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Short Paper

Input Test Data Volume Reduction for
Skewed-Load Tests by Additional Shifting of

Scan-In States

Irith Pomeranz

Abstract—Test data compression methods reduce the input test data
volume by allowing compressed tests to be stored on a tester. Additional
reductions in the input test data volume can be achieved if each stored
test is used for producing several different tests. Skewed-load tests create
a unique opportunity to expand a stored test into several different
skewed-load tests by continuing to shift the scan-in state for one or more
additional clock cycles. This opportunity for test data volume reduction
beyond test data compression is introduced in this paper. The paper
describes a procedure that starts from a given skewed-load test set. The
procedure removes tests from the test set and recovers the fault coverage
by applying several tests based on every stored test.

Index Terms—Input test data volume, scan-based tests, skewed-load
tests, test data compression, transition faults.

I. Introduction

Test data compression methods reduce the input test data
volume by allowing compressed tests to be stored on a tester,
and reproducing the tests on-chip by using decompression
logic [1]–[4]. Additional reductions in the input test data vol-
ume can be achieved if each stored test is used for producing
several different tests [5]–[7]. The approaches described in
[5]–[6] are designed for built-in test generation. In [7], each
stored test is used for producing three tests, a broadside test
and two skewed-load tests. This allows the number of stored
tests to be reduced without losing fault coverage.

Skewed-load tests create a unique opportunity to expand
a stored test into several different skewed-load tests by
continuing to shift the scan-in state for one or more ad-
ditional clock cycles. None of the previous papers in this
area addressed skewed-load tests directly, or identified this
opportunity for achieving test data volume reduction beyond
test data compression. This is important since skewed-load
tests are commonly used for detecting delay faults in standard-
scan circuits. The following is the basic idea of the new input
test data volume reduction method.

Let ti =< sivi, piui > be a skewed-load test. The scan-in
state si and the primary input vector vi define the first pattern
that the test applies to the combinational logic of the circuit.
The state pi is obtained by a single shift of si. The state pi and
the primary input vector ui define the second pattern that the
test applies to the circuit. For a circuit with K state variables,
let si = si(0) si(1) ... si(K−1) and pi = pi(0) pi(1) ... pi(K−1).
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Assuming, for simplicity of discussion, a single scan chain that
is shifted to the right, the fact that pi is obtained from si by a
single shift implies that pi(j) = si(j − 1) for 0 < j < K. The
value of pi(0) is determined by the scan-in value that follows
the scan-in operation of si.

To accommodate tester limitations that prevent primary in-
put vectors from being changed at-speed, the skewed-load tests
considered in this paper are such that ui = vi. Denoting the
scan-in value that determines pi(0) by γi, a skewed-load test is
determined by the triple (si, vi, γi). The test corresponding to
this triple is < sivi, pivi >, with pi(0) = γi and pi(j) = si(j−1)
for 0 < j < K.

The triple (si, vi, γi) can be used for applying additional
skewed-load tests, where the state under the first pattern is
obtained by shifting si one or more additional times. For
example, with si = 10000, vi = 11 and γi = 0, a single
additional shift of si yields the state 01000, two additional
shifts of si yield the state 00100, and so on. The corresponding
skewed-load tests are <10000 11, 01000 11>, <01000 11,
00100 11>, <00100 11, 00010 11>, and so on. It is also
possible to define skewed-load tests with the complement of
γi to obtain the tests <10000 11, 11000 11>, <11000 11,
11100 11>, <11100 11, 11110 11>, and so on.

In general, with the approach described in this paper, a
triple (si, vi, γi) is extracted from every skewed-load test ti in
a given compacted skewed-load test set. With 0 ≤ nj ≤ K

and β = 0 or 1, the triple (si, vi, γi) can be used for defining
up to 2(K + 1) tests. In the test denoted by (i, nj, β), si is
shifted nj additional times to define the state for the first
pattern of the test. The scan-in vector during these additional
shifts is γi if β = 0, and γ̄i if β = 1. The primary input vector
for the test is vi. With up to 2(K + 1) tests based on every
stored test ti, or every triple (si, vi, γi), it is possible to store
fewer tests without losing fault coverage. This allows the
input test data volume to be reduced. In the implementation
considered in this paper, information about the tests that need
to be applied is stored as well. As a result, significantly fewer
than 2(K + 1) tests are applied for every stored test.

The paper describes a procedure that accepts a compact
skewed-load test set T , and produces a reduced test set Ts ⊆ T

and a set Ta of additional tests. The test set T can be generated
by any test generation procedure [8]–[11]. The tests in Ts need
to be stored. The tests in Ta are derived from the tests in Ts.
Together, Ts and Ta detect all the target faults that are detected
by T . If the tests in T satisfy the constraints of a test data
compression method that allows compressed tests to be stored,
these constraints are carried over to Ts. Thus, the reductions
in input test data volume are achieved on top of those that can
be achieved for T .

Shifting the scan-in state of a test in order to obtain new tests
is also possible with broadside tests. A broadside test can be
described by a pair (si, vi). For consistency with the description
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TABLE I

Skewed-Load Test Set

of a skewed-load test, it is possible to extract a scan-in vector
γi from the broadside test, and use a triple (si, vi, γi). The triple
(i, nj, β) implies that after si is scanned in, γi or γ̄i is shifted in
during nj additional clock cycles. Next, two functional clock
cycles are applied, with primary input vector vi, in order to
apply a broadside test. With this approach, the same triples
can be used for describing both types of tests. Shifting the
scan-in state to obtain new tests fits better with skewed-load
tests where the scan-in vector γi is needed as part of the test.
In this paper only skewed-load tests are considered. The paper
focuses on the input test data volume. For the output test data
volume it is assumed that output compaction is used as in [2]
and [3].

The paper is organized as follows. Section II presents an
example to illustrate the basis for the input test data volume
reduction method described in this paper. Section III describes
the test application process and the storage requirements.
Section IV describes the procedure for input test data volume
reduction. Section V presents experimental results.

II. Example

This section illustrates the possibility of reducing the input
test data volume for skewed-load tests by producing several
tests based on every test in a given test set.

The circuit considered in this section is ITC-99 benchmark
b01. A skewed-load test set for the circuit is shown in Table I.
The test set detects 144 transition faults.

The first part of Table II shows a subset of the test set from
Table I. The tests were selected by the procedure described
in Section IV. They were given consecutive indices (different
from the ones in Table I) for ease of reference. For every
test, column det shows the number of transition faults that are
detected after the test is simulated.

The second part of Table II shows a set of triples (si, vi, γi)
based on the tests shown in the first part of Table II. For every
triple, the table also shows the values of nj and β for which the
corresponding tests increase the number of detected faults. The
tests in the first part of Table II are simulated first, followed
by the tests in the second part. The number of detected faults
after a test is simulated is shown in the last column.

TABLE II

Selected Skewed-Load Tests and Triples

For example, t0 = <01000 001, 00100 001> from Table II
is equal to t3 from Table I. The corresponding triple is
(s0, v0, γ0) = (01000, 001, 0). The test obtained with nj = 0
and β = 1 uses s0 as the initial state of the test, and shifts it
with the value 1 to obtain 10100 as part of the second pattern.
The test obtained with nj = 1 and β = 0 shifts s0 by one
position with scan-in value 0 to obtain 00100 as the initial
state of the test. It shifts it again with the value 0 to obtain
00010 as part of the second pattern.

Tables I and II demonstrate the following point. The (com-
pacted) skewed-load test set for b01 contains 17 tests. It is
sufficient to store only eight of these tests, which are shown
in the first part of Table II, and use them to produce additional
skewed-load tests with specific parameters nj and β, as shown
in the second part of Table II. In both cases, the tests applied
to the circuit detect the same 144 transition faults.

The tests obtained from the same triple (si, vi, γi) with
different values of nj and β can be substantially different.
For example, in the test obtained from (s0, v0, γ0) with nj = 0
and β = 1, the state during the second pattern of the test is
10100. With nj = 1 and β = 0, the state during the second
pattern is 00010. The states differ in three out of five bits.
These differences contribute to the ability to detect faults that
are detected by other tests in the test set, allowing such tests
to be removed.

III. Test Application and Storage Requirements

The application of a test described by (i, nj, β), with ti ∈ Ts,
nj ≥ 0 and β = 0 or 1, can proceed in one of two ways.
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If si is stored in a compressed form and applied through on-
chip decompression logic, application of the test can be done
by scanning in si and then scanning in γi (if β = 0) or γ̄i (if
β = 1) for nj additional clock cycles. This will bring the circuit
into the initial state of the skewed-load test. Scanning γi or γ̄i

for one additional clock cycle, followed by a functional clock
cycle, will apply the skewed-load test to the circuit. This does
not require any on-chip hardware support. It requires a tester
where it is possible to adjust the number of scan-in cycles
for a test based on a triple (i, nj, β). The tester needs to store
the test set Ts, and the triples (i, nj, β) that indicate how to
apply the tests in Ts. Based on these triples, the tester applies
each test with the correct number of scan clock cycles. Since
testers are already able to apply multicycle tests, adding these
requirements is preferred over transferring more test data to
the chip, and synthesizing on-chip logic to control the number
of clock cycles in a test based on the additional test data.

It is possible to use the additional scan cycles of the test for
fault detection. This may increase the fault coverage compared
with the fault coverage of T (to the extent that multicycle
tests, when applied at-speed, can detect faults that cannot be
detected by two-cycle tests), and possibly reduce the number
of stored tests. However, it would also require sequential fault
simulation of the same number of multicycle tests to assess
the effect on the set of detected faults. In this paper, only the
last two clock cycles of the test are used for fault detection.
They are simulated as a two-pattern test using the same fault
simulation procedure as skewed-load tests. This is sufficient
for detecting all the faults that can be detected by skewed-
load tests, and achieving significant reductions in test data
volume.

If test data compression is not used, another option is to
compute on the tester the state that is obtained by shifting
si by nj positions with a scan-in vector that is determined
by β. The computation requires only a shift operation. The
resulting state can then be used as the scan-in state of the
test.

Storage of a skewed-load test for a circuit with K state
variables, N primary inputs and M scan chains requires K +
N + M bits for a scan-in state, a primary input vector, and
a scan-in vector for the second pattern of the test. With test
data compression, let the number of bits required for a test be
b(K, N, M). For simplicity it is assumed that this number is
only a function of K, N and M. For a test set T the number
of bits is |T |b(K, N, M).

With the approach described in this paper, a subset Ts of
T is stored. In addition, there is a set Ta that indicates which
skewed-load tests need to be applied based on the tests in Ts

in order to achieve the fault coverage of T . Both Ts and Ta

need to be stored on the tester. Each entry of Ta consists of
an index of a test in Ts, and values for nj and β. Let nmax

be the maximum value of nj . The number of bits required for
storing this information is as follows.

The number of bits for storing Ts is |Ts|b(K, N, M). The
number of bits for storing an entry of Ta is �log2|Ts|� for
an index of a test in Ts, �log2(nmax + 1)� bits for storing nj ,
and one bit for β. The total number of bits for Ts and Ta is
|Ts|b(K, N, M) + |Ta|(�log2|Ts|� + �log2(nmax + 1)� + 1).

In this formula, the size of Ta is multiplied by parameters
that increase logarithmically with |Ts| and K. Therefore, a
reduction in |Ts| can translate into a reduction in the input
test data volume even if compressed tests are stored. For the
results reported in this paper, b(K, N, M) = K + N + 1.

IV. Procedure

This section describes a procedure that accepts a compact
skewed-load test set T , and computes sets Ts and Ta that satisfy
the following conditions.

1) Ts ⊆ T is the set of stored skewed-load tests.
2) Each test in Ta is described by a triple (i, nj, β) such

that ti ∈ Ts, 0 ≤ nj ≤ K and β = 0 or 1.
3) The test set Ts ∪ Ta detects all the target faults that are

detected by T . The set of target faults that are detected
by T is denoted by F .

4) The number of bits required for storing Ts and Ta is as
small as possible.

The procedure initially assigns Ts = T and Ta = ∅. It
attempts to remove tests from Ts one at a time. When a test
t is removed, the procedure checks whether it is possible to
find Ta, which is based on the tests that remain in Ts, such that
Ts ∪Ta detects all the faults in F . If Ta is found, t is removed
permanently from Ts. Otherwise, t is reintroduced into Ts.

The procedure considers an increasing bound on the values
that it may use for nj . The bound is denoted by nmax, and
its values are nmax = 0, 1, ..., K. For every value of nmax the
procedure attempts to remove every test from Ts. With nmax,
there are 2|Ts|(nmax + 1) tests of the form (i, nj, β) that can be
included in Ta. Increasing nmax gradually serves two purposes:
1) the number of tests that can potentially be included in Ta is
increased as nmax is increased. However, at the same time, the
number of tests in Ts is decreased. As a result, the increase in
the number of tests that need to be considered is moderated and
2) with low values of nmax there are fewer options for a test t ∈
Ts to be removed and replaced by tests in Ta. A test that can be
removed even when nmax is low is considered easy-to-remove,
while a test that can be removed only when nmax is high is
considered hard-to-remove. The removal of a hard-to-remove
test may imply that other tests will not be removed, while the
removal of an easy-to-remove test may leave the flexibility to
remove other tests. Increasing nmax gradually prevents hard-
to-remove tests from being removed early in the process, and
potentially allows more tests to be removed.

The procedure computes Ta for a given set Ts as follows.
Initially, Ta = ∅. The procedure performs fault simulation with
fault dropping of F under Ts. It then considers every ti ∈ Ts,
0 ≤ nj ≤ nmax and β ∈ {0, 1}. It performs fault simulation
with fault dropping of F under the test corresponding to
(i, nj, β). If the test detects any faults, the triple (i, nj, β) is
added to Ta.

In the example of b01, using nmax = 0 does not allow any
test to be removed from Ts. Using nmax = 1, the tests t0, t1,
t2, t4, t5, t6, t7, t12 and t14 are removed from Ts. The resulting
set Ts is the one shown in the first part of Table II, and Ta is
shown in the second part of Table II.
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TABLE III

Experimental Results (ISCAS-89)

After obtaining Ta, the procedure applies forward-looking
reverse order fault simulation to Ta. This process removes from
Ta tests that are not necessary for detecting any fault.

The computational complexity of the procedure is deter-
mined by the need to compute Ta every time an attempt is
made to remove a test from Ts. This requires fault simulation
with fault dropping of at most 2|T |(nmax + 1) tests, which is
repeated at most |T | times. However, not all the faults need to
be simulated when an attempt is made to remove a test. Faults
that were detected earlier based on different tests are still
detected and do not need to be simulated. The corresponding
tests need to be included in Ta even if they are not simulated
(the procedure was implemented without using this speedup
technique, and without using any of the speedup techniques
that are typically used for fault simulation such as parallel fault
or parallel pattern simulation). Consideration of 0 ≤ nmax ≤ K

results in fault simulation of at most 2|T |(K + 1)2 tests. When
K is large, the procedure can be run with a constant bound

TABLE IV

Experimental Results (ITC-99)

on nmax, or with a bound on the run time. Let RTinit be
the run time for fault simulation with fault dropping of the
test set T . Let RT (n) be the run time of the procedure for
0 ≤ nmax ≤ n. The ratio RT (n)/RTinit can be used for
measuring the computational effort of the procedure. In the
next section, the procedure is terminated based on this ratio,
which is referred to as its normalized run time.

V. Experimental Results

This section presents the results of the procedure from
Section IV when applied to transition faults in ISCAS-89,
ITC-99, and IWLS-05 benchmark circuits.

The test set T to which the procedure was applied is a
compacted skewed-load test set for transition faults. The test
set achieves the highest or close to the highest transition fault
coverage that can be achieved by skewed-load tests with the
constraint of constant primary input vectors. The procedure
described in this paper can be applied without this constraint
by replacing vi with a pair of primary input vectors (vi, ui).

The results are shown in Tables III–V as follows. There are
several rows for every circuit. The first row corresponds to the
test set T . As discussed in Section IV, the procedure increases
nmax gradually. The next rows correspond to increasing values
of nmax for which reductions in the storage requirements were
achieved. The procedure was terminated if its normalized run
time (the ratio RT (n)/RTinit) exceeded 10 000.

Each row contains the following information. Column nmax

shows the value of nmax, or the entry init in the case of the test
set T . Column stor shows the number of tests that need to be
stored. This is the number of tests in T or Ts. Column appl

shows the number of tests that need to be applied. This is
the number of tests in T or Ts ∪ Ta. Column incr shows the
increase in the number of applied tests relative to the number
of tests in T .

Column bits shows the number of bits required for storing
T , or Ts and Ta. Column frac shows the number of bits as a
fraction of the number of bits required for storing T .
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TABLE V

Experimental Results (IWLS-05)

Column f.c. shows the transition fault coverage. In some
cases, where T does not detect all the detectable transition
faults, the transition fault coverage is increased as nmax is
increased. This occurs accidentally due to the use of Ta. The
procedure is guaranteed not to reduce the fault coverage.

Column n.time shows the normalized run time.
The following points can be seen from Tables III–V. The

procedure from Section IV reduces the number of tests in Ts,
and the storage requirements, as nmax is increased. The re-
duction is significant for most of the circuits considered. This
reduction is achieved on top of any reductions that are achieved
by storing compressed tests.

The first reduction in storage requirements, which is
achieved with nmax = 0 or 1, may be low. This is because T is
highly compacted. A higher value of nmax is needed to achieve
a significant reduction in storage requirements. However, even
this value is significantly smaller than the number of state
variables, K.

The number of applied tests increases as nmax is increased.
By increasing nmax gradually it is possible to select a solution
with a bounded number of applied tests and reduced storage
requirements.

Finally, a solution with lower storage requirements may
also require a smaller number of applied tests. This occurs
because of the use of fault simulation with fault dropping
to define Ta (instead of using a set covering procedure, for
example).

VI. Conclusion

This paper introduced the possibility of expanding a stored
skewed-load test into several different skewed-load tests by
shifting the scan-in state for one or more additional clock cy-
cles. Based on this expansion, the paper described a procedure
for input test data volume reduction that starts from a given
skewed-load test set. The procedure removed tests from the test
set and recovered the fault coverage by applying several tests
based on every stored test. Experimental results demonstrated
significant reductions in the input test data volume when the
procedure was applied to compact skewed-load test sets for
transition faults in benchmark circuits. These reductions are
obtained on top of the reductions that can be achieved with
test data compression methods that use compressed scan-in
states. The method does not require any on-chip hardware
support. It requires a tester where it is possible to adjust
the number of scan-in cycles for a test based on the stored
data.

References

[1] K.-J. Lee, J. J. Chen, and C. H. Huang, “Using a single input to support
multiple scan chains,” in Proc. Int. Conf. Computer-Aided Design, 1998,
pp. 74–78.

[2] C. Barnhart, V. Brunkhorst, F. Distler, O. Farnsworth, B. Keller, and
B. Koenemann, “OPMISR: The foundation for compressed ATPG vec-
tors,” in Proc. Int. Test Conf., 2001, pp. 748–757.

[3] J. Rajski, J. Tyszer, M. Kassab, N. Mukherjee, R. Thompson, K.-H. Tsai,
et al., “Embedded deterministic test for low cost manufacturing test,” in
Proc. Intl. Test Conf., 2002, pp. 301–310.

[4] N. A. Touba, “Survey of test vector compression techniques,” in Proc.
IEEE Design Test, Apr. 2006, pp. 294–303.

[5] R. Dandapani, J. H. Patel, and J. A. Abraham, “Design of test
pattern generation for built-in test,” in Proc. Int. Test Conf., 1984,
pp. 315–319.

[6] K.-H. Tsai, J. Rajski, and M. Marek-Sadowska, “Scan encoded
test pattern generation for BIST,” in Proc. Int. Test Conf., 1997,
pp. 548–556.

[7] I. Pomeranz, “On the computation of common test data for broadside and
skewed-load tests,” IEEE Trans. Comput, vol. 61, no. 4, pp. 578–583,
Apr. 2012.

[8] N. Tendolkar, R. Raina, R. Woltenberg, X. Lin, B. Swanson, and
G. Aldrich, “Novel techniques for achieving high at-speed transi-
tion fault test coverage for Motorola’s microprocessors based on
PowerPC instruction set architecture,” in Proc. VLSI Test Symp., 2002,
pp. 3–8.

[9] Y. Shao, I. Pomeranz, and S. M. Reddy, “On generating high qual-
ity tests for transition faults,” in Proc. Asian Test Symp., 2002,
pp. 1–8.

[10] W. Qiu, J. Wang, D. M. H. Walker, D. Reddy, X. Lu, Z. Li, et al., “K
longest paths per gate (KLPG) test generation for scan-based sequential
circuits,” in Proc. Int. Test Conf., 2004, pp. 223–231.

[11] Z. Chen, D. Xiang, and B. Yin, “The ATPG conflict-driven scheme for
high transition fault coverage and low test cost,” in Proc. VLSI Test Symp.,
2009, pp. 146–151.


