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Ab stra c t

An approach for selecting critical paths along which
testab le path d elay fau lts can ex ist is presented . T he
proposed m ethod is particu larly helpfu l on path inten-
siv e circu its. C ritical paths are selected im plicitly with
the aid of a com b ination of d ecision d iagram s. An im -
plicit m ethod to elim inate u ntestab le fau lts along the
selected paths is also presented . T he eff ectiv eness of the
approach is d em onstrated on path intensiv e IS C AS ’8 5 ,
IS C AS ’8 9 and IT C ’9 9 b enchm ark s.

1 In tro d u c tio n

D elay fau lt testing is a test m ethod ology to v erify the
tem poral b ehav ior of a m anu factu red circu it. T he path
d elay fau lt (P D F ) m od el is u sed b ecau se it is m ore su it-
ab le for testing d efects in nanom eter technology . Its
m ain ad v antage ov er the transition fau lt and gate d elay
fau lt m od els is its ab ility to d escrib e d istrib u ted d elay
d efects. Its d isad v antage is that ev en sm all circu its m ay
contain an ex ponential nu m b er of fau lts in the worst
case. It has b een shown in [3 ] that a large fraction of
P D F s in m ost circu its are fu nctionally u ntestab le. T hey
cannot aff ect the tim ing b ehav ior of the circu it and need
not b e tested . It was shown in [2 1 ] that m u ltiple P D F s
m u st also b e tested in ord er to ensu re the correct tim ing
b ehav ior of the circu it. A su b set of all possib le m u ltiple
P D F s are d efi ned and term ed as prim itiv e P D F s. It is
necessary and su ffi cient to test each prim itiv e P D F to
gu arantee the tem poral correctness of a circu it. H ow-
ev er, the set of prim itiv e P D F s is enorm ou s, and hence
for practical pu rposes d elay testing is d one u sing fu nc-
tionally sensitizab le P D F s as d efi ned in [3 ].

T he nu m b er of fu nctionally testab le P D F s is ex -
trem ely large to target. In practice, testing focu ses on
a su b set of P D F s whose ty pical d elay v alu es are v ery
large. A P D F is critical if it can aff ect the tem poral
b ehav ior of a circu it and thu s only critical P D F s m u st
b e targeted . It is com m on to test the longest (fu nction-
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ally ) testab le P D F s in a circu it b u t this d efi nition is
accu rate only u nd er a fi x ed d elay ty pical v alu e. It has
b een ob serv ed in [2 ] that process v ariation (inter d ie and
intra d ie) ind u ces a large path d elay v ariation in su b -
m icron technology . U sing the fi x ed d elay m od el the set
of testab le longest paths from one d ie is not correlated
to the set from another d ie. T hey m ay b e com pletely
d isjoint sets. T he b ou nd ed gate d elay can b e u sed to
tack le su ch issu es in nanom eter technology . It can also
tak e into consid eration noise ind u ced d elay s (lik e power
su pply noise, sim u ltaneou s switching noise, etc.,).

T he prob lem of id entify ing the k longest paths in
a d irected acy clic graph with fi x ed weights on the nod es
(or ed ges) has b een shown to b e intractab le [1 7 ]. T his
clearly shows the intractab ility of prob lem of id entify ing
the k longest paths in a d irected acy clic graph with a
range of weights on each of the nod e (or ed ge). T his is
ex actly the prob lem req u ired to b e solv ed for id entify ing
the set of critical paths in a circu it where the d elay of the
gates and interconnects v ary d u e to process v ariations.
W e u se b ou nd ed d elay s to m od el the range of d elay s of
the gates and interconnects.

T he prob lem of id entify ing the critical paths in a
circu it not only d eals with id entify ing the set of longest
paths in a circu it, b u t d eals with the prob lem of id enti-
fy ing the set of fu nctionally sensitizab le longest paths.
T his ad d ed constraint m ak es the prob lem m ore d iffi cu lt
and challenging to b e hand led in a reasonab le tim e for
path intensiv e circu its. T he reason for this b eing that
the long paths in a circu it can b e fu nctionally u nsensi-
tizab le (tim ing ind epend ent false paths).

T echniq u es lik e [1 5 ] also stu d y the prob lem of id en-
tify ing the set of longest paths for testing pu rposes u sing
fi x ed d elay m od els. T hese paths d o not refl ect the ac-
tu al set of critical paths for circu its fab ricated u sing the
su b m icron technology . U nd er the b ou nd ed d elay m od el,
critical P D F s are those testab le P D F s whose d elay m ay
ex ceed a giv en d elay threshold Dth. T he threshold d elay
Dth is a d elay b ou nd that can b e d efi ned as a fraction
(say 9 0 % ) of the clock period (id entifi ed u sing static
tim ing analy sis). M ore precisely , the d elay threshold is
u sed to elim inate the set of all testab le P D F s whose d e-
lay nev er ex ceed s the threshold . T he rem aining testab le
P D F s are then d efi ned as the set of critical P D F s.
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There are numerous problems in identifying criti-
cal PDFs. First, finding the set of potentially testable
PDFs is an intractable problem. G raph-theoretic tech-
niques as in [4 ] propose algorithms with exponential
complexity and can only handle very small circuits. Sec-
ondly, the problem of identifying the critical PDFs from
the set of potentially testable PDFs is extremely diffi-
cult because it may contain a large number of PDFs.
[15] proposes a structural or PO DE M like ATPG based
method which is non scalable (being enumerative in na-
ture) to handle many PDFs and is hence not efficient
for this problem.

This paper proposes a decision diagram based time
efficient approach to implicitly identify the set of critical
PDFs for a given circuit. It is a three phase procedure.
In the first phase untestable faults are identi- fied us-
ing static implications and are eliminated from further
consideration resulting in the set of potentially testable
faults. All the PDFs in the set of potentially testable
faults are not guaranteed to be testable. The second
phase is a non-enumerative function-based method to
select a set that contains all potentially testable critical
paths from within the set of potentially testable faults.
However, a small percentage of the returned PDFs may
be non-critical PDFs due to the pessimistic nature of
the approach. The third phase uses a boolean func-
tion based ATPG framework that is capable of effec-
tively classifying each examined PDF as either testable
or untestable, and return the exact set of critical PDFs.
During the ATPG process any non-critical PDF added
to the set of potentially testable critical PDFs by the
phase two is eliminated.

Time limits during testing enforce an upper bound
on the number of PDFs that can be tested by an ATE .
G iven this bound the presented methodology can be
used to identify Dth such that the number of critical
PDFs does not exceed this upper bound. This process
can be guided by a binary search on the values of Dth.
The smaller the threshold Dth the more confidence we
have in the ATPG process. This confidence is guaran-
teed because the presented approach finds all critical
PDFs with respect to Dth. N o such confidence can be
provided by the existing techniques for critical path se-
lection.

Section 2 introduces a non-enumerative approach
to identify the set of untestable faults and to eliminate
them from consideration. Section 3 outlines a nonenu-
merative approach for selecting potentially testable crit-
ical paths. Section 4 describes a boolean function based
ATPG to classify a potentially testable critical path as
either testable or not. Section 5 presents experimental
results on path intensive benchmarks to demonstrate
the effectiveness of the approach. The experiments show
that graph theoretic methods fail in identifying the set
of potentially critical PDFs. Section 6 concludes.

2 Identifying Untestable F aults

using Static Imp lications

In this section, we describe a method to implicitly iden-
tify the set of potentially testable PDFs for a given cir-
cuit. This is done by using the Z ero-Suppressed B inary
Decision Diagram (Z B DD). The Z B DD is a canonical
data structure which is suited towards efficiently stor-
ing sets of product terms rather than the sum of prod-
uct terms as in the case of the binary decision diagrams
(B DD). In a Z B DD, the absence of a variable v is inter-
preted as v = 0 unlike the B DDs where the variable v
is interpreted as a don’t-care. This property makes the
Z B DD to effectively represent sets of PDFs as sets of
minterms [16 ]. Figure 1(b) shows a Z B DD representing
all the PDFs in the circuit shown in Figure 1(a)1.

It is shown how Z B DDs are used to non-
enumeratively identify a lower bound on the untestable
faults in two phases. The first phase implicitly enu-
merates all the possible PDFs in the circuit as a sin-
gle Z B DD. The second phase identifies the untestable
PDFs using static implications and implicitly eliminates
the untestable PDFs from the Z B DD representing the
PDFs in the circuit. The resulting Z B DD represents the
set of potentially testable PDFs.

We list below static implication-based conditions
that we use to quickly identify a subset of the robustly
untestable faults (The conditions are restated from [6 ],
[10], [19]). E ach condition was found to have an impact
in improving the lower bound. (Similar conditions have
been implemented for other types of path sensitization.)

Condition 1 Let f1, f2, · · · , fm be th e fa n -in s o f ga te
g. If lin e l = 0 (resp . 1) im p lies fi be a co n tro llin g
va lu e fo r ga te g, th en a ll pa th d ela y fa u lts th ro u gh l
w ith a fa llin g tra n sitio n o n l a n d th ro u gh fx(x 6= i) a re
ro bu stly u n testa ble.

Condition 2 Let f1, f2, · · · , fm be th e fa n -in s o f th e
ga te f . Let g1, g2, · · · , gn be th e fa n -in s o f th e ga te g.
If lin e l = 0 im p lies fi to be th e co n tro llin g va lu e o f f
a n d l = 1 im p lies gj to be th e co n tro llin g va lu e o f g, th en
a ll p h y sica l pa th s th ro u gh l, fx(x 6= i) a n d gy(y 6= j) a re
ro bu stly u n testa ble.

It is demonstrated below how to implicitly imple-
ment the first condition using fundamental Z B DD op-
erators introduced in [14 ]. L et the circuit shown in Fig-
ure 1(a) be the circuit under test. The circuit contains
10 PDFs. E ach line is assigned an variable with a sub-
script r (resp. f) representing a rising transition on the
line (resp. falling transition). All the PDFs in the cir-
cuit can be implicitly represented by single Z B DD (ξ),
as shown in Figure 1(b). E ach path in the Z B DD (from
the root node to the terminal 1 node) corresponds to
a PDF in the circuit. This Z B DD can be derived by a

1In the ZBDD, the solid lines corresponds to the 1-edges and

the dotted lines correspond to the 0-edges.
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Figure 1: Illustration of Untestable Fault Elimination

single topological traversal on the circuit. Let us now il-
lustrate Condition 1 by means of an example and its im-
plementation using ZBDDs. Assume that d is assigned
logic 1. It can be observed that d = 1 is a controlling
value of gate G4. It implies a logic 0 at gate G3, which is
a non-controlling value for gate G4. According to Con-
dition 1, all PDFs with a rising transition on line d and
with a signal propagation through line g are robustly
untestable.

We use two ZBDD variables lr and lf for each
circuit line l in order to represent the signal transition
(rising and falling, respectively) on each line l in the
circuit. In our example, PDFs containing variables dr

and gf are robustly untestable (by Condition 1) and
can be eliminated from the ZBDD ξ. These PDFs are
{↑ b.d.e.g} and {↑ a.d.e.g}. Let (S|v= 1) denote the Sub-
set operation, that identifies the subset of a set S whose
elements contain variable v. The untestable PDFs are
identified from ξ using this Subset operation. The pro-
cess of identifying the untestable PDF is simply

(ξ|dr= 1)|gf = 1.

For the example described in Figure 1, Fig. 1(c)
shows the representation of the set of potential robustly
testable PDFs. Similar operations have also been im-
plemented to eliminate untestable faults through a set
of lines or a sub-path rather than a pair of lines. In this
case, the Subset operation has been invoked recursively.

It is also noted that for different types of path sen-
sitization modified implication– based conditions have
been implemented. For example, consider an AND gate
g and let f1, f2, · · · , fm be its fan-ins. If the assignment
l = 1 on some line l implies the non-controlling value on
fi−1 and a controlling on fi, then all path delay faults

with a rising transition on both lines d and fi−1 are
functionally untestable. Such functionally untestable
faults are then eliminated from ZBDD ξ a set difference
operation to obtain a set of potentially testable PDFs ζ
stored as a ZBDD. We have:

ζ = ξ \ ((ξ|dr= 1)|gf = 1).

The main advantage of the proposed method is
its implicit nature in identifying the set of potentially
testable faults. Let a circuit C contain P PDFs. Let
n pairs of lines be identified by static implications such
that all PDFs through the n pairs of lines are untestable.
Even though P is exponential (in the worst case) to the
number of nodes in the circuit, the proposed ZBDD
based approach requires only 3 ∗ n ZBDD operations
(two operations to implement the subset and one opera-
tion to implement the set difference) in order to identify
the set of potentially testable faults.

3 Identification of Testable Path

Delay Faults

In this section we introduce an iterative approach to
identify testable PDFs (which also includes testable
PDFs that are non-critical). We start with the set of
potentially testable PDFs identified using static impli-
cations described in Section 2. The procedure described
here can also be used as a stand-alone ATPG or can be
used together with the method described in Section 2
as a more efficient ATPG framework.

Given a PDF, methods proposed in [1] and [12] can
be used for deriving boolean functions that describe all
possible tests for the target fault. We use a very similar
approach for deriving the boolean functions. However,
we propose a method here to process segments rather
than the entire paths.

Each sub-fault associated with a segment may be
associated with any number of PDFs. If a sub-fault
associated with a segment is untestable, then all PDFs
through the segment are untestable. The two necessary
and sufficient conditions to be checked to guarantee a
PDF as untestable are:

• Nonexistence of a test for a segment li

• Existence of a test for the segment li and its suc-
cessor li+ 1, and nonexistence of a common test for
li and li+ 1.

This is used as the basis of the algorithm used for
classifying the PDFs as either testable or untestable.
The main feature behind using such an approach is from
the observation from [3] that most of the PDFs in the
practical circuits are robustly untestable. If a circuit
contains a large percentage of untestable faults it tends
to have a large number of untestable segments. This
is the key idea of the proposed approach. Structural
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ATPG techniques like [5] also process segments rather
than paths to improve the computational efficiency. We
note that structural techniques can store the implica-
tions derived for a given segment and the signal transi-
tions on the on-input and off-input lines.

Algorithm 1 Identification of Testable Path Delay
Faults
R e q u ire : C, Sensitization Criteria
1: Identify the Set of Potentially Testable PDFs (ζ)
2: for a ll i ∈ Primary Inputs do

3 : ζi = Subset of ζ originating at i

4 : w hile ζi 6= φ do

5 : Pick PDF P by DFS
6: Split P into segments
7 : for a ll segments p such that p ∈ P do

8 : if Rr present in look-up array then

9: Extract Rr from look-up array
10: e lse

11: Generate Rr

12: end if

13 : if Rr is Satisfiable then

14 : Add Rr to look-up array
15 : TR = TR ∧ Rr

16: if TR is Not Satisfiable then

17 : Eliminate PDFs in ζi through the seg-
ment from i to p

18 : ζi = ζi\ Tested PDFs
19: TR = φ

20: B re a k

21: end if

22: e lse

23 : Eliminate PDFs in ζi through p

24 : ζi = ζi\ Tested PDFs
25 : TR = φ

26: B re a k {Same procedure is followed for
Rf}

27 : end if

28 : end for

29: if TR 6= φ then

3 0: Tested PDFs = Tested PDFs ∪ P
3 1: Tested PDF Count = Tested PDF Count +

1
3 2: end if

3 3 : end w hile

3 4 : end for

3 5 : Untestable PDFs = ζ \ Tested PDFs

Thus the implication procedure does not have to
be repeated for different paths that pass through the
same segment. However the justification phase which
involves backtracking to assign values to all the pri-
mary inputs will have to be repeated for every path
that passes through the segment. However the boolean
function based method presented here does not have this

drawback, which results in enormous saving of compu-
tational effort.

The basic methodology used to check whether a
PDF is testable or untestable is described below:

Let ζ be the set of potentially testable PDFs iden-
tified from Section 2. The set of PDFs which is a subset
of (ζ) and originating from an input p be denoted as
ζp. The ZBDD representing ζp is traversed using depth
first search algorithm. Traversing the ZBDD and not
the circuit, improves the computation efficiency because
we avoid traversing through unnecessary lines. A seg-
ment li is picked and its unique identification number
is computed using the signal transitions tli and tp. The
function Rr (respectively Rf ) is generated only if it is
not present in the look-up array corresponding to the
unique identification number of the segment li. Once
Rr is obtained, the satisfiability of Rr can be checked in
constant time (because the boolean functions are repre-
sented using BDDs). We distinguish between two cases:

• If Rr is not satisfiable, all PDFs in the ZBDD ζp

through segment li are eliminated and the ZBDD
is thus restructured. At this point, all PDFs that
have been identified as testable by earlier process-
ing is also eliminated from ζp. This is done so as
to prevent processing the tested PDFs again after
the ZBDD is restructured and reduced in size.

• If the functions corresponding to segments li and
li+1 are individually satisfiable but the conjunction
of these two functions is not satisfiable then there
exists no solution that can excite both segments
together. Hence all PDFs in ζp through segments
li and li+1 are eliminated together with the PDFs
identified as testable in earlier steps.

This iterative improvement process is performed
till the ZBDD ζi becomes φ. The algorithm describing
the procedure to identify testable and untestable faults
is briefed by Algorithm 1.

4 Identification of Critical

Path Delay Faults using the

B ounded Delay Model

The procedure described here to identify the set of crit-
ical PDFs is a three-phase procedure whose first phase
employs the method of Section 2 to identify potentially
testable PDFs. This section concentrates on the second
phase where a subset is selected implicitly. This set
contains all potentially testable critical paths. A small
percentage of them may be non critical. Phase three
is the algorithm of Section 3 that identifies all critical
PDFs. This algorithm is enhanced to explicitly elimi-
nate any non-critical PDFs that Phase 2 has not elimi-
nated. In particular, in addition to storing Fli for each
segment li on the PDF, the minimum and maximum de-
lay of the segment li is also stored in the look-up array.

Paper 9.3

235



Once an entire path delay fault is identified as testable,
the PDF can then be classified either as critical or non-
critical based on the minimum and maximum delay of
the path. If the maximum delay of the path is less than
Dth, the PDF is classified as non-critical. However if
the minimum delay of the path is greater than Dth or if
Dth is a value in between the minimum and maximum
delay of the path, the path is classified as critical. This
check ensures the set of critical faults identified by the
proposed approach is exact.

In the following, a block oriented procedure [7, 9]
to identify the set of all potentially critical PDFs in a
scalable manner is presented. The presented approach
can be trivially modified to take care of wire delays by
inserting buffers with a delay equivalent to the wire de-
lay. It has been shown in [7] that block oriented tech-
niques are fast, pessimistic and applicable to large scale
designs. In contrast, it has been shown that path enu-
meration techniques as in [15] are exact, but slow, non
scalable and cannot be used for path intensive circuits.
This behavior in critical PDF selection for PDF testing
has also been experimentally observed in [15].

Algorithm 2 Identification of Potentially Testable
Critical Paths
Require: C, Dth

Require: dil
, diu

∀i

Require: n {The max. length of segment}
1: Compute dimin

i , dimax
i , do min

i , do max
i ∀i

2: Compute ζC {Use Procedure from Section 2}
3: for all i such that 1 ≤ i ≤ m do

4: if dimax
i +do max

i < Dth then

5: ζC = ζC\ζCi

6: else if dimin
i +do min

i > Dth then

7: L = L ∪ ζCi

8: ζC = ζC\ζCi

9: else if dimin
i + do min

i < Dth < dimax
i + do max

i

then

10: for all P ∈ σ do

11: for all k such that k ∈ P do

12: if dimin
x1 +

∑n

j=2 d
x

j

l

+ do min
i > Dth then

13: L = L ∪ ζCP
14: ζC = ζC\ζCiP

15: else if dimax
x1 +

∑n

j=2 d
x

j
u

+ do max
i < Dth

then

16: ζC = ζC\ζCiP

17: end if

18: end for

19: end for

20: end if

21: end for

Let C be the circuit under investigation. Let the
circuit C contain m gates. Let dil

and diu
be the lower

and upper bound delay of a gate i. Let ζC be the set of
potentially testable faults in C identified by the proce-

dure described in Section 2. Let dimin
i be the delay of

the shortest path from any primary input to gate i and
dimax

i be the delay of the longest path from any primary
input to gate i. Similarly, let do min

i be the delay of the
shortest path from gate i to any primary output and
do max

i be the delay of the longest path from gate i to
any primary output. The values of dimin

i , dimax
i , do min

i

and do max
i can be calculated using topological traversals

on the circuit.
Let L define the set constructed by the procedure

described by Algorithm 2, which contains all potentially
testable critical PDFs (but some non-critical PDFs as
well). Set L is a subset of ζC , the set of potentially
testable faults in C. Manipulating the set of poten-
tially testable faults (the output of Phase 1) as a ZBDD
greatly helps to identify L from ζC non-enumeratively.

For each gate i, if dimax
i +do max

i < Dth then all
the paths through i are classified as non-critical. Thus,
they are eliminated from ζC and do not participate in
set L. This operation is implemented on the ZBDD as
ζC = ζC\ζi

C .
However, if for gate i we have that dimin

i +do min
i >

Dth then the procedure classifies all paths through i
as critical, and these paths are be added to L. This
operation is implemented on the ZBDD as L = L∪ ζi

C .
By adding a path p to L, we actually add the PDFs
associated with path p to L.

In the final case, when for a gate i we have that
dimin

i +do min
i < Dth < dimax

i +do max
i , some of the paths

may be critical and some may be non-critical. If all
the paths were added to L that would have made the
approach extremely pessimistic. Instead, we use the
heuristic approach described below to eliminate part of
the uncertainty involved in this case.

Consider a gate i for which dimin
i +do min

i < Dth <
dimax

i + do max
i . All partial paths between i and the its

predecessor nodes are obtained. Let the set of all partial
paths be represented by σ. The length of partial path P ,
P ∈ σ, is defined as the number of gates on the partial
path. Let the set of the gates on P be {x1, x2, · · · , xn},
labeled in a topological order. Thus, x1 is the gate from
which P originates and xn is a fan-in of gate i. After
identifying a partial P for gate i, all the paths through
the partial path and through i need to be classified as
either critical or non-critical. If dimin

x1 +
∑n

j=2 d
x

j

l

+

do min
i > Dth then all paths through the partial path P

and through i are classified as critical and are added to
L. This is implemented on the ZBDD as L = L∪ζCP . If
dimax

x1 +
∑n

j=2 d
x

j
u
+do max

i < Dth then all paths through

the partial path P and through i are classified as non-
critical and are eliminated from ζC . This operation can
be stated as ζC = ζC\ζCP .

It is noted here that the value of n needs to be
kept as low as possible to maintain the non-enumerative
behavior of the approach. As the value of n increases
the approach will derive a solution close to the exact
solution at the expense of execution time. The value of
n can be ideally decided as small fraction of the length
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of the topological longest path in C.
The formal description of the procedure to identify

the set of PDFs L is outlined by Algorithm 2. Note that
this set is a superset of the set of potentially testable
critical PDFs since a small number of PDFs may always
have delay below Dth. Nevertheless, all potentially crit-
ical PDFs are included in L. The procedure described
in Section 3 ensures that all non-critical PDFs from L
are eliminated thereby calculating the exact set of crit-
ical PDFs. Algorithm 2 on ZBDDs results into a very
time efficient implementation. A path tracing based im-
plementation was implemented for comparison purpose
and was shown to be inapplicable for path intensive cir-
cuits.
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Figure 2: Identification of L

The operations in Algorithm 2 are demonstrated
on the circuit C shown in Figure 2. In this figure, the
delay of each gate is represented as a pair [dil

, diu
] in

Figure 2. The delay values of dimin
i , dimax

i , domin
i and

domax
i for each gate are also represented by a quadruple

(dimin
i , dimax

i , domin
i , domax

i ). The topologically longest
path of C is 7 units. We set Dth to be 6 units. In the
following, we do not intend to simulate the algorithm
on the algorithm, but rather to illustrate how it oper-
ates when (a) the conditions on lines 4 or line 6 (from
Algorithm 2) are satisfied, and (b) when the condition
on line 9 (from Algorithm 2) is satisfied.

In order to illustrate the operations in lines 4–8,
assume that the first gate the algorithm operates on is
G10 of the circuit in Figure 2(a). Then the condition
in line 4 is satisfied since dimax

i + domax
i = 4, where

i = G10. This value is less than the preset value of
Dth = 6. Hence all PDFs through G10 are identified as
non-critical and are removed from further consideration.
The remaining PDFs will be stored in a ZBDD but in

this example the sub-circuit of Figure 2(b) can represent
all remaining PDFs and we chose, for the simplicity of
the exposition, to store them with a sub-circuit.

Let us now demonstrate how the latter portion of
the algorithm that uses partial paths of length n = 1 op-
erates while at gate G16 of circuit Figure 2(b). Consider
partial path G2.G16. The quadruple corresponding to
gate G16 with respect to the partial path G2.G16 is
(2, 3, 1, 2). Hence dimax

i + domax
i = 5, i = G16, with

respect to the partial path G2.G16. This is less than
the preset value of Dth = 6. This implies that all paths
through the partial path G2.G16 are also non-critical
and are not considered any further. (The condition on
line 15 is satisfied.)

Working that way, Algorithm 2 eliminates many
non-critical paths. At the end, the PDF set L is formed,
and the methodology described in Section 3 is invoked
to identify the exact set of critical paths from L.

5 Experimental R esults

We implemented the proposed approach in C. We call
the tool for identifying all untestable path delay faults
OSIR IS. The performance of OSIR IS was experimented
on the ISCAS’85 and ISCAS’89 benchmarks using a Sun
Blade workstation. The results of the experimentation
is presented in Table 1. We compare our results to the
method of [20] due to its effectiveness in identifying all
possible testable faults. Table 1 reports comparisons on
the number of robustly untestable faults.

Column 2 shows the total number of PDFs in the
corresponding circuit. Columns 3 shows the number of
PDFs identified as robustly testable by [20] and Column
4 shows the number of aborted faults for that method.
Furthermore, Column 5 shows the CPU execution time
(interpolated) for the approach in [20].

Column 6 shows the number of PDFs identified
as robustly untestable using the static implications dis-
cussed in Section 2. The difference between the to-
tal number of PDFs (Column 2) and the number of
untestable faults in Column 6 is the cardinality of the
set of potentially testable PDFs, and is reported in Col-
umn 7. This set of potentially testable PDFs indicates
the number of faults targeted by the iterative proce-
dure discussed in Section 3. Column 8 shows the total
number of robustly testable PDFs identified by OSIR IS.
Column 9 reports the number of PDFs aborted due to
imposed bounds on the execution time (aborted faults).
The total execution time for each circuit is reported in
Column 10.

Columns 5 and 10 clearly indicate that the execu-
tion time required by OSIR IS to identify the number of
robustly testable and untestable PDFs is only 50%, on
an average, when compared to [20]. Furthermore ob-
serve that [20] aborts faults for circuits C1908, C3540,
C5315 and C7552. Clearly, a major advantage of the
proposed framework is the ability to process path in-
tensive circuits without aborting any faults. This can
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TIP [20] OSIRIS
C irc u it T o ta l T e sta b le A b o rte d tim e (s) � U n te sta b le P o te n tia lly T e sta b le U n d e te rm in e d tim e (s)
N a m e F a u lts P DF s P DF s T e sta b le P DF s
c 8 8 0 1 7 ,2 8 4 1 6 ,08 3 0 2 .9 4 1 6 3 1 7 ,1 2 1 1 6 ,08 3 0 2 .8
c 1 3 5 5 8 ,3 4 6 ,4 3 2 2 2 ,7 8 4 0 2 9 .9 2 1 ,08 6 ,2 2 2 3 7 1 ,8 9 2 2 2 ,7 8 4 0 1 8 .2
c 1 9 08 1 ,4 5 8 ,1 1 4 9 7 ,5 8 8 5 1 ,9 4 2 3 7 3 5 .1 7 8 ,03 1 ,07 2 3 1 5 ,3 6 0 9 7 ,5 8 9 0 1 2 8 1 .4
c 2 6 7 0 1 ,3 5 9 ,9 2 0 1 5 ,3 7 0 0 1 1 .8 1 ,1 4 6 ,8 4 1 2 1 3 ,07 9 1 5 ,3 7 0 0 1 1 .6
c 3 5 4 0 5 7 ,3 5 3 ,3 4 2 8 8 ,4 08 4 8 1 4 8 2 1 .4 3 5 3 ,4 8 9 ,8 2 6 3 ,8 6 3 ,5 1 6 8 8 ,4 08 0 1 4 5 6 .0
c 5 3 1 5 2 ,6 8 2 ,6 1 0 8 1 ,4 3 5 9 2 6 4 7 7 4 .7 7 2 ,07 8 ,4 00 6 04 ,2 1 0 8 1 ,4 3 5 0 5 4 4 .7

c 6 2 8 8 1 .9 8 ·1 020 * * * 1 .9 7 9 ·1 020 1 .09 ·1 01 7 4 0,3 2 3 2 .01 ·1 01 4 1 8 ,9 8 7 .4
c 7 5 5 2 1 ,4 5 2 ,9 8 8 8 6 ,2 5 1 3 2 6 2 8 6 0.2 9 1 ,003 ,9 3 8 4 4 9 ,05 0 8 6 ,2 5 1 0 6 8 0.1

s9 2 3 4 4 8 9 ,7 08 2 1 ,3 8 9 0 1 3 .9 6 4 4 3 ,9 2 6 4 5 ,7 8 2 2 1 ,3 8 9 0 9 .8 3
s1 3 2 07 2 ,6 9 0,7 3 8 2 7 ,6 03 0 8 0.2 4 2 ,3 02 ,09 8 3 8 8 ,6 4 0 2 7 ,6 03 0 4 6 .7 7
s1 5 8 5 0 3 2 9 ,4 7 6 ,09 2 1 8 2 ,6 7 3 0 5 1 0.8 5 3 2 2 ,6 2 4 ,6 7 1 6 ,8 5 1 ,4 2 1 1 8 2 ,6 7 3 0 3 5 7 .2 1
s3 5 9 3 2 3 9 4 ,2 8 2 2 1 ,7 8 3 0 3 6 0.1 8 3 5 5 ,2 01 3 9 ,08 1 2 1 ,7 8 3 0 1 4 7 .7 6
s3 8 4 1 7 2 ,7 8 3 ,1 5 8 5 9 8 ,06 2 0 2 6 9 8 .1 1 1 ,6 7 5 ,9 2 0 1 ,1 07 ,2 3 8 5 9 8 ,06 2 0 9 2 3 .9 1
s3 8 5 8 4 2 ,1 6 1 ,4 4 6 9 2 ,2 3 9 0 5 9 0.5 4 1 ,6 2 3 ,8 7 8 5 3 7 ,5 6 8 9 2 ,2 3 9 0 3 9 0.3 6

Table 1: Robustly Testable and Untestable Path Delay Faults
� C P U T im e h a s b e e n in te rp o la te d b a se d o n th e h a rd w a re u se d , fo r c o m p a riso n p u rp o se s.

be observ ed in C olum n 10 of Table 1. The only ex -
cep tion is the c ircuit C 6 2 8 8 , w hich contains 2 .0 1·10 1 4

undeterm ined faults. A ll aborted faults w ere p resent
in fanout cones for w hich w e w ere unable to build the
B DDs.

W e also im p lem ented the ap p roach using the non-
canonical B E D data-structure [8 ] w hich does not hav e
any sp ace lim itation p roblem s. W hen B E Ds are used
instead of B DDs the ap p roach turned out to be sig -
nifi cantly slow er. (A p p rox im ately ten tim es slow er.)
For C 6 2 8 8 w e set a tim e lim it of 2 5 ,0 0 0 sec but w ithin
that lim it w e w ere not able to identify m ore robustly
untestable PDFs. A s an alternativ e to B E Ds, one can
use conjuctiv e norm al form (C N F)-based form ulations
for w hich effi c ient solv ers ex ist [11]. The m ethod in [13 ]
can be used to deriv e the req uired C N Fs in a com p act
m anner. H ow ev er, p relim inary ex p erim entations in that
direction resulted to sim ilar results to the B E D-based
im p lem entation.

N ev ertheless, the p rop osed m ethod identifi es m ore
robustly testable faults for C 6 2 8 8 than any ex isting
techniq ue. O bserv e that [2 0 ] fails to rep ort any result
for C 6 2 8 8 due to the diffi culty in building the im p lica-
tion g rap h for this c ircuit. The only other techniq ue to
identify larg e num ber of testable faults for C 6 2 8 8 is [5 ].
S till [5 ] identifi es only 12 ,5 9 2 robustly testable faults in
4 0 hours (interp olated C PU tim e) and aborts for 10 1 8

faults. O ur ap p roach identifi es 4 0 ,3 2 3 faults and only
aborts 2 .0 12 1 4 faults. This c learly indicates effi c iency of
the p rop osed ap p roach.

It can be observ ed from C olum n 6 that m ore than
9 0 % of the PDFs are identifi ed as untestable using the
im p lem ented static im p lications on Z B DDs. H ow ev er it
cannot be conc luded that the static im p lications hav e
m ore im p act in identifying the untestable faults. It can
be observ ed from C olum ns 7 and 8 that the num ber of
robustly testable faults is only a sm all fraction of the
num ber of p otentially (robustly) testable faults deter-
m ined by the ap p roach in S ection 2 . H ence the itera-
tiv e ap p roach p resented in S ection 4 is v ery sig nifi cant

com p onent of O S IRIS .
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Fig ure 3 : Perform ance of O S IRIS on s7 13

Fig ure 3 show s a p lot dep ic ting the p erform ance
of O S IRIS on the IS C A S ’8 9 benchm ark s7 13 . The x -
ax is rep resents the num ber of seg m ents p rocessed and
the y-ax is rep resents the num ber of PDFs. The solid
line in the p lot show s the dec rease in the num ber of un-
determ ined faults (due to the elim ination of untestable
faults) as the num ber of seg m ents inc reases. The dashed
line show s the num ber of faults identifi ed as testable as
the num ber of p rocessed seg m ents inc reases. The im -
p lication based m ethod of S ection 2 w as not activ ated
in O S IRIS w hen these results w ere p lotted. This w as
done in order to show the advantag e of p rocessing seg -
m ents rather than p rocessing the entire set of p aths in
the c ircuit. C ircuit s7 13 contains a total of 4 3 ,6 2 4 faults
am ong w hich only 1,18 4 are testable. H ow ev er, the na-
ture of the p rop osed alg orithm m ak es it easy to identify
all the testable and untestable faults by p rocessing only
2 ,5 9 7 seg m ents.

O S IRIS has been observ ed to p erform better for
c ircuits w ith m ore re-conv erg ences, because it does not
re-calculate functions Rr and Rf for the seg m ents in-
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volved. This can be clearly observed from the results
listed for circuits C3540 and C6288. These circuits are
very path intensive and contain a lot of re-convergences.

In the remaining of the section we discuss the per-
formance of the three phase procedure for identifying
critical testable PDFs using the bounded delay model.
In order to demonstrate the scalability of the tool we
provide with experimental results on all path intensive
ISCAS’85, ISCAS’89 and ITC’99 benchmarks on a Sun
Blade 1000 workstation. Only those benchmarks with
more than 107 PDFs were chosen for this experimen-
tation. In addition, functionally testable path delay
faults are considered. This is a superset of the robustly
testable path delay faults that we listed in the previous
experiments. The information about the delay ranges
for each gate was obtained from the TSM C 0.5µ tech-
nology files using the corner values for the nM OS and
pM OS transistors. The value of n (the segment length)
was set as 5% of the topological longest path in the cor-
responding circuit. The value of Dth (delay threshold)
was set as 90% of the circuit delay obtained using static
timing analysis.

Table 2 compares the proposed ZBDD-based
method for identifying L, the set of potentially testable
critical PDFs, with a structural technique, similar
to [15], which is based on branch and bound algo-
rithms. The information about the exact set of critical
faults identified from L is also provided. We consider
in these experiments functionally sensitizable critical
PDFs. Column 1 lists the circuits under consideration.
Column 2 shows the total number faults in the circuit.
Column 3 gives the number | L| of potentially testable
critical PDFs identified after the second phase of the
method in Section 5. (Note that L may contain some
non critical PDFs). Column 4 shows the total CPU time
required for identifying set L. Columns 5 and 6 show
the number of potentially testable critical PDFs iden-
tified using a method implemented using branch and
bound algorithms and the CPU time required, respec-
tively. Columns 5 and 6 provide no data for circuits
where the CPU time exceeded the preset limit of 25,000
seconds.

Observe that the number of potentially testable
PDFs using the proposed approach diff ers to that re-
ported using structural methods. (See columns 3 and
5). This is because Phase 2 of our algorithm is pes-
simistic whereas the structural technique is exact. How-
ever, observe that the accuracy of the method falls short
by only 10%, on average. Our approach is clearly very
time efficient when compared to the branch and bound
algorithm.

The time performance of the proposed method is
observed to increase with the increase in the fault count
in the circuit. Its implicit nature is shown in Column
4 and its performance does not depend on the num-
ber of PDFs in the circuit while computing L. The
results presented in the Columns 7 and 8 of Table 2
demonstrate the eff ectiveness of the approach in Sec-
tion 3. Column 7 shows the exact number of critical

PDFs. (They identified from set L.) Column 8 shows
the CPU time required for this process. In order for a
PDFs to be identified as critical, a two phase procedure
has been implemented. First, boolean functions were
formed to check for the existence of a robust test. If
a robust test does not exist, then we check for a non-
robust. Also, any non critical PDFs in L were removed
as explained at the beginning of Section 5.

To our knowledge, there exists no methodology to
handle circuit instances with such a large path count
with comparable CPU time. It is also noted that BDDs
were used to represent the boolean functions during
the ATPG process for all the benchmarks, except for
b21 opt, b22 opt and c6288 where BEDs were used to
represent the boolean functions.BEDs can also be used
for all the other circuits, however a BED based imple-
mentation was observed to be slower than a BDD based
implementation.

This is well expected due to the non-canonical na-
ture of the BEDs. The only advantage of using a BED
based implementation is memory saving. For path in-
tensive circuits (like b21 opt, b22 opt and c6288), BEDs
used 30-40% less memory, however the CPU time re-
quired increased by a factor of 15-20 times2. A behav-
ior was also observed for a CNF based implementation
also. For smaller circuits (like c3540, b 05, b 14, etc.,)
the BED based implementation was 4-6 times slower
than a BDD based implementation. Based on these ob-
servations, the overall framework has been implemented
to use a BDD based approach whenever it is possible to
represent the functionality of the circuit as a BDD and
to use BEDs only if the functions cannot be represented
by a BDD within the given system resources.

The experimentation described above using the
gate delays from the TSM C 0.5µ library was repeated
for the AM I 0.8µ library without changing the value of
n. Dth was re-calculated based on the AM I 0.8µ library
information. It was observed that the number of po-
tentially testable critical faults was 823846, 346197 and
1208991 for the benchmarks b14, b14 1 and b15, re-
spectively. The number of critical PDFs identified was
107354, 67466 and 390745, respectively. This shows a
big increase in the number of critical PDFs with tech-
nology scaling (from 0.8µ to 0.5µ)3. This is because
the process variation increases with technology scaling,
causing a wider range for the gate delays. This wider
range for the gate delays allows for more faults to be
critical. This fact is also supported by the presented
experimental results. The increase in number of critical
faults with technology scaling supports our claim that
the proposed non-enumerative method on the bounded

2Th e slower p e rfo rm a n c e wa s o b se rv e d b y c o m p a rin g th e re -

sp o n se o f th e B D D a n d B E D b a se d im p le m e n ta tio n o n ly o n th e

p a th s te rm in a tin g o n c e rta in p rim a ry o u tp u ts in th e a b o v e m e n -

tio n e d c irc u its, wh ere we were a b le to re p re se n t fu n ctio n s a s a

B D D
3S im ila r b e h a v io r wa s o b se rv e d fo r a ll th e b e n ch m a rk s liste d

in Ta b le 2 fo r v a rio u s p ro c e ssin g te ch n o lo g ie s, h owev e r th e re su lts

a re n o t p ro v id e d h e re fo r a ll b e n ch m a rk s d u e to sp a c e lim ita tio n s

Paper 9.3

239



ZBDD Based Structural Based
Circuit Total Potentially time (s) Potentially time (s) Critical ATPG
Name Faults Testable Testable Faults Time (s)
b05 398,724,610 16,235,622 772.1 13,920,368 15,266 1,010,928 498.2
b14 186,784,982 9,981,266 929.2 8,201,928 13,929 680,992 466.7
b14 1 95,513,816 4,995,231 637.2 4,109,364 7,922 428,193 410.6
b15 96,511,691,200 1,191,344,982 791.9 ∗ ∗ 5,242,925 1,879.3
b17 790,677,089,462 1,456,982,101 1,198.3 ∗ ∗ 1,923,882 1,422.9
b17 opt 545,242,452,572 947,575,823 1,682.1 ∗ ∗ 893,109 1,992.1
b20 opt 1,124,411,428 39,548,273 1,722.5 ∗ ∗ 401,857 733.7
b21 opt 905,448,842 37,232,934 1,271.3 30,008,798 17,364 582,573 1,231.3
b22 opt 1,746,841,526 39,992,248 1,425.8 ∗ ∗ 970,366 1,522.0
c3540 57,353,342 2,123,456 292.1 1,892,221 4,623 703,280 130.9

c6288 1.98·1020 708,242,991,082 792.4 ∗ ∗ 14,783,347 17,098.0
s4863 2,636,114,122 52,994,304 385.7 ∗ ∗ 208,303 387.6
s6669 431,685,738,673,270 4,691,062,272 527.8 ∗ ∗ 545,920 4,293.0
s15850 329,476,092 10,929,556 203.1 8,278,662 12,786 908,344 308.9

Table 2: Identification of Critical Paths Delay Faults

delay model is increasingly more accurate in identifying
the set of critical faults over branch and bound based,
path enumerative techniques as in [15] which identify
the longest sensitizable critical faults using the fixed
delay model.

Column 7 of Table 2 indicates that for the listed
circuits the number of critical functionally testable
faults identified is mostly in the order of 105-106 faults.
However, the number of critical paths selected is a direct
refl ection of the confidence level with which the circuit
under test can be guaranteed for temporal correctness.
If less critical testable PDFs are to be tested due to time
limitations in the testing process then the value of the
delay threshold Dth must be increased. Alternatively,
one can focus only on robustly testable critical PDFs.
Either decision reduces the confidence level with which
the circuit under test can be guaranteed for temporal
correctness.

6 Conclusions

We present a novel and efficient framework to classify
the PDFs in a circuit as either testable or untestable.
We use a combination of data structures, the ZBDDs
and BDDs to classify the PDFs. We introduce an itera-
tive approach to perform the classification. The frame-
work performs effectively even for large and path inten-
sive circuits. The experimental results demonstrate the
effectiveness of the approach when compared to existing
methods. We also modified the framework to identify
all critical sensitizable PDFs using the bounded delay
model which provides with more accuracy in the pro-
cess of defining critical PDFs for deep submicron tech-
nology. The bounded delay model introduces signifi-
cant computational complications. Nevertheless, it is
shown that this method can handle all existing path
intensive benchmarks in the ISCAS’85, ISCAS’89 and
ITC’99 collections very fast. A future direction is to
modify the proposed techniques to generate compact
tests after identifying the set of testable faults.
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