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Abstract—This paper describes a new characterization of broadside tests that

measures the proximity to functional operation conditions during their functional

clock cycles, where delay faults are detected. Proximity to functional operation

conditions is important for avoiding overtesting of delay faults. The new

characterization considers a test as piecewise-functional based on its scan-in

state. For functional operation conditions, the scan-in state must be a reachable

state (a state that the circuit can enter during functional operation). However,

using only reachable states as scan-in states limits the fault coverage that can

be achieved. In a piecewise-functional broadside test, the scan-in state can be

partitioned into substates that are also substates of reachable states. The paper

presents a definition that allows every broadside test to be characterized as

piecewise-functional. It also describes procedures for characterization, and for

modification of broadside test sets so as to ensure that they create

closer-to-functional operation conditions.

Index Terms—Broadside tests, functional broadside tests, overtesting, transition

faults

Ç

1 INTRODUCTION

SCAN-BASED tests can create non-functional operation conditions
during the clock cycles where delay faults are detected, and result
in overtesting of delay faults [1], [2], [3]. Non-functional operation
conditions can result from scanning in an unreachable state (a state
that the circuit cannot enter during functional operation). They can
also result from the application of primary input vectors that are
not possible during functional operation. Even if the primary input
sequences are not constrained during functional operation, the use
of unreachable scan-in states can lead to overtesting.

Several types of tests were defined to address this issue in the
case where the primary input sequences are unconstrained [4], [5],
[6], [7], [8], [9], [10], [11], [12], [13], [14], and in the case where the
primary input sequences are constrained [15], [16] during func-
tional operation. For simplicity of discussion, this paper assumes
that the primary input sequences are unconstrained during func-
tional operation. Under this assumption, non-functional operation
conditions can be avoided during the application of two-cycle
scan-based tests for delay faults by using broadside tests, and
allowing only reachable states as scan-in states. The resulting tests
are referred to as functional broadside tests [8].

Restricting a test set to include only functional broadside tests
limits the fault coverage that the test set can achieve. When a loss
in fault coverage is unacceptable, it is possible to use tests that cre-
ate close-to-functional operation conditions. Several types of such
tests exist. The procedure described in [5] computes combinations
of values that cannot be assigned to the present-state variables dur-
ing functional operation. Such combinations are avoided in the
scan-in states of the tests that the procedure generates. The scan-in
states are not guaranteed to be reachable since not all the combina-
tions of values that need to be avoided can be computed. However,
the combinations that are avoided lead to operation conditions that
are closer to functional.

In a partially-functional broadside test [12], a scan-in state has a
known Hamming distance to a reachable state. This ensures that a
subset of the state variables are assigned values that they can also be
assigned during functional operation. The smaller the Hamming dis-
tance, the closer the test is to creating functional operation conditions.

In [17], the proximity to functional operation conditions is
measured by comparing the signal-transitions that a test creates to
the signal-transitions that occur under a functional broadside test.
These signal-transitions are also possible during functional opera-
tion. Thus, a smaller difference in signal-transitions implies closer-
to-functional operation conditions.

In all these approaches, there is a subset of circuit lines such that

their values can also be assigned together during functional opera-

tion. The remaining lines may assume arbitrary values. Fig. 1a illus-

trates this situation. The figure shows the combinational logic of the

circuit over two clock cycles of a (non-functional) broadside test. The

signal-transitions that occur during these two clock cycles are associ-

ated with the second copy of the combinational logic. In this copy,

Fig. 1a shows a partition of the combinational logic into two subcir-

cuits. In the subcircuit denoted by Cj, the lines are assigned signal-

transitions that they can also be assigned by a functional broadside

test tj. Such signal-transitions can also occur during functional oper-

ation. The signal-transitions in the rest of the circuit are arbitrary.
A closer proximity to functional operation conditions is

obtained if the combinational logic can be partitioned into subcir-
cuits such that the signal-transitions in every subcircuit, when it is
considered alone, are possible during functional operation. Fig. 1b
shows such a partition into two subcircuits. In the subcircuit
denoted by Cj0, the lines are assigned signal-transitions that they

can also be assigned by the functional broadside test tj0. In the

subcircuit denoted by Cj1, the lines are assigned signal-transitions

that they can also be assigned by the functional broadside test tj1.

The test shown in Fig. 1b is preferred over the test shown in
Fig. 1a since there is no subcircuit with arbitrary values in Fig. 1b.
All the subcircuits of the combinational logic in Fig. 1b have
signal-transitions that can occur during functional operation.

Fig. 1c illustrates a more general situation, where the signal-
transitions in two subcircuits, Cj0 and Cj1, can also occur during
functional operation, and the signal-transitions in the rest of the cir-
cuit are arbitrary.

A characterization of broadside tests that measures the ability to
partition the circuit into subcircuits with functional operation con-
ditions is introduced in this paper. Under this characterization, the
tests are referred to as piecewise-functional broadside tests.

The concept of piecewise-functional broadside tests can be
developed by considering the specific signal-transitions that occur
under a test as in Fig. 1. It can also be developed by focusing on the
scan-in state, which is the cause for non-functional operation con-
ditions. This paper uses the scan-in state to define a piecewise-
functional broadside test. The definition and procedures described
in this paper can be modified to consider the signal-transitions that
occur under a test. They can also be extended to consider skewed-
load tests, and functional constraints on primary input sequences.
Partitioning of state variables for broadside testing was also con-
sidered in [18].

The paper describes a procedure for characterizing a broadside
test as a piecewise-functional broadside test. It also describes a
procedure for modifying a broadside test set so as to improve its
proximity to functional operation conditions based on the charac-
terization of its tests as piecewise-functional broadside tests.

Fully-specified broadside tests are considered in this paper. In
the context of test data compression, the characterization can be
used for the tests that are applied to the circuit by the decom-
pression logic. The modification procedure can be applied to the
compressed test cubes in order to ensure that the fully-specified
tests obtained from them create closer-to-functional operation
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conditions. The constraints of the test data compression method can
be taken into consideration during themodification of the test cubes.

The paper is organized as follows. Section 2 presents the defini-
tion of a piecewise-functional broadside test based on its scan-in
state. Section 3 describes the procedure for characterizing a broad-
side test as a piecewise-functional broadside test. Section 4
describes the procedure for modifying a broadside test set based
on the characterization of its tests as piecewise-functional broad-
side tests. Section 5 presents experimental results.

2 PIECEWISE-FUNCTIONAL BROADSIDE TESTS

This section presents the definition of a piecewise-functional
broadside test. In this section it is assumed that a set of reachable
states of the circuit is known. The set is denoted by R. Section 3 dis-
cusses the computation of R.

A broadside test is denoted by t ¼ <s; v0; v1>. Here, s is the
scan-in state. The primary input vectors v0 and v1 are applied in
functional mode after s is scanned in. The test ends with a scan-out
operation. It is possible to use v0 ¼ v1 in order to address tester
limitations that prevent the primary input vector from being
changed at-speed. This constraint does not affect the discussion in
this paper.

A substate of a state s contains some of the values of s. For exam-
ple, considering the state s ¼ 0011, the substate 00** is defined over
the first two present-state variables, and it contains the first two
scan-in values of s. The asterisks refer to present-state variables that
do not appear in the substate.

In a piecewise-functional broadside test t, the scan-in state s
can be partitioned into substates such that each one of them is a
substate of a reachable state. The test is referred to as p-way
piecewise-functional if its scan-in state can be partitioned into p

substates that are substates of reachable states. The reachable
states are said to cover the scan-in state.

For example, suppose that the set of reachable states is
R ¼ f0000;0001;0010;0100;0101;0110;0111g, and that a broadside
test t has scan-in state s ¼ 0011. The test is not a one-way piece-
wise-functional broadside test since s ¼ 0011 =2 R. However, the
substate 00** of s is a substate of the reachable state 0000 2 R, and
the substate **11 of s is a substate of the reachable state 0111 2 R.
Therefore, t is a two-way piecewise-functional broadside test.

With this definition, not every broadside test can be characterized
as a piecewise-functional broadside test. Let us consider the situation
where all the reachable states assign the same value to a present-state
variable i. In this case, a scan-in state that includes the opposite
value on present-state variable i cannot be partitioned into substates
such that all of themare substates of reachable states. A scan-in value
that does not appear in any reachable state in R is referred to as
uncovered. To accommodate uncovered scan-in values in the defini-
tion of a piecewise-functional broadside test, the definition is
extended to include a second parameter, which is denoted by u. The
value of u is equal to the number of uncovered scan-in values.

With this extension, a test is said to be a u; p-way piecewise-
functional broadside test if u of the scan-in values are uncovered,
and the remaining values can be partitioned into p substates that
are substates of reachable states.

For example, with the same set of reachable states as before,
suppose that a broadside test t has scan-in state s ¼ 1011. The
substate 1*** of s does not appear in any reachable state of R.
The substate *01* of s is a substate of the reachable state 0010 2 R,
and the substate ***1 of s is a substate of the reachable state 0001 2 R.
Therefore, t is a 1,2-way piecewise-functional broadside test.

A 0,1-way piecewise-functional broadside test is a functional
broadside test. This can be seen as follows. With u ¼ 0, all the scan-
in values appear in reachable states. With p ¼ 1, the scan-in state is
covered by a single reachable state from R. The scan-in state is
equal to this reachable state, making the test a functional broadside
test. Assuming that R contains all the reachable states, the converse
is also true. For a functional broadside test, all the scan-in values
can be covered by a single reachable state. Therefore, the test is a
0,1-way piecewise-functional broadside test.

3 CHARACTERIZING A BROADSIDE TEST

This section describes a procedure for finding the values of u and
p for which a given broadside test t ¼ <s; v0; v1> is a u; p-way
piecewise-functional broadside test.

The characterization is performed using a set of reachable states
R that contains a subset of the reachable states of the circuit. The
size of R is limited to a constant in order to limit the computational
complexity of deriving R to be linear in the size of the circuit. With
this restriction, if a test is found to be u; p-way piecewise-
functional, it is possible that the test is actually û; p̂-way piecewise-
functional with û < u or p̂ < p. Thus, the proximity that the test
creates to functional operation conditions may be better than esti-
mated based on R. This is accepted in order to limit the computa-
tional complexity of the characterization procedure.

The next sections describe the characterization using R, and the
derivation of R.

3.1 Characterization

Let R ¼ fr0; r1; . . . ; rn�1g be the set of reachable states. Let
t ¼ <s; v0; v1> be a broadside test. For a circuit with k state varia-
bles, let s ¼ sð0Þsð1Þ . . . sðk� 1Þ, where sðiÞ is the value of present-
state variable i, for 0 � i < k. In general, the characterization prob-
lem can be viewed as a set covering problem, where reachable
states from R are selected to cover the scan-in state s, and the goal
is to select the smallest number of reachable states that cover as
many of the scan-in values in s as possible. As a set covering prob-
lem it is NP-Hard. The characterization procedure uses a greedy
approach to select a cover as follows.

Fig. 1. Circuit coverage.
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The procedure uses a vector c ¼ cð0Þcð1Þ . . . cðk� 1Þ to indicate
which present-state variables are covered by reachable states. Ini-
tially, cðiÞ ¼ 0 for 0 � i < k, and p ¼ 0. The procedure repeats the
following step.

For every reachable state rj 2 R, the procedure finds a substate
of rj that includes every present-state variable i such that

sðiÞ ¼ rjðiÞ and cðiÞ ¼ 0. Let the corresponding substate be sj. This

substate of s is covered by rj, and its present-state variables were

not yet found to be covered by any other reachable state.
Of all the reachable states in R, the procedure selects the reach-

able state rj for which sj contains the largest number of present-

state variables. When it is not possible to cover any additional
scan-in values, sj ¼ **:::* will not include any present-state varia-

bles. In this case, the procedure does not select any additional
reachable states. Otherwise, for every present-state variable i that
is included in sj, the procedure assigns cðiÞ ¼ 1. In addition, the

procedure increments p by one.
At the end of this process, u is assigned the number of present-

state variables i for which cðiÞ ¼ 0.
The characterization procedure does not involve any logic or

fault simulation. With n states in R and k state variables, the worst-
case computational complexity will occur if the procedure finds
substates with single state variables. In this case, it will perform k
iterations where it compares s with all the states in R. Each com-
parison requires OðkÞ operations. The total number of operations is

Oðk2nÞ. Since n is bounded by a constant, the worst-case computa-

tional complexity is Oðk2Þ. In effect, scan-in states are covered by
significantly fewer than k reachable states, and the procedure ter-
minates after a small number of iterations.

The greedy covering procedure may result in a value of p that is
higher than the minimum. The value of u is accurate with respect
to R, and it is equal to the number of scan-in values that do not
appear in any state of R.

3.2 Computing R

To compute a set of reachable states R, it is assumed that the initial
state of the circuit for functional operation is known, and it is
denoted by r0. A reachable state is one that can be entered by
applying a primary input sequence starting from r0. In addition,
with unconstrained primary input sequences, if rj0 is a reachable

state, and a primary input vector v takes the circuit from rj0 to rj1,

then rj1 is a reachable state.

The procedure starts from R ¼ fr0g. To compute additional
reachable states, the procedure iterates through a process where, in
every iteration, it considers every state rj 2 R. When the procedure

considers rj 2 R, it selects a primary input vector v randomly,

and computes the next-state nsðrj; vÞ obtained for rj and v. If

nsðrj; vÞ =2 R, the procedure adds nsðrj; vÞ to R.

The procedure terminateswhen the number of states inR reaches
a constant denoted byN , or afterM iterations, for a constantM .

The worst-case computational complexity of the procedure is
determined by the need to compute next-states for at mostN reach-
able states in every iteration, and performing at most M iterations.
This implies at most NM applications of logic simulation with this
number of primary input vectors. Since N and M are constants,
the worst-case computational complexity for a circuit with L lines
is OðLÞ.

A constant value of N is sufficient since overestimating the
parameters u and p is acceptable, and for the following reason.

The benchmark circuit with the smallest number of state varia-
bles that is considered in Section 5 is s1423, with 74 state variables.

This implies 1:9 � 1022 states. Only a very small fraction of these
states can be included in R. However, the definition of a u; p-way
piecewise-functional broadside test is based on covering of the
scan-in state with reachable states. With p > 1, there are exponen-
tially many different covers for a given scan-in state. For example,

for a circuit with k state variables, there are 3k � 1 ways to cover a
given scan-in state s with pairs of reachable states rj0 and rj1. Spe-

cifically, for 0 � i < k, it is necessary to have rj0ðiÞ ¼ sðiÞ or

rj1ðiÞ ¼ sðiÞ, and there are three combinations of rj0ðiÞ and rj1ðiÞ
that satisfy this constraint. Only one of the 3k � 1 pairs is needed in
R to conclude that the corresponding test is a 0,2-way piecewise-
functional broadside test.

4 MODIFYING A BROADSIDE TEST SET

This section describes a procedure for modifying a broadside test
set T so as to bring the operation conditions it creates closer to
functional operation conditions. For every test t 2 T , this is mea-
sured by the parameters u and p for which the test is a u; p-way
piecewise-functional broadside test. Every test is modified using
two procedures. The goal of the first procedure is to reduce u. The
goal of the second procedure is to reduce p. The procedures are
applied in this order. This gives a higher priority to reducing u.

Section 4.1 discusses the application of the modification proce-
dures to a broadside test set. Section 4.2 describes a basic modifica-
tion step of a test t. Section 4.3 describes the first modification
procedure for a test t. Section 4.4 describes the second modification
procedure for a test t.

4.1 Modifying a Test Set

Given a test set T that consists of broadside tests for a circuit with k

state variables, the test modification procedures are applied as fol-
lows. For u ¼ k, k� 1; . . . ; 1, the first procedure is applied to every
test in T that is a u; p-way piecewise-functional broadside test for
some value of p. This gives a higher priority to modifying tests
with higher values of u. Next, for p ¼ k, k� 1; . . . ; 2, the second
procedure is applied to every test in T that is a u; p-way piecewise-
functional broadside test for some value of u. This gives a higher
priority to modifying tests with higher values of p.

This process is repeated until none of the tests in T is modified
by either one of the procedures.

A test t 2 T may be considered several times during the modifi-
cation process. Suppose that, before any modification, t is a
u0; p0-way piecewise-functional broadside test, for u0 > 0. Suppose
that, when the first procedure considers u ¼ u0, it modifies t into a
u1; p1-way piecewise-functional broadside test, for 0 < u1 < u0.
The procedure will consider t again when it considers u ¼ u1. Sup-
pose that the final test that the first procedure produces is a
u2; p2-way piecewise-functional broadside test. If p2 > 1, the second
modification procedure will consider t when it considers p ¼ p2. It
will consider it again when it considers p ¼ p3 if it modifies t into a
u3; p3-way piecewise-functional broadside test, and 1 < p3 < p2.

The set of faults that T detects is denoted by F . T continues to
detect all the faults in F as its tests are modified. To keep track of
fault detections, during fault simulation with fault dropping of F
under T , every fault f 2 F is associated with a test t 2 T that
detects it. This is the first test in T that detects f , and it is denoted
by detðfÞ.

4.2 Basic Modification Step

In a basic modification step of a test t ¼ <s; v0; v1>, the procedure
attempts to complement a single scan-in value sðiÞ, for 0 � i < k.
The complementation is accepted if T continues to detect all the
faults in F . This requires fault simulation of the faults that are
detected by t.

Typically, several basic modification steps are performed
consecutively on t. To facilitate the fault simulation process for
each basic step, the procedure uses the following approach.

Before any value of s is modified, the procedure considers the
set of faults Ft for which detðfÞ ¼ t. It simulates Ft under T � ftg.
If a fault f 2 Ft is detected by a test t̂ 2 T � ftg, the procedure
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assigns detðfÞ ¼ t̂, and removes f from Ft. In this way, only faults
that are not detected by any other test in T remain in Ft. Only these
faults must continue to be detected by t after it is modified.

To check whether a value sðiÞ of t can be complemented, the
procedure simulates the reduced set Ft undet t. If any of the faults
from Ft remains undetected, the simulation process stops and the
procedure complements sðiÞ again in order to restore its previous
value. The complementation of sðiÞ is accepted if all the faults in Ft

are detected by t.
The worst-case computational complexity of a basic step is

determined by the need to perform fault simulation with fault
dropping of Ft under T in order to reduce Ft, and then check
whether all the faults in Ft are detected by the modified test t. In
effect, the simulation of Ft under T is done once for several basic
modification steps. In addition, it is important to note that Ft is sig-
nificantly smaller than F .

4.3 First Modification Procedure

Let t be a u; p-way piecewise-functional broadside test. The first
modification procedure attempts to reduce u.

The value of u is equal to the number of scan-in values that are
not covered by reachable states. For a present-state variable i with
such a value, sðiÞ ¼ rjðiÞ for every rj 2 R, and cðiÞ ¼ 0 is obtained

by the characterization procedure.
The modification procedure considers every present-state vari-

able i such that cðiÞ ¼ 0. When i is considered, the procedure
attempts to complement sðiÞ as described in the previous section. If
the procedure accepts to complement sðiÞ, every reachable state in
R will cover the substate that includes i. Therefore, u will be
reduced by one.

The worst-case computational complexity of this procedure is
determined by the need to perform at most k basic modification
steps of s, where k is the number of state variables. This requires
fault simulation with fault dropping of Ft under T in order to
reduce Ft, and at most k fault simulation runs of Ft under the mod-
ified test t. In effect, the initial value of u is typically significantly
lower than k, and significantly fewer than k basic modification
steps are needed.

4.4 Second Modification Procedure

Let t be a u; p-way piecewise-functional broadside test. The second
modification procedure attempts to reduce p. As a by-product the
procedure may also reduce u.

The procedure follows the steps of the characterization proce-
dure, and selects reachable states to cover s. After every reachable
state rj is selected, and the corresponding substate sj is computed, s

is modified in an attempt to increase the number of present-state
variables that sj includes. In this way, the procedure attempts to

reduce the number of reachable states that are needed for covering
s, and thus reduce the value of p. The procedure proceeds as follows.

Initially, cðiÞ ¼ 0 for 0 � i < k, and p ¼ 0. The procedure repeats
the following step.

For every rj 2 R, the procedure finds a substate sj that includes
every present-state variable i such sðiÞ ¼ rjðiÞ and cðiÞ ¼ 0.

Of all the reachable states in R, the procedure selects the reach-
able state rj for which sj contains the largest number of present-

state variables.
If sj does not include any present-state variables, the procedure

terminates. Otherwise, the procedure attempts to complement the
value of every present-state variable i such that cðiÞ ¼ 0 and
sðiÞ 6¼ rjðiÞ. If the procedure complements the value of such a pres-

ent-state variable i, rj will cover an additional scan-in value. In this

case, the procedure adds i to sj by assigning sjðiÞ ¼ rjðiÞ.
Finally, for every present-state variable i that is included in sj,

the procedure assigns cðiÞ ¼ 1. In addition, the procedure incre-
ments p by one.

The worst-case computational complexity of this procedure is
determined by the need to perform at most k basic modification
steps of s for every reachable state rj 2 R that the procedure selects

to cover s. The procedure may select at most k reachable states. This
requires fault simulation with fault dropping of Ft under T in order

to reduce Ft, and at most k2 fault simulation runs of Ft under the

modified test t. In effect, significantly fewer than k2 basic steps are
needed, since fewer than k reachable states are selected, and fewer
than k scan-in values need to be considered for each reachable state.

5 EXPERIMENTAL RESULTS

This section presents the results of the characterization and modifi-
cation procedures considering test sets for transition faults in
benchmark circuits.

The procedures were applied with the following parameter val-
ues. The initial state for functional operation, r0, is assumed to be
the all-zero state. The number of iterations for the computation of
new reachable states is limited to M ¼ 100. With this limit, the
number of reachable states for the circuits considered is bounded
by the parameter N . The number of reachable states in R is limited
to N ¼ 10;000. With this value, the logic simulation time for obtain-
ing reachable states is manageable for all the circuits considered.
The characterization procedure was also applied with N ¼ 100;000
in order to verify that the lower value of N is sufficient for comput-
ing u and p during the modification procedure. Only a summary of
the results for N ¼ 100;000 is given. All the circuits considered
have at least 100;000 reachable states.

The characterization of broadside tests as piecewise-functional
broadside tests can be used for comparing different test sets. To
demonstrate this possibility, the results of the characterization and
modification procedures are presented in the form of a comparison
between test sets. Three test sets are considered for this comparison.

1) The test set denoted by TA is a compact broadside test set
that is generated without considering the operation
conditions.

2) The test set denoted by TAM is obtained from TA by apply-
ing the modification procedure described in this paper.

3) The test set denoted by TLP is a low-power test set that was
computed by the procedure described in [19]. This proce-
dure extracts test cubes from a functional broadside test set,
and then merges the test cubes to form a low-power test set.
The switching activity target for TLP is not to exceed the
switching activity of functional broadside tests, or the
switching activity that is possible during functional opera-
tion. The fact that the test cubes are extracted from func-
tional broadside tests implies that a test cube creates
functional operation conditions in the subcircuit where it
assigns specified values. When test cubes are merged into a
test, the test creates functional operation conditions in sub-
circuits that are defined by the test cubes. This makes it
interesting to consider the tests as piecewise-functional
broadside tests.

When the characterization procedure simulates the set of all the
transition faults under themodified test set TAM , it may find that new
faults are detected accidentally by the modified tests. In such a case,
the fault coverage of TAM is slightly higher than that of TA. In addi-
tion, if a test is not necessary for detecting target faults it is removed
from TAM . As a result, TAM may be slightly smaller than TA.

For benchmark circuits that have high levels of sequential
redundancy, and are untestable by functional tests, TLP achieves a
fault coverage that is significantly lower than that of TA (and TAM ).
Nevertheless, it is possible to compare the test sets based on other
parameters as discussed later. TLP is not available for b17.

The results are included in Table 1. Each row in Table 1 contains
the following information. The circuit name is followed by :LP for
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TABLE 1
Comparison of Test Sets

uncovered partition swa

circuit sv f.c. tests max ave max ave max ave n.time

s1423.LP 74 88.44 151 6 1.40 7 4.14 781 535.71
s1423.A 74 88.55 71 7 3.30 8 5.48 932 537.35 36.60
s1423.AM 74 88.55 71 3 1.03 6 3.01 819 489.15 163.20

s5378.LP 179 92.01 452 18 6.96 14 9.04 2515 2127.94
s5378.A 179 92.06 179 19 12.42 13 10.10 3521 2192.15 7.41
s5378.AM 179 92.06 178 8 2.85 10 3.96 2533 1762.38 148.91

s9234.LP 228 73.40 804 72 30.55 7 4.75 2454 2305.75
s9234.A 228 83.71 359 85 61.55 9 5.94 4553 2828.32 2.44
s9234.AM 228 83.71 355 37 9.78 5 2.36 3618 1963.83 77.35

s13207.LP 669 45.84 242 150 121.61 9 6.63 2393 2343.95
s13207.A 669 81.53 360 170 145.71 12 9.26 6788 3652.83 4.41
s13207.AM 669 81.53 352 35 5.12 6 3.00 3556 2298.08 82.51

s15850.LP 597 56.57 750 176 147.77 14 10.04 2139 2018.45
s15850.A 597 71.65 318 242 198.25 15 11.69 6198 3627.21 4.98
s15850.AM 597 71.65 313 56 11.60 8 3.27 4119 1813.59 105.78

s35932.LP 1728 87.21 173 28 7.45 8 5.70 21587 17041.35
s35932.A 1728 87.21 34 45 25.35 7 6.21 23097 17444.26 1.53
s35932.AM 1728 87.21 34 17 4.71 6 4.12 20328 15874.56 91.75

s38417.LP 1636 87.00 3077 327 121.77 11 8.50 9931 9042.17
s38417.A 1636 98.39 617 388 330.91 13 11.17 20955 11420.59 5.97
s38417.AM 1636 98.40 610 100 16.17 9 3.61 12678 7274.60 532.18

s38584.LP 1452 70.14 2472 75 30.99 28 16.19 11400 6722.41
s38584.A 1452 88.20 616 92 69.09 31 23.56 22233 10767.57 1.72
s38584.AM 1452 88.20 614 28 4.89 16 4.96 16008 8041.38 76.15

b14.LP 247 81.64 584 22 8.17 6 4.98 3547 2452.63
b14.A 247 81.66 301 30 13.49 6 5.06 4430 2475.12 1.56
b14.AM 247 81.96 298 17 0.32 4 2.10 3920 2262.00 25.51

b15.LP 447 85.19 1916 81 32.10 16 9.49 4527 2810.79
b15.A 447 90.44 751 124 50.95 16 11.26 7175 2933.74 2.17
b15.AM 447 90.64 731 36 1.86 7 3.13 4768 2449.79 96.22

b17.A 1407 86.58 750 916 467.79 21 16.16 22198 7863.01 2.06
b17.AM 1407 86.74 750 331 27.22 11 4.40 10985 5266.10 91.33

b20.LP 494 85.04 1222 42 14.77 15 9.58 6378 4748.75
b20.A 494 85.05 450 61 23.81 16 11.10 9399 5020.82 1.79
b20.AM 494 85.45 447 25 0.52 9 3.87 7461 3966.79 38.93

i2c.LP 128 89.30 166 22 7.57 7 4.83 669 565.37
i2c.A 128 89.70 112 27 13.79 7 5.19 1154 628.50 31.15
i2c.AM 128 90.02 109 9 1.69 4 2.29 684 414.68 157.54

sasc.LP 117 94.48 150 28 19.17 6 4.24 462 422.85
sasc.A 117 94.68 45 30 20.64 6 4.53 681 463.27 59.33
sasc.AM 117 94.68 45 10 4.04 5 2.60 577 405.07 267.00

simple_spi.LP 131 92.49 280 18 7.66 10 5.58 481 396.04
simple_spi.A 131 94.11 108 21 13.06 11 7.73 686 424.99 59.29
simple_spi.AM 131 94.14 105 7 1.16 8 2.96 628 345.21 291.43

spi.LP 229 95.81 932 0 0.00 14 9.36 1673 1330.86
spi.A 229 95.84 849 0 0.00 14 9.72 2006 1063.56 4.29
spi.AM 229 96.28 763 0 0.00 5 2.54 1825 992.43 119.65

systemcaes.LP 670 90.11 983 0 0.00 10 5.86 5138 4569.16
systemcaes.A 670 94.32 206 0 0.00 13 8.65 9642 5675.67 1.66
systemcaes.AM 670 94.33 206 0 0.00 8 4.50 8327 5006.61 48.45

systemcdes.LP 190 99.61 261 0 0.00 5 3.93 2990 2583.65
systemcdes.A 190 99.68 91 0 0.00 4 3.96 3392 2456.88 2.23
systemcdes.AM 190 99.68 91 0 0.00 3 2.84 3081 2418.00 67.37

tv80.LP 359 80.05 1583 66 25.46 19 11.77 3593 2247.51
tv80.A 359 81.28 749 69 42.56 19 13.22 4165 2355.29 2.32
tv80.AM 359 81.47 709 17 1.49 7 2.88 3490 1679.28 86.07

usb_phy.LP 98 92.06 191 29 19.28 7 4.30 335 307.22
usb_phy.A 98 93.01 55 35 27.95 7 5.36 720 455.09 75.00
usb_phy.AM 98 93.01 55 21 5.82 5 2.91 508 306.02 320.33

wb_dma.LP 523 94.15 1028 185 37.55 8 5.21 1843 1710.09
wb_dma.A 523 96.68 282 214 112.88 8 5.88 4477 2121.23 4.43
wb_dma.AM 523 96.74 271 57 8.52 4 1.78 3199 1661.33 95.57
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TLP , by :A for TA, and by :AM for TAM . Column sv shows the num-
ber of state variables. Column f:c: shows the transition fault cover-
age of the test set. Column tests shows the number of tests in the
test set.

Column uncovered subcolumn max shows the maximum value
of u for which the test set contains u; p-way piecewise-functional
broadside tests. Subcolumn ave shows the average value of u for
the test set.

Column partition subcolumn max shows the maximum value
of p for which the test set contains u; p-way piecewise-functional
broadside tests. Subcolumn ave shows the average value of p for
the test set.

Column swa subcolumn max shows the maximum switching
activity for any test in the test set. Subcolumn ave shows the aver-
age switching activity for the test set. The switching activity is com-
puted as the number of lines that change their values during the
second functional clock cycle of a test.

Considering the modification procedure, column n:time of
Table 1 shows the cumulative normalized run time for the initial
characterization of TA, and for its modification. The initial charac-
terization time includes the time to obtain the set of reachable
states R. The modification time includes all the iterations of the
procedure as well as the derivation of reachable states and the ini-
tial characterization. Normalization is achieved through division
of the run time by the run time for transition fault simulation of TA,
before it is modified.

The following points can be seen from Table 1. Comparing the
test sets TA (before it is modified) and TLP , it can be seen that the
maximum switching activity for TLP is significantly lower than for
TA. As a result, TLP is typically larger when its fault coverage is
similar to that of TA.

In addition, the maximum and average values of u and p are
typically significantly lower for TLP than for TA. This is to be
expected since TLP is generated by a procedure that uses functional
broadside tests to guide the generation of low-power tests. More-
over, the use of test cubes that are extracted from functional broad-
side tests creates subcircuits with functional operation conditions.

The modification procedure reduces the maximum and average
values of u and p in TAM significantly compared with the values for
TA. Moreover, after modification, the values for TAM are typically
significantly lower than for TLP . This indicates that the coverage of
scan-in states by reachable states needs to be targeted directly as in
this paper, and it is not guaranteed by a low-power test set.

The switching activity of TAM is also reduced by themodification
compared with that of TA, although the modification procedure
does not consider the switching activity directly. The reduction in
the switching activity occurs as a by-product of reducing u and p.
The level of switching activity for TAM in circuits that are testable by
functional tests is similar to that of the low-power test set TLP . Thus,
the modified test set, with reduced values of u and p, can be used as
a low-power test set whose switching activity does not exceed the
switching activity that is possible during functional operation. For
circuits that are not testable by functional tests, the higher switching
activity is needed for a higher fault coverage. In this case, the
switching activity is closer to that possible during functional opera-
tion than the switching activity of the arbitrary test set TA.

Even when the use of N ¼ 100;000 causes the values of u and p
to be significantly lower than their values for N ¼ 10;000, the rela-
tionships between the test sets remain the same. In particular, the
modified test set TAM has significantly lower values of u and p than
the initial test set TA, and the low-power test set TLP . Thus, when
the modification procedure reduces u and p with respect to the
smaller set of reachable states, it also reduces their values with
respect to the larger set of reachable states. In general, both the
characterization and the modification procedures are effective with
limited values ofN .

The normalized run time is similar for circuits of different sizes.
This indicates that the procedures scale similar to a fault simulation
procedure.

6 CONCLUDING REMARKS

This paper characterized broadside tests as u; p-way piecewise-
functional broadside tests in order to measure the proximity to
functional operation conditions during the functional clock cycles
of the tests. Considering the scan-in state s of a broadside test, the
parameter u is the number of scan-in values that do not appear in
reachable states. The parameter p is the number of substates of s
that are also substates of reachable states. Lower values of u and p

imply closer proximity to functional operation conditions. The
paper described a procedure for the characterization of u; p-way
piecewise functional broadside tests. It also described a procedure
for the modification of a broadside test set so as to reduce the val-
ues of u and p for its tests, and thus ensure that it creates closer-to-
functional operation conditions. Experimental results indicated
that the modification procedure yields lower values of u and p than
a low-power test set, and reduced switching activity.
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