmR
is typically not significantly higher than the size of C .
Thus, it is possible to maximize the detection of faults
using reachable states without increasing the test set size
significantly.

5. Concluding remarks
Scan allows the generation and application of test vectors
that use unreachable states of the circuit, i.e., states that
the circuit cannot reach starting from certain initial states.
Faults detected by such test vectors may not affect the
functional operation of the circuit (or its performance).
Such test vectors can also result in higher power dissipa-
tion than the circuit is designed for. We described a pro-
cedure that accepts a test set C whose test vectors may

include unreachable states, and produces a test set CR
whose test vectors include only reachable states. Using a
simulation-based process, the procedure checks for every
test vector in C with state subvector S whether S is a
reachable state. During this process, the procedure also
collects a set of reachable states Ψ that are as close to S as
possible. If S is reachable, the test vector is included
without modification in CR . If S is unreachable, then the
states in Ψ are used for defining new test vectors that will
be included in CR instead of the original test vector. Our
results demonstrated that the proposed procedure is able
to produce test sets that detect many of the circuit faults,
which are detectable using scan, and practically all the
sequentially irredundant faults, by using test vectors with
reachable states. The procedure is applicable to the initial
scan-in state of every test in a scan-based test set for any
fault model.
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