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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.

Keywordsdelay testing, path delay faults, timing defects, sequential circuits, untestable path
delay faults

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 acbamyina-
tional pathexceeds the rated clock period. A combinational path is an ordered set of gates
o, ---» Oy Whereg, andg, are a primary input and output, respectively, of the circuit. Also,
gateg; is an input to gatg.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). PathP; (shown in bold face) consists of gage®, c, d ande. 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 gatd can be determined by a transition on input sigrrather than on
signalc on pathP,. LetP, denote the path consisting of gaded ande (shown in bold face
in Fig. 1(b)). Clearly, if patP, does not have a delay defect that slows down the propaga-
tion of a falling transition, then the value on gaie determined by signaland not signal
c. Therefore, delay defects on p&can affect the delay of the circuit only if p&halso
has delay defects. This implies that one does not have to teB fatha falling transition
if path P, 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. Apath delay fault covefPDFC) 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. ldentification 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 numbseqéiential pathsoften

faults that / faults that
do not have to\  have to
be tested be tested

PDFEC PDFC

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-
guential 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, theyestble 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.

faults that| faults that
can and have to
be tested

can but

be tested untestable

faults

testable PDFC testable PDEC

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 pathtis sensitizabléor 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 patfuisctional sensitizabl@9) [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 pathiristional unsensitizablg=US)

[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 arFS off-input An off-input that has a controlling value whenever the correspond-
ing on-input has a non-controlling value is called=&I$ off-input

3. PRIOR WORK

Several methods have been proposed for identifying PDFCs for combinational circuits.
Lamet 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 Pl'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 amput 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 in@yts, c andd are assigned the integers
1, 2, 3 and 4, respectively. If inptiis the on-input, then (for any target path throapgh
inputsa andb are lower order off-inputs whilé is a higher order off-input.

(@ (b)
Fig. 4. Using thénput sortheuristic.

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-inpytastially static unsensitizabl@SUS.
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 gatesande is functional sensitizable
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for a rising transition. However, the off-inptihas a lower order than on-inpuandd

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 desigesting 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 usesegment$o precisely define a sequential path. A segment is an ordered set of
gatesy, 9i, ---,gn- Herego is a primary input or the output of a flip-flop, agds a primary
output or the input of a flip-flop. Also, gageis an input to gatg., (0<i <n- 1), and gates
du -.-,0n are all Boolean logic gates. For example, consider the circuit shown in Fig. 5(a).
The ordered set of gatédsj andk is a segment. This segment begins at flip-flamnd
terminates at gate 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: (&, j), (c, g, h, i), and b, g, f). Note that the first segment begins at the primary

(@)

conflict

time frame tg time frame t
(b)
Fig. 5. An example for PDFC_SPDFC_C.
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inputa. This segment terminates at the input of flip-ftopThe second segment begins at
flip-flop c and it terminates at the input of flip-fldp The last segment terminates at
primary outpuf.

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 tsagraent 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 segmentdaj)ltfi6ing} 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 sebjhémat 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 sigrchbire 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: O followed by the logic value 1. As an example, toigatassigned the valug.

This means that the application of a logic value @ dwoes not uniquely determine the
value oni, and this is indicated by the symbol However, if we apply the logic value 1 at

d, theni assumes a value of 1. Other signal values can be derived similarly. Sequential
paths through the segment |) will have to include either segmert,(g;, hy, i;) or seg-

ment €y, hy, i;) in the time frame,. Segment fault {, g, hy, i,), falling} is functional
unsensitizable. This is because on-imgutas a non-controlling value and off-infiythas

a controlling value for the second vector of the vector pair that launches the transition on
signald. Therefore, no sequential path propagating a falling transition through segment (
0., hy, 1) has to be included in the PDFC of the sequential circuit. The segment ¢ault {(

hy, i,), falling} is functional sensitizable. However, because of the input sortj,d#s a

PSUS off-inputd, for any test sequence that launches a rising transition o g&#-
inputd, has a lower order and assumes a controlling value for the second vector of the
vector pair that launches the transitiondonTherefore, no sequential path that propagates

a falling transition through segmeiat,(h;, i;) has to be included in the PDFC of the se-
guential circuit. This implies that we can exclude the segment falij {¢ising} 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 § 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-flofhas to assume a value of 1 to launch a transi-
tion on the segment. This implies that sigthahs to assume a value of 0. However, a test
generator that starts with flip-flops in an unknown state will not be able to initthtze
logic value of 0. This is becaudean be set to 0 during a clock period only if its value was
0 in the previous clock period. Since the test generator assumessthets with an un-
known value, it will not be able to initializkto 0. Therefore, it is not possible to determine
if the segment fault & h, i), rising} should be included or excluded from PDFC_S. We
refer to such faults amtestablesegment 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 théunctional signal constrain-SQ 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 syoni@il) to the
signal. If a signal cannot assume a value of 0 (1) in any time frame, we assign the symbol
U0 (U1). Ifitis impossible to justify a logic value of 0 or 1 on a signal, then we assign the
symbolU. 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). Sincedignal
cannot assume a value of 0, we assign it an FSC val@. of

The FSC values are useful in quickly identifying untestable segment faults. If any
signal on a target segment fault has an FSC value otheGtliaan it will not be possible
to initiate a transition on the segment. Therefore, the segment fault is untestable. We refer
to such faults asnexcitablesegment faults. For example, consider the AND gate shown in
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unexcitable unpropagatable
path delay fault path delay fault
a a
b b
FSC(a) = {C0, C1, U0, U1, U} FSC(b) = {U1, U}
(@) ()

Fig. 6. Untestable faults through an AND gate.

Fig. 6(a). This gate has two inp@sndb. Leta andb be the on-input and off-input,
respectively. If the FSC value of sigraiks CO, C1, U0, U1 orU, then no transition can be
launched on signa. Therefore, all sequential paths through sigrere untestable. Note
that our analysis considers both vectors of the vector pair that can initiate a transition on
signala. 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). Ifsigsal
an FSC value dflor U1 (it cannot assume a value of 1), then it will not be possible to derive
a delay test for a sequential path throagh\e refer to such untestable segment faults as
unpropagatablesegment faults.
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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 segmentsx f) and @, g, 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 Sparnetiah [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 Pl 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 Pl 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 labelgd,, ...,t.. Here, framé,.,, immediately follows frame
t(0 <i<k-1)intime. The target segmentis in frameNe 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
t, are considered as primary inputs and outputs of fitaiee 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 Sparmanet 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 erBaicktveard
phase. Again, we consider a finite number of frames of the iterative array model of the
circuit. The frames are labeléd t,.4, ...,to. The target segment is in frame 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 theForward 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{l, i), rising}. The corresponding segment starts at flip-
flop ¢ and terminates as an input to flip-fllop If we do not use FSC values, then it can be
shown that the segment fault is included in PDFC_C. Therefore, we enkeritard
phase. The iterative array model consisting of three frames ldhgieandt; is shown in
Fig. 8. TheForward phase adds frante We consider paths in franethat begin from

time frame t : time frame tg ) time frame t

Fig. 8. Untestable path delay faults.
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the target segment. If we consider the segniene( f;) in framet,, then we have reached

a PO. Implications of the mandatory assignments for the target segment fault are not ad-
equate to exclude segmebt, (g, f;) from the PDFC of framgf. Therefore, based on the
Forward phase, the target segment fault may have to be included in the PDFC_S. Next, we
enter theBackward phase. We add frante and examine paths terminating at the target
segment. Frame, has a segmenag, j.,) that starts at a Pl and terminates at the target
segment. Mandatory assignments in framare imposed again, not adequate to exclude
the segmenta(;, j.,) from the PDFC of framg,. 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.

ProcedureSequential_PDFC:
For each segment faidte PDFC_C
if (S= segment fault from Pl to P@)e PDFC_S
else if (= segment fault from Pl to PPO)
if Forward (S§) Se PDFC_S;
else if § = segment fault from PPI to PO)
if Backward (§) Se PDFC_S;
else if §= segment fault from PPI to PPO)
if Forward (9)
ifBackward (§) Se PDFC_S;

Fig. 9. Algorithm for identifying testable PDFC_S.

A summary of our algorithm for identifying testable PDFC for sequential circuits
given in Fig. 9. Proceduredsorward andBackward, called by the procedure
Sequential_PDFG return 1 if a testable sequential path containing the segmen®faast
been found.

S

7. EXPERIMENTAL RESULTS

Our algorithm for identifying testable PDFC in sequential circuits has been imple-
mented in th& 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 imitn@ber of pathsolumn. The column
PDFC_C - path@so) 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 theDFC_C - cp(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



CLASSIFICATION OF PATH DELAY FAULTS IN SEQUENTIAL CIRCUITS 683

Table 1. Results for ISCAS 89 benchmark circuits.

num. PDFC_C PDFC_S
Ckt of without FSC with FSC
paths paths cpu paths cpu pathg cpl
(%) (s) (%) (s) (%) (c)
5208 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 32
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
59234 489708 14.5 3211 10.4 15787 1.9 3384

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 compuR&I-C_Susing and without using the
FSC values. Theithout FSCcolumn reports the percentage of segments that had to be
included in the PDFC of the sequential circuit if no FSC values were considereditiThe
FSCcolumn 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 tlepu(s) column. In both experiments, we used at most 5 frames
each for theForward andBackward phases.
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As an example, consider circsi®234 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.

ACKNOWLEDGMENT

The authors would like to thank members of C&C Research Labs, NEC, USA, Rabindra
Roy for valuable discussions and Vijay Gangaram and Steve Rothweiler for providing FSC
data. Thanks are also due to Prof. Uwe Sparmann of the University of Saarland, Germany,
for providing the input type heuristic tool.

REFERENCES

1. G. L. Smith, “Model for delay faults based upon pathsPrioceedings of IEEE Inter-
national Test Conferenc&985, pp. 342-349.

2. C.J.Linand S. M. Reddy, “On delay fault testing in logic circUisEE Transactions
on Computer-Aided Design of Integrated Circuits and Syst®oisCAD-6, No. 5,
1987, pp. 694-703.

3. S. T. Chakradhar, M. lyer, and V. D. Agrawal, “Energy models for delay tediif’
Transactions on Computer-Aided Design of Integrated Circuits and System$4,
No. 6, 1995, pp. 633-634.

4. W. K. Lam, A. Saldanha, R. K. Brayton, and A. L. Sangiovanni-Vicentelli, “Delay fault



CLASSIFICATION OF PATH DELAY FAULTS IN SEQUENTIAL CIRCUITS 685

coverage, test set size, and performance trade-t#fSP Transactions on Computer-
Aided Diesign of Integrated Circuits and Systewm. 14, No. 1, 1995, pp. 32-44.

5. K.-T. Cheng, A. Krstic, and H.-C. Chen, “Generation of high quality tests for robustly
untestable path delay fault$ZEE Transactions on Computekél. 45, No. 12, 1996,
pp. 1379-1392.

6. U. Sparmann, D. Luxenburger, K.-T. Cheng, and S. M. Reddy, “Fast identification of
robust dependent path delay faults,”Hmoceedings 082nd Design Automation
Conferencel1995, pp. 119-125.

7. M. A. Gharaybeh, M. L. Bushnell, and V. D. Agrawal, “Classification and test Genera-
tion for Path-Delay Faults Using Single Stuck-at Fault Tedtajfnal of Electronic
Testing: Theory and Applicationgol. 11, No. 1, 1997, pp. 55-67.

8. R. Tekumalla and P. R. Menon, “ldentifying redundant path delay faults in sequential
circuits,” in Proceedings o8th International Conference on VLSI Desigi®996, pp.
406-411.

9. S. Devadas, K. Keutzer, and S. Malik, “Computation of floating mode delay in combi-
national circuits: theory and algorithm$EEE Transactions on Computer-Aided De-
sign of Integrated Circuits and Systerusl. 12, No. 12, 1993, pp. 1913-1923.

10. K.-T. Cheng, S. Devadas, and K. Keutzer, “Delay-fault test generation and synthesis
for testability under a standard scan design methodoldgigE Transactions on Com-
puter-Aided Design of Integrated Circuits and Systéfok 12, No. 8, 1993, pp. 1217-
1231.

11. 1. Pomeranz and S. M. Reddy, “The multiple observation time test strallegg”
Transactions on Computer-Aided Design of Integrated Circuits and Systeiné1,

No. 5, 1992, pp.627-637.

12. K.-T. Cheng, “Redundancy removal for sequential circuits without reset st&feg,”
Transactions on Computer-Aided Design of Integrated Circuits and Systems2,

No.1, 1993, pp. 13-24.

13. I. Pomeranz and S. M. Reddy, “On identifying undetectable and redundant faults in
synchronous sequential circuits,”moceedings ot 2th IEEE VLSI Test Symposium
1994, pp. 8-14.

14. V. D. Agrawal and S. T. Chakradhar, “Combinational ATPG theorems for identifying
untestable faults in sequential circuitiEEEE Transactions on Computer-Aided De-
sign of Integrated Circuits and Systerdsl. 14, No. 9, 1995, pp. 1115-1127.

15. H.-C. Liang, C. L. Lee, and J. E. Chen, “Identifying untestable faults in sequential circuits,”
IEEE Design & Test of Computendol. 12, No. 3, 1995, pp. 14-23.

Angela Krsti¢ received the B.S. degree in Electrical Engi-
neering from University of Belgrade, Yugolavia in 1989 and the
M.S. and Ph.D. degrees in Electrical and Computer Engineering
from the University of California, Santa Barbara, in 1995 and 1998,
respectively. She is currently a Research Engineer at the Univer-
sity of California, Santa Barbara. Her research interests include
delay testing, fault analysis and modeling of noise effects in deep
submicron designs, system-on-chip testing. She is a co-author of
Delay Fault Testing for VLSI Circuitsublished by Kluwer Aca-
demic Publishers, 1998. She holds one U.S. patent in digital testing.
She is a memeber of IEEE.




686 ANGELA KRSTIC, SRIMAT T. CHAKRADHAR AND KWANG-TING CHENG

Srimat T. Chakradhar received the Ph.D. degree in Com-
puter Science from Rutgers University, New Brunswick, NJ, in
1990. He is a Distinguished Research Staff Member, and head of
System Design and Test group, in the Computers and Communica-
tions Research Laboratories of NEC USA, Princeton, NJ. During
1989, he worked at AT&T Bell Laboratories, Murray Hill, NJ. His
current research interests include design and test of hardware and
software for distributed, networked computing systems, electronic

'ﬁ". design automation, embedded systems and system-on-a-chip
\ designs. He has also been a thesis advisor for four Ph.D.
- dissertations. He has co-authored a book on Neural Network Mod-
els and Algorithms for Digital Testing (Norwell, MA: Kluwer, 1990).
He has published several technical papers. He holds or has filed for more than 30 patents in
digital testing. He is an Associate Editor of Journal of Electronic Testing: Theory and
Applications.

Dr. Chakradhar received Best Paper Awards at IEEE/ACM Design Automation Con-
ference and International Conference on VLSI Design. He served as guest editor for IEEE
Transactions on VLSI Systems, as a Program Chair and General Chair for the VLSI Design
Conference. He is a member of the IEEE Computer Society and the ACM.

Kwang-Ting (Tim) Cheng received the B.S. degree in Elec-
trical Engineering from National Taiwan University in 1983 and the
Ph.D. degree in Electrical Engineering and Computer Science from
the University of California, Berkeley in 1988.

From 1988 to 1993, he worked for AT&T Bell Laboratories
in Murray Hill, New Jersey. In 1993, he joined the faculty at the
University of California, Santa Barbara where he is currently a Pro-
fessor of Electrical and Computer Engineering and Director of Com-
puter Engineering Program. His current research interests include
VLSI testing, design synthesis, and design verification. He has

/. published over 150 technical papers, co-authored three books and
holds nine U.S. Patents in these areas. He has also been working
closely with US industry for projects in these areas. He received Best Paper Awards at the
1994 Design Automation Conference, the 1999 Design Automation Conference and the
1987 AT&T Conference on Electronic Testing.

He currently serves as Associate Editor-in-Chief for IEEE Design and Test of
Computers. He also serves on the Editorial Boards of IEEE Transactions on Computer-
Aided Design and Journal of Electronic Testing: Theory and Applications. He served as
General Chair and Program Chair of IEEE International Test Synthesis Workshop. He has
also served on the technical program committees for several international conferences on
CAD and testing including DAC, ICCAD, ITC and VTS. He is a Fellow of IEEE.




