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We present an algorithm for identifying a set of faults that do not have to be targeted by
a sequential delay fault test generator.  These faults either cannot independently affect the
performance of the circuit, or no test can be generated for them. To find such faults, our meth-
odology takes advantage of the sequential behavior of the circuit as well as of the information
about uncontrollable signals in the sequential circuit.  It can handle sequential circuits de-
scribed as two- or multi-level netlists.  The outcome of applying our methodology is a smaller
fault set and possibly a smaller test set.  We present experimental results on several ISCAS 89
benchmark circuits demonstrating that a large number of path delay faults in these circuits
either cannot or do not have to be examined for delay defects.
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1. INTRODUCTION

Defects that occur during fabrication of an integrated circuit can slow down or speed
up the performance (delay) of the circuit.  Delay testing ensures that the fabricated circuit
meets pre-specified timing constraints.  The path delay fault model has been frequently
used to model delay defects [1-3].  A circuit has a delay fault if the delay of any combina-
tional path exceeds the rated clock period.  A combinational path is an ordered set of gates
g0, ..., gn, where g0 and gn are a primary input and output, respectively, of the circuit.  Also,
gate gi is an input to gate gi+1(0 £ i £ n – 1).  A delay defect on a path in the circuit can be
observed by propagating a transition through the path.  Therefore, a path delay fault speci-
fication consists of a physical path and a transition that will be applied at the beginning of
the path.  Testing for path delay faults can uncover small manufacturing defects that are
otherwise not detected by at-speed or stuck-at fault tests.  A major limitation of this fault
model is that the number of paths in a circuit can be very large (possibly exponential de-
pending on the number of gates in the circuit).  Testing for all path delay faults is impracti-
cal for most circuits.  Also, doing so can result in an unacceptably large test set.
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Recent work [4-7] has shown that not all path delay faults in a combinational circuit
have to be considered for delay testing.  For example, consider the circuit shown in Fig. 1
(a).  Path P1 (shown in bold face) consists of gates a, b, c, d and e.  We may not be able to
observe a delay defect that slows down the falling transition on  this path.  This is because
the logic value of gate d can be determined by a transition on input signal a rather than on
signal c on path P1.  Let P2 denote the path consisting of gates a, d and e (shown in bold face
in Fig. 1(b)).  Clearly, if path P2 does not have a delay defect that slows down the propaga-
tion of a falling transition, then the value on gate d is determined by signal a and not signal
c.  Therefore, delay defects on path P1 can affect the delay of the circuit only if path P2 also
has delay defects.  This implies that one does not have to test path P1 for a falling transition
if path P2 is tested for a falling transition.

Fig. 1. An example circuit.

Path delay faults in combinational circuits can be classified into two disjoint sets as
shown in Fig. 2.  A path delay fault cover (PDFC) is a set of faults that will be considered
for delay testing.  A fault that is not in the PDFC cannot alter the circuit delay unless one or
more faults in PDFC also occur.  Therefore, tests for faults in PDFC can detect delay de-
fects on any path.  Many different path delay fault covers are possible for a given circuit.
Since the number of faults in the PDFC determines the number of vectors and the effort
required to generate the delay test set, it is important to find a PDFC with the minimum
number of faults.  However, identifying such a PDFC may be intractable for practical circuits.
We will briefly  review techniques used to identify PDFCs for combinational circuits in
section.  Identification of small PDFCs for sequential circuits is important for at least two
reasons: (1) testing a path delay fault in a sequential circuit is significantly more difficult
than is testing a fault in a combinational circuit; (2) the number of sequential paths, often

Fig. 2. Classification in combinational circuits.
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unknown, is significantly larger than the number of combinational paths.  A sequential path
is a concatenation of several combinational paths in the iterative array model of the se-
quential circuit.  A recent paper [8] presented a method for identifying PDFCs in sequential
circuits for which state transition diagrams are available.  However,  constructing state
transition diagrams for most practical circuits is intractable.

No method has been shown able to identify PDFCs for sequential circuits described
as multi-level netlists.  In this paper, we investigate identification of PDFCs for general
sequential circuits.  We propose a new method for identiying path delay faults that do not
have to be considered for delay testing.  Either (1) these faults cannot independently affect
the performance of the sequential circuit, or (2) no test can be generated for these faults
using gate-level delay test generation tools.  In the later case, they are untestable path delay
faults.  Fig. 3 illustrates the proposed fault classification for sequential circuits.  Only faults
in the testable PDFC class have to be considered for delay testing.  The untestable path
delay faults may adversely affect the delay of the circuit, but gate-level delay test genera-
tors will be unable to find a test for these faults.  Prior identification of these faults is
desirable since test generators expend  a significant amount of computing resources on
these faults.  Our method for identifying faults that do not belong to the PDFC is based on
two key ideas: (1) we use the sequential behavior of the circuit to weed out faults that may
belong to the PDFC of the combinational logic but do not have to be included in the PDFC
of the sequential circuit; (2) we classify a fault  by considering both vectors that are re-
quired to launch a given transition on a target path.  This is unlike most existing classifica-
tion techniques that ignore the first vector required to launch the transition.  Consideration
of the first vector usually entails high computational complexity.  However, our technique
for fault classification uses both vectors and is efficient on large circuits.  Experimental
results on several ISCAS 89 benchmark circuits show that a large number of path delay
faults in these circuits do not have to be considered for delay testing.

Fig. 3. Classification in sequential circuits.

2. DEFINITIONS

We use the terms on-inputs, off-inputs, and controlling and non-controlling signal
values as defined in [4, 5].  The following sensitization conditions are defined with respect
to the vector that launches the transition on the path.  A path is static sensitizable for a
transition if, for each gate along the path, every off-input has a non-controlling value.
Otherwise, the path is static unsensitizable.  If a path is  static sensitizable, then a delay
defect on the path can adversely affect the delay of the circuit.  Therefore, static sensitizable
paths are included in any PDFC.  A path is functional sensitizable (FS) [5] for a transition if,
for each gate along the path, every off-input has a non-controlling value whenever the on-
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input has a non-controlling value.  Otherwise, the path is functional unsensitizable (FUS)
[5].  Note that for an FS fault, no requirement is placed on the off-input values  when the
corresponding on-input has a controlling value.  The set of functional sensitizable faults is
a superset of the set of static sensitizable faults.  Not all functional sensitizable faults have
to be included in the PDFC [6].  Delay faults that are functional unsensitizable can never
independently affect the circuit’s performance and do not have to be included in any PDFC.
A functional sensitizable path is the same as a static co-sensitizable path [9].

If a path is functional sensitizable for a given transition but is not static sensitizable,
then there is at least one off-input that has a controlling value whenever the corresponding
on-input has a controlling value.  This is true for all input vectors.  Such an off-input is
called an FS off-input.  An  off-input that has a controlling value whenever the correspond-
ing on-input has a non-controlling value is called an FUS off-input.

3. PRIOR WORK

Several methods have been proposed for identifying PDFCs for combinational circuits.
Lam et al. [4] selected a PDFC by identifying  robust dependent faults (RD set).  Their
procedure is practical only for small designs because (1) identifying RD set requires mul-
tiple stuck-at fault test generation, and (2) the circuit has to be unfolded so that only PI’s
have more than one fanout.  Cheng and Chen [5] attempted to identify a PDFC by  using
mandatory assignments and their implications to find paths that are functional unsensitizable.
The PDFC identified by this procedure can be suboptimal (too large) for two reasons.  First,
only the second vector of the vector pair required to launch a transition is considered.
Second, only local implications are used to identify functional unsensitizable faults.  A
better heuristic for identifying small PDFCs has also been recently reported [6].  Unlike the
method presented in [5], this procedure also identifies functional sensitizable faults that do
not have to be in the PDFC.  The heuristic used in [6] involves ordering inputs of each gate
in the circuit, i.e., finding an input sort.  Given a target path and an  input sort, the on-input
partitions the off-inputs into higher and lower order off-inputs.  For example, consider the
four-input OR gate shown in Fig. 4(a).  To the inputs a, b, c and d are assigned the integers
1, 2, 3 and 4, respectively.  If input c is the on-input, then (for any target path through c)
inputs a and b are lower order off-inputs while d is a higher order off-input.

Fig. 4. Using the input sort heuristic.

Given a  path delay fault and an input sort, if a lower order off-input cannot be as-
signed a  non-controlling value, then the off-input is partially static unsensitizable (PSUS).
It was shown in [6] that if an FS path has at least one PSUS off-input for all input vectors,
then the FS path does not have to be included in the PDFC.  For example, consider the
circuit shown in Fig. 4(b).  The path consisting of gates a, c and e is functional sensitizable
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for a rising transition.  However, the off-input d has a lower order than on-input c and d
always assumes a controlling value.  Therefore, the target path does not have to be included
in the PDFC.  Note that there are no mandatory assignments for higher order off-inputs.
Also, different input types can lead to different PDFCs.

An enchanced scan design testing strategy has been proposed [10] for sequential
circuits, but high area overhead and long test application time make this testing strategy
impractical.  A procedure to find redundant path delay faults in sequential circuits has been
reported recently [8].  However, this method can only be applied to circuits for which state
transition diagrams are available.

4. SEQUENTIAL PDFC

We use segments to precisely define a sequential path.  A segment is an ordered set of
gates g0, g1, ..., gn.  Here, g0 is a primary input or the output of a flip-flop, and gn is a primary
output or the input of a flip-flop.  Also, gate gi is an input to gate gi+1 (0 £ i £ n – 1), and gates
g1, ..., gn are all Boolean logic gates.  For example, consider the circuit shown in Fig. 5(a).
The ordered set of gates d, j and k is a segment.  This segment begins at flip-flop d and
terminates at gate k.  A sequential path is a concatenation of segments.  The first segment
begins at a primary input, and the last segment terminates at a primary output. For example,
consider again the circuit shown in Fig. 5(a).  A sequential path of three segments is as
follows: (a, j), (c, g, h, i), and (b, e, f).  Note that the first segment begins at the primary

Fig. 5. An example for PDFC_S Õ PDFC_C.
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input a.  This segment terminates at the input of flip-flop c.  The second segment begins at
flip-flop c and it terminates at the input of flip-flop b.  The last segment terminates at
primary output f.

A sequential circuit can have a huge number of sequential paths.  Also, unlike combi-
national circuits where the number of paths is known, it may not be possible to count the
number of sequential paths in circuits with feedback cycles.  Therefore, finding a path
delay fault cover by considering one sequential path at a time may be computationally
infeasible for circuits with feedback cycles.  Instead, we simultaneously examine all the
sequential paths that include a given segment.  We model two faults for every segment in
order to capture the propagation of the rising and falling transition through the segment.  In
the following, a path delay fault for a sequential circuit will be referred to as a segment fault
specified by a segment and a transition.  There are two advantages to using segments.  First,
the target fault list for path delay fault testing has a finite number of faults.  The set of
modeled faults is equal to the number of path delay faults in combinational logic.  Second,
a PDFC of the sequential circuit can be specified as a finite set of segments rather than a
possibly infinite set of sequential paths.

We distinguish between the PDFC of the combinational logic and the PDFC of the
sequential circuit.  A PDFC of the combinational logic, denoted as PDFC_C, is derived
based on the assumption that all flip-flop input and output signals are also primary inputs
and outputs, respectively.  A segment fault that is  in PDFC_C may not belong to the PDFC
of the sequential circuit (denoted as PDFC_S).  This happens when none of the sequential
paths that include the segment can independently affect the delay of the circuit.  For example,
consider again the sequential circuit shown in Fig. 5(a).  The segment fault {(d, j), rising} is
in PDFC_C because the fault is static sensitizable.  However, this fault does not have to be
included in PDFC_S because there is no sequential path through the segment (d, j) that can
propagate a rising transition and independently affect the circuit delay.  To see this, con-
sider two successive frames of the iterative array model of the circuit.  The two frames are
shown in Fig. 5(b).  This figure also shows the input sort for both frames.  The implications
of having a rising transition on signal d are indicated in the figure.  Signal implications are
obvious if we consider the rising transition to be the same as the application of two logic
values: 0 followed by the logic value 1.  As an example, to gate i is assigned the value X1.
This means that the application of a logic value 0 on d does not uniquely determine the
value on i, and this is indicated by the symbol X.  However, if we apply the logic value 1 at
d, then i assumes a value of 1.  Other signal values can be derived similarly.  Sequential
paths through the segment (d, j) will have to include either segment (c1, g1, h1, i1) or seg-
ment (c1, h1, i1) in the time frame t1.  Segment fault {(c1, g1, h1, i1), falling} is functional
unsensitizable.  This is because on-input c1 has a non-controlling value and off-input b1 has
a controlling value for the second vector of the vector pair that launches the transition on
signal d.  Therefore, no sequential path propagating a falling transition through segment (c1,
g1, h1, i1) has to be included in the PDFC of the sequential circuit.  The segment fault {(c1,
h1, i1), falling} is functional sensitizable.  However, because of the input sort, gate i1 has a
PSUS off-input d1 for any test sequence that launches a rising transition on gate d.  Off-
input d1 has a lower order and assumes a controlling value for the second vector of the
vector pair that launches the transition on d.  Therefore, no sequential path that propagates
a falling transition through segment (c1, h1, i1) has to be included in the PDFC of the se-
quential circuit.  This implies that  we can exclude the segment fault {(d, j), rising} from
PDFC_S.  In general, a sequential path does not have to  be considered for delay testing if
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it has an FUS or PSUS off-input for all input sequences that initiate a transition on the path.
If a segment fault is not in  PDFC_C, then there is already at least one FUS or PSUS off-
input.  Therefore, this fault does not have to be included in PDFC_S.  Only a subset of
faults in PDFC_C will be included in PDFC_S.

5. UNTESTABLE SEGMENT FAULTS

Sequential circuits can have segment faults for which no test can be found by the test
generator.  Also, for some faults, it may be impossible to prove that no test is possible from
any initial state of the circuit.  This is unlike in combinational circuits where every segment
fault either has a test or the test generator (given enough computational resources) can
prove that no test is possible.  For example, consider again the circuit shown in Fig. 5(a) and
the segment fault {(c, h, i), rising}.  It can be shown that this fault is static sensitizable if we
consider only the combinational logic.  Therefore, the fault is included in PDFC_C.  If we
consider the sequential circuit, the flip-flop c has to assume a value of 1 to launch a transi-
tion on the segment.  This implies that signal d has to assume a value of 0.  However, a test
generator that starts with flip-flops in an unknown state will not be able to initialize d to a
logic value of 0.  This is because d can be set to 0 during a clock period only if its value was
0 in the previous clock period.  Since the test generator assumes that d starts with an un-
known value, it will not be able to initialize d to 0.  Therefore, it is not possible to determine
if the segment fault {(c, h, i), rising} should be included or excluded from PDFC_S.  We
refer to such faults as untestable segment faults.

A delay test generator that processes one sequential path at a time will consider every
sequential path through the segment and prove the path to be untestable.  However, this
method will require a significant amount of computing resources.  It is desirable to identify
untestable segments and eliminate them from consideration by means of a delay test generator.
To reduce the number of untestable faults, one can consider each initial state of the circuit
separately and determine if the sequential path has a test.  If a delay test is possible for every
initial state, then we can include the fault in PDFC_S.  However, this method is impractical
for most circuits of interest.  The multiple observation time strategy [11] is another option,
but this technique also requires a prohibitively large amount of computational resources.

Several known  techniques [12-15] can be used  to determine the set of values that a
signal in the sequential circuit can or cannot assume in any time frame.  We refer to this
information as the functional signal constraint (FSC) of the signal.  The FSC information
for a signal is derived by assuming an unknown initial state for the sequential circuit.  If a
signal assumes a value of 0 (1) in every time frame, we assign the symbol C0 (C1) to the
signal.  If a signal cannot assume a value of 0 (1) in any time frame, we assign the symbol
U0 (U1).  If it is impossible to justify a logic value of 0 or 1 on a signal, then we assign the
symbol U.  Finally, if both 0 and 1 values on a signal can be justified, we assign the symbol
G.  These symbols have been used in an earlier work [15].  We refer to these  symbols as the
FSC values.  As an example, consider again the circuit shown in Fig. 5(a).  Since signal d
cannot assume a value of 0, we assign it an FSC value of U0.

The FSC values are useful in quickly identifying untestable segment faults.  If any
signal on a target segment fault has an FSC value other than G, then it will not be possible
to initiate a transition on the segment.  Therefore, the segment fault is untestable.  We refer
to such faults as unexcitable segment faults.  For example, consider the AND gate shown in
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Fig. 6(a).  This gate has two inputs a and b.  Let a and b be the on-input and off-input,
respectively.  If the FSC value of signal a is C0, C1, U0, U1 or U, then no transition can be
launched on signal a.  Therefore, all sequential paths through signal a are untestable.  Note
that our analysis considers both vectors of the vector pair that can initiate a transition on
signal a.  Based on the FSC value, it may be the first or the second vector of the transition
initiating vector pair  that cannot be justified starting from an unknown initial state of the
sequential circuit.

If an off-input cannot assume a non-controlling value, then the test generator cannot
derive a delay test.  For example, consider the AND gate shown in Fig. 6(b).  If signal b has
an FSC value of Uor U1 (it cannot assume a value of 1), then it will not be possible to derive
a delay test for a sequential path through a.  We refer to such untestable segment faults as
unpropagatable segment faults.

Fig. 6. Untestable faults through an AND gate.

Fig. 7. FSC values for the circuit shown in Fig. 5(a).

Fig. 7 shows the FSC values for  the circuit shown in Fig. 5(a).  The FSC values were
derived using the symbolic simulation technique described by Liang, Lee and Chen [15].
Only segments (a, f) and (a, e, f) have to be considered by the delay test generator.  All other
segments correspond to untestable segment faults because a transition cannot be initiated
on one or more on-inputs.

6. IDENTIFYING SEQUENTIAL PDFC

Our algorithm consists of two parts.  First, we identify a segment fault that belongs to
the PDFC of the combinational logic.  Known techniques [5, 6] can be employed to identify
segment faults in PDFC_C.  However, these techniques do not take advantage of the se-
quential behavior of the circuit.  We modify the algorithm of Sparmann et al. [6] to include
the untestable segment fault identification ideas discussed in section 5.
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Second, we  examine if the segment fault has to be included in the PDFC of the
sequential circuit.  Based on the characteristics of the segment, one of the following steps is
used to determine if the fault belongs to PDFC_S:

1. If the segment starts at a PI and terminates at a PO, then there is only one sequential path
through this segment.  We include the segment fault in PDFC_S.

2. If the segment starts at a PI and terminates as an input to a flip-flop, then we enter the
Forward  phase.  We consider a finite number of frames of the iterative array model of
the circuit.  The frames are labeled t0, t1, ..., tk.  Here, frame ti+1 immediately follows frame
ti(0  £ i £ k – 1) in time.  The target segment is in frame t0.  We implicitly examine all paths
in the iterative array model that include the target segment.  We also consider the  se-
quential nature of the circuit and imply mandatory assignments across time frames.  The
iterative array model can be considered as a combinational circuit.  Here, inputs to frame
t0 are considered as primary inputs and outputs of frame tk are considered as primary
outputs.  If none of the combinational paths that include the target segment have to be
included in the PDFC of the iterative array model, then the segment fault can be ex-
cluded from the PDFC of the sequential circuit.  Again, we use FSC values and the algo-
rithm of Sparmann et al. to efficiently process combinational paths.  If FSC values are
used to exclude the segment fault from PDFC_S, then the segment fault is an untestable
segment fault.

3. If the segment starts at a flip-flop and terminates at a PO, then we enter the Backward
phase.  Again, we consider a finite number of frames of the iterative array model of the
circuit.  The frames are labeled t-k, t-k+1, ..., t0.  The target segment is in  frame t0.  We
implicitly examine all paths in the iterative array model that terminate at the target segment.
If none of these paths have to be included in the PDFC of the iterative array model, then
the segment fault can be excluded from the PDFC of the sequential circuit.  Again, if FSC
values are used to exclude the segment fault, then we classify the fault as untestable.

4. If the segment starts at flip-flop and terminates as an input to a flip-flop, then we first
employ the Forward  phase described in Step 2.  If the segment fault cannot be excluded
from the PDFC_S  or the fault cannot be classified as untestable, then we employ the
Backward phase described in Step 3.

We will illustrate the mechanics of our algorithm using an example. To keep the dis-
cussion simple, we will not use FSC values.  Consider again the circuit shown in Fig. 5(a).
Let the  target segment fault be {(c, h, i), rising}.  The corresponding segment starts at flip-
flop c  and terminates as an input to flip-flop b.  If we do not use FSC values, then it can be
shown that the segment fault is included in PDFC_C.  Therefore, we enter the Forward
phase.  The iterative array  model consisting of three frames labeled t-1, t0 and t1 is shown in
Fig. 8.  The  Forward  phase adds frame t1.  We consider paths in frame t1 that begin from

Fig. 8. Untestable path delay faults.
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the target segment.  If we consider the segment (b1, e1, f1) in frame t1, then we have reached
a PO.  Implications of the mandatory assignments for the target segment fault are not ad-
equate to exclude segment (b1, e1, f1) from the PDFC of frame t1.  Therefore, based on the
Forward  phase, the target segment fault may have to be included in the PDFC_S.  Next, we
enter the  Backward phase.  We add frame t-1 and examine paths terminating at the target
segment.  Frame t-1 has a segment (a-1, j -1) that starts at a PI and terminates at the target
segment.  Mandatory assignments in frame t-1 are imposed again, not adequate to exclude
the segment (a-1, j-1) from the PDFC of frame t-1.  Therefore, we  include the target segment
fault in PDFC_S.  Note that if FSC values are used, then this fault can be classified as
untestable (see section 5). Also, one can use a branch and bound algorithm instead of impli-
cations to more accurately determine the status of the segment fault.  However, this would
require a significant amount of computing resources.

Procedure Sequential_PDFC:
For each segment fault S Œ PDFC_C
       if (S = segment fault from PI to PO) S Œ PDFC_S;
       else if ((S = segment fault from PI to PPO)
               if (Forward (S)) S Œ PDFC_S;
        else if (S = segment fault from PPI to PO)
                if (Backward (S)) S Œ PDFC_S;
        else if (S = segment fault from PPI to PPO)
                 if (Forward (S))
                     if (Backward (S)) S Œ PDFC_S;

Fig. 9. Algorithm for identifying testable PDFC_S.

A summary of our algorithm for identifying testable PDFC for sequential circuits  is
given in Fig. 9.  Procedures Forward  and Backward, called by the procedure
Sequential_PDFC, return 1 if a testable sequential path containing the segment fault S has
been found.

7. EXPERIMENTAL RESULTS

Our algorithm for identifying testable PDFC in sequential circuits has been imple-
mented in the C programming language.  Our implementation does not distinguish between
faults that do not have to be tested and untestable faults.  This is because a delay test
generator does not have to process either type of fault.  All experiments reported here were
performed on a SUN Sparc 5 workstation.

Table 1 reports experimental results for several ISCAS 89 benchmark circuits. The
total number of segments in  a circuit is shown in the number of paths column.  The column
PDFC_C - paths(%) column reports the percentage of segments that were included in the
PDFC of the combinational logic.  The number of CPU seconds required to do the classifi-
cation is shown in the PDFC_C - cpu(s) column.  To compute the PDFC of the sequential
circuit, it is possible to use different input sorts across time frames, but this would require
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us to compute and store the input sort for every time frame.  In our implementation, we used
the same input type for every primary output and time frame in the iterative array model.
Our input type was based on the number of  FS combinational paths that passed through a
signal in the circuit.

We performed two experiments.  We computed PDFC_S using and without using the
FSC values.  The without FSC column reports the percentage of segments that had to be
included in the PDFC of the sequential circuit if no FSC values were considered.  The with
FSC column reports the percentage of segments that had to be processed by a delay test
generator when FSC values were used.  The CPU seconds required for identifying the
PDFC are reported in the cpu(s) column.  In both  experiments, we used at most 5 frames
each for the  Forward  and Backward phases.

Table 1. Results for ISCAS 89 benchmark circuits.

num.       PDFC_C PDFC_S

     Ckt    of without FSC with FSC
paths paths cpu paths cpu paths cpu

(%) (s) (%) (s) (%) (c)

  s208       290 100.0     2   76.2         6 36.5       3

  s298       462   79.6     3   79.6         8 79.6       8

  s349       730   91.9     5   91.9       33 87.8     22

  s382       800   92.6     6   92.5       28 56.2     20

  s386       414 100.0     8   93.5       18 81.4     12

  s400       896   87.4     6   87.3       30 57.8     18

  s420       738 100.0     7   71.7       21 14.4       5

  s444     1070   78.8     7   78.8       32 51.0     19

  s510       738 100.0   13 100.0       69   0.0       6

  s526       820   88.3     9   88.3       38 35.2     13

s526n       816   88.5     9   88.5       37 35.4     12

  s641     3444   65.9     18   65.5       31 39.3     16

  s713   43624   11.4     33   11.4       64   5.8     30

  s820       984 100.0     38 100.0     172 96.4   109

  s832     1012   98.8     40   98.8     189 95.4   119

  s838     2018 100.0     25   75.8       90 5.25     15

s1423   89452   51.8   619   51.8   3461 10.6   811

s1488     1924   99.6   119   99.6     319 99.6   319

s1494     1952   98.9   121   98.9     328 98.9   328

s5378   27046   83.4   261   70.3   1190 31.4   264

s9234 489708   14.5 3211   10.4 15787   1.9 3384
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As an example, consider circuit s9234.  This circuit has 489,708 segment faults.  If
we only consider combinational logic, then 14.5% of segment faults have to processed by
a sequential delay test generator.  If we use the iterative array model but no FSC values,
then 10.4% of faults have to be considered by a delay test generator.  However, if FSC
values are also used, then only 1.9% of the total number of segment faults have to be
examined.  Our experimental results show that for many sequential circuits, only a small
fraction of the segment faults have to be considered for delay test generation.  As can be
seen from the table, the set of faults that need to be considered for testing is significantly
smaller when FSC values are used compared to the situation where these values are not
available.  However, obtaining the FSC values might not be always an easy task.

8. CONCLUSIONS

Not all path delay faults in a sequential circuit have to be tested to guarantee correct
timing behavior of the circuit.  Faults that can never determine the performance of the
circuit unless some other faults also happen can be detected by testing the faults in a path
delay fault cover.  For some path delay faults in a sequential circuit, a test cannot be found.
Therefore, these faults should be eliminated before sequential gate-level delay test genera-
tion starts.  We have presented a methodology for identifying a testable path delay fault
cover for sequential circuits represented as multi-level netlists.  Eliminating faults that do
not have to be considered for delay test generation reduces the computational effort of test
generators as well as the test set size.  The results of our experiments have shown that in
many large sequential circuits, the size of a  testable PDFC is significantly  smaller than the
total number of path delay faults.
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