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Abstract The multiple observation time approach in its most gen-
We present an improved procedure for fault simulation under theeral form requires the use of multiple responses of the fault-free
multiple observation time approach based on state expansiongircuit to the given test sequence. However, conventional test
Under state expansion, an incompletely specified state reachegpplication to the circuit can only accommodate a single output
during fault simulation is replaced by &tates, each one assign- response of the faglt—free circuit. In order_ to a_dmlt this practical
ing a different combination t& unspecified present state vari- Situation, t.he restricted 'multlple observation time approach was
ables. For each expanded state, additional output values are theifoposed in [2], [3]. This approach employs a single fault-free
implied. As a result, a fault that cannot be identified as detectecCircuit response; however, it allows multiple output responses to
using conventional simulation may now be identified as detectedPe considered for the faulty circuit. Several fault simulation
The procedure proposed here enhances state expansion by badkethods under _the restricted multiple observation time approach
ward implications to take advantage of every present state variWere proposed in [4]-[7]. The procedure of [4] ustse expan-
able value specified under state expansion. As a result of usin%onv defined as follows. Consider a test sequehdeat brings
backward implications, fewer states need to be considered aftefh€ circuit to an incompletely specified statet time unitu.
state expansion, fewer state expansions are potentially needegUPpPose that present state variaples unspecified irs. Under

for every fault, and the number of faults that can be efficiently State expansion, we may replaseby two different states,
considered is increased. Experimental results are presented t&(Yi =0) which is identical tos except thaty; is set to 0, and

support these claims. s(y; = 1) which is identical tes except thaty; is set to 1. After
state expansion, fault simulation continues for each state sepa-
1. Introduction rately. As a result of state expansion, additional next state vari-

[ables and primary output values become specified for the various

Given a test sequence, a fault simulator should accurately dete ; . X . .
tarting states at time unit helping to determine whether the

mine the faults detected by the sequence. For synchronou
y q y ault is detected. Other fault simulation methods under the

sequential circuits, conventional fault simulation procedures [1] . ol au h
may fail to identify faults as detected, due to the loss of precision'€Stricted multiple observation time approach are based on sym-
bolic simulation using @DD representation of the circuit [5],

in three value logic simulation and the use of the single observa- AT - ) A
tion time approach [2]. To improve the accuracy of fault simula- the use of implications [6], and probablistic analysis using lim-
tion, it is possible to use the multiple observation time approachit®d staté expansion [7]. All these methods attempt to resolve the
proposed in [2]. This approach allows accurate determination ofunknown values in the response of the faulty circuit to determine
detected faults by considering responses of different initial statedN@t the faulty circuit response for every one of its initial states
separately. For example, if the fault free output sequence of &£ONflicts with the fault-free response.

circuit is (000) and the output sequence in the presence of a fault The state expansion procedure of [4] does notBI3Bs

f is either (010) or (101) depending on the initial state of the @nd hence is applicable to circuits for whiB®Ds cannot be
faulty circuit, then conventional simulation would derive the out- derived. Additionally, it provides an accurate implementation of
put sequencexix) for the faulty circuit, and the fault would not ~ the restricted multiple observation time approach, in the sense
be declared detected. By considering each initial state of thethat it is capable of determining accurately if a fault is detected
faulty circuit separately and deriving the output sequences (010pY the given test sequence when conventional test application is

and (101), the fault is identified as detected under the multipleemployed. The procedure of [6] is not accurate in this sense.
observation time approach. However, the procedure of [4] is computationally intensive and

existing implementations cannot handle all the faults in large cir-
cuits. In this work, we present a method to improve the effective-

+ Research supported in part by NSF Grant No. MIP-9220549, and in part ness of state expansion. We demonstrate that the proposed

by NSF Grant No. MIP-9357581 method allows handling of faults and circuits that were not han-
dled before.

Permission to make digital/hard copy of all or part of this work for personal The unique feature of the procedure proposed here that

or classroom use is granted without fee provided that copies are not made or
distributed for profit or commercial advantage, the copyright notice, the title
of the publication and its date appear, and notice is given that copying is by

distinguishes it from previous approaches is that it uses implica-
tions done backward in time to take full advantage of every flip-

permission of ACM, Inc. To copy otherwise, to republish, to post on servers ﬂ0p V"_ilue set under state expansion. PreV'OUSIy [4]'_ |mpI|cat|ons

or to redistribute to lists, requires prior specific permission and/or fee. following state expansion were done only forward in time. For
example, if a present state variapleas specified at time unit

DAC 97, Anaheim, California then its values were implied at time unitsu+1,---, in this

(c) 1997 ACM 0-89791-920-3/97/06 ..$3.50 order, to compute output sequences with fewer unspecified val-

ues. Under backward implications, we observe that setting



y =a at time unitu implies that the corresponding next-state Table 1: An example of expansion
variableY must bea at time unitu—1. This may imply addi- (a) Conventional simulation

tional values at time unii — 1, and may help specify the values time 0 1 2 3
of additional next state variables at time unit 1. This in turn

would specify additional present state variables at time wnit faultfree | state | xx >0 1x 00
Backward implications may also reveal that a valuen state output | xx0 0x1 111 011

variabley at time unitu conflicts with the values of other lines in faulty state | xx  xx  Ox  xl1

the circuit; it may also assign primary output values at time unit output | xOx  xxx 1x1 011
u-1 ‘thalt conflict with the corresponding fault free values,. (b) After expansion

resulting in fault detection. In both of these cases, the states with )

a valuea on state variablg at time unitu do not need to be con- time 0 1 2 3

sidered further. Thus, fewer states need to be considered after faulty statel XX (004 0x 01

state expansion, and the states that need to be considered have outputl | xOx x11 1x1 011
more specified state variables, implying that fewer state expan-

sions are potentially needed for every fault. Consequently, the state2 XX 1x 01 11

number of faults that can be efficiently considered is increased. output2 | xOx xx@ 101 011

The paper is organized as follows. Section 2 demonstrates,,
the advantages of backward implications. Section 3 presents the
fault simulation procedure. Experimental results are included in.
Section 4. Section 5 concludes the paper.

e draw hold for faulty circuits as well.

The results of conventional three-value simulation of the
input pattern (1001) when the present-state variables are unspeci-
fied are shown in Figure 1. Values are shown in parentheses.

2. State expansion and backward implications The next-state variables and the output are all unspecified.

In this section, we first review the state expansion procedure of
[4]. We then introduce backward implications and show the
advantages of adding backward implications to state expansion.

Both state expansion and backward implications are use-
ful in increasing the information available regarding line values
in the circuit under test. Specifically, they result in output
sequences with increased numbers of specified values. By maxi-
mizing the number of specmed values, we also maximize the 101) —, 800)
ability to identify that a given fault is detected by the test — { P~
sequence being simulated.

State expansion is applied to a single sequence of states
and a single output sequence obtained using conventional simu-
lation starting from the all-unspecified initial state. State expan- ) . ) )
sion is used to specify values of state variables until fault detec- Figure 1: Conventional simulation ofs27
tion can be established or a limit on the number of state expan- The results of state expansion using present-state variable
sions is reached. This limit is necessary since every state exparé at time unit 0 are shown in Figure 2. The value of line 7 is
sion of a state variablg at time unitu duplicates the state and denoted by (0,1) corresponding to two different partially speci-
output sequences, setting state varighlat time unitu to 0 in fied initial states, one where line 7 is 0 and one where line 7 is 1.
one copy and to 1 in the other. To illustrate the advantages offhe values 4y, a;) on a lineg indicate thair, results from set-
state expansion, we consider a circuit whose state and outpuing line 7 to 0, andr, results from setting line 7 to 1. A single
sequences after conventional simulation are as shown in Tabl&alue @) on a lineg indicates thag = o regardless of the value
1(a). Suppose that state expansion is performed based on thef line 7. As a result of this expansion, the primary output
first state variablg, at time unit 1 in the faulty circuit. Then two becomes partially specified (specified only when line 7 assumes
state (output) sequences are obtained, one whereéd at time the value 1), next-state variable 15 is fully specified, and next-
unit 1, and one wherg, = 1 at time unit 1. Let the sequences State variables 24 and 25 are partially specified. Considering the
obtained after implying the value gf at time unit 1 be the ones next-state variables and the outputs, we have five specified val-
shown in Table 1(b). Note for example that setting=1 at ues compared to conventional simulation that yielded no speci-
time unit 1 results in specifying the value of one of the outputs atfied values. For time unit 0, state expansion using state variable 7
time unit 1, and the value of the second present state variable atields the largest number of specified values, compared to the
time unit 2. The second output sequence allows the fault to beother state variables. State expansion using state variable 6 does
detected (at time unit 2 on the second output). Thus, we do notiot result in any specified values, and expansion of state variable
need to consider it further. For the first sequence, additional staté® results in three specified values.
expansion steps are needed before it is possible to declare the Next, we consider the expansion of state variable 6 at
fault as detected. time unit 1 (this is the only expansion assumed in this example).

To demonstrate the advantages of adding backward impli-The effects of this expansion on time unit 1 are unknown, since
cations to state expansion, we use ISCAS-89 benchmark circuithe input pattern is unknown. Our interest is in the information
$27 shown in Figure 1 under the input pattern (1001) assumingthat can be derived from this expansion at time unit 0. Setting
that its state is fully unspecifiekxX). Considering the input  state variable 6 at time unit 1 to (0,1) implies that next-state vari-
pattern (1001) as the first pattern of a test sequence (the inpuable 24 has the values (0,1) at time unit 0. Setting line 24 to (0,1)
pattern applied at time unit 0), our goal is to compare the numbeimplies that lines 21, 22 and 23 are (0,1). Additional values can
of next-state variables and outputs that can be specified undethen be implied as shown in Figure 3. It can be seen that the pri-
various simulation schemes when (1001) is applied. For sim-mary output and next-state variable 25 become fully specified. In
plicity, we consider only the fault free circuit. The conclusions addition, next-state variable 15 becomes partially specified. We




Consider the circuit of Figure 4 under the input combina-
tion (0). Setting line 1 to 0 implies only that lines 3 and 4 are set
5(0, to 0. Let us expapd the present-state varifible at ti.me unit 1.
9 Backward implications take place at time unit O with line 11 set
to (0,1). The results of backward implication are shown in Figure
4 in parentheses. When line 11 is set to 1, we obtain that line 5
must be 1 and line 6 must be 0. This implies two different speci-
fied values on line 2, and a conflict is identified. The conflict is
marked with a C in Figure 4. We conclude that line 11 can only
assume the value 0 at time unit O, and that the present-state vari-
able can only assume the value 0 at time unit 1. State expansion
and backward implications result in this case in a single state, 0,
that needs to be considered further.

13(0),

2,80 oy n 14(0)

Figure 2: State expansion of state variable 7 at time O 9(x,1)
have a total of seven specified values at time unit 0 compared to 10 3(0) 700)
at most five when state expansion was done at time unit 0 and 5(x,1)| * :
backward implications were not used. Note that when we say 10(x.1 11(0.1)
backwardwe mean backward in time. & :

4(0)
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Figure 4: An example of a conflict

Fault detection for certain states can also follow from
backward implications. For example, consider a case where the
states of the faulty circuit at time uniti is replaced by two
states,s(y; = 0) ands(y; = 1) corresponding to setting present-
state variabley; to these values. Suppose that when next-state
variableY; is set to O at time unit — 1 in the faulty circuit, an
outputo is set to 0. If the value produced by the fault free circuit
on outputo at time unitu -1 is 1, then the fault is detected for
s(y; =0). In this case, only sta®y; = 1) needs to be consid-
ered further.

Backward implications are also used in this work to help

1(1) 8(0)
200

Figure 3: Backward implication of state variable 6 at time 1
The process of backward implications consists of the fol-

lowing steps. First, the value of a present state variabtdime

unit u is assigned to the corresponding next state variélde
time unitu - 1. Then, additional values are assigned at time unit

u-1 in two directions: from outputs to inputs and then from . . : X i -
inputs to outputs. Several passes over the circuit at time unitJdentn‘y effective state variables and effective time units for state

u~—1 may be required to determine all the implications. To keep expansion. We describe this heuristic in more detail in Section 3.
the computation time low, we use only two passes in our imple-  During fault simulation, state expansion and backward

mentation, one pass from outputs to inputs and one pass fronimplications can be used both in the fault free and in the faulty
inputs to outputs. Backward implications may also be done overcircuit. If state expansion is performed in .the fault free circuit,

multiple time units. For example, suppose that backward impli- Multiple fault free responses may be obtained. In this work, we
cation of next-state variabl¥ at time unitu—1 results in a use state expansion and backward implications only in the faulty
specified value on present-state variapjeat time unitu~- 1. circuit. The result is that faults are detected under the restricted

Then we can assign the same value to next-state vaiale multiple observation time approach [2], [3].
time unitu -2 and continue to perform backward implications.

In our implementation we consider only one time unit during 3. T.he fa.UIt SImUIatI(.)n procedure . .
backward implications. In this section, we describe the proposed fault simulation proce-

Flure. To simplify the discussion and the implementation of the
rocedure, we do not consider methods to speed up the simula-
on process. Thus, faults and input patterns are considered

Previous procedures based on state expansion [4] did no
take advantage of backward implications to increase the amounﬁ

of information available regarding circuit state and primary out- &equentially The test sequence to be simulated is denoted by
put values. As demonstrated by the example above, backwar Ind its length is denoted hy The input pattern included T at

implications can help specify additional circuit values, thus S .
increasing the effectiveness of state expansion. Another impor-tlme unitu is denoted byf[u], where O u< L = 1. For ease of

tant consequence of backward implications, which is ignored by"Otation we may sometimes refer to time unibf T. The input
existing expansion techniques, is that it can identify cases Wheré)att%m dat th's.t'r%ebun"? IS lundeflned, however, the circuit state
some state variable values are inconsistent with the inputCan € etermlne_ y simu ating . .
sequence. These cases do not need to be further simulated. The 1€ fault simulation procedure starts with conventional
following example demonstrates such a case and shows how!mulation of thg fault free circuit under the given test sequence
backward implications can help identify it. Again, the example T. Every fault is then considered separately and the following

uses only the fault free circuit, however, the same observationgrocedures are applied. , _ _
are used during fault simulation for faulty circuits. First, the fault is simulated using a conventional fault sim-

ulation procedure. If the fault is detected, it is marked as such



and dropped from further consideration. We consider every time unit Ow< L and present-state
Next, we check the following necessary condition for variable y; such thaty; is unspecified at time unit and

fault detection under the restricted multiple observation time No.(u—1) >0 (i.e., there are unspecified output values at time

approach. Under this approach, state expansion is done only itinit u—1 or afterwards that can be specified to establish fault

the faulty circuit, potentially specifying additional output values detection). For 0 {0,1}, we perform the following procedure.

in this circuit. The output sequence of the fault free circuit is not We set next-state variabl corresponding toy; to o at time

affected by state expansion. Consequently, to be able to detect &nit u—1 and perform implications at time unit-1. We then

fault, there must exist a time unitand an outpub such thab is
specified in the fault free circuit at time uniind unspecified in
the faulty circuit. State expansion at time umjt< u or back-
ward implications due to state expansion at time un# u+1
may then specify at time unitu and allow to determine that the

record one of the following results (the first one that applies is
recorded).

(1) Backward implications result in a conflict. We record this
fact by setting a variableonfl(u, i, a) to 1.

(2) Backward implications assign a valggo a primary output

fault is detected. To state this condition more formally, we use o at time unitu -1, and in the fault free circui, results in the

the following notation.

value 8 on o at time unitu — 1. We conclude in this case that the

* Ng,(u) is the number of unspecified state variables in the faulty fault is detected foy; = a. We record this fact by setting a vari-

circuit at time unitu.
* Now(u) is the number of pairaif, 0) such that outpud at time

abledetectu, i, a) to 1.
(3) If backward implications do not result in a conflict or in fault

unit u’ 2 u is specified in the fault free circuit and unspecified in detection, we record in a sektrau, i, a) all the present state
the faulty circuit. For example, for the output sequences of variables that become specified at time wnivhen next-state

Table 1(a) we haveN,,(0) =4, Now(1) =3, Now(2)=1 and
Nou(3) = 0.

variableY; is set tor at time unitu — 1. We have
extrau,i,a) ={(j,8):Y; = Bwhen Y =g at time unit u-1.

A necessary condition for a fault to be detectable by stateThe setextra(u, i, a) contains the pair (o). We also record in a

expansion and backward implications at time unit WL is
the following.

(C1) Ngy(u) > 0 andNgy,(u-1) >0
(we check for unspecified outputs at time unit1 since back-

variableNg,4(U, i, @) the size of the setxtrau, i, a).

The procedure above does not apply to state expansion at
time unitu = 0, where backward implication is not required. We
observe that state expansion at time uritO is possible, how-

ward implications may allow setting these values, thus detectingever, it cannot result in conflicts or detection at time uritl,

the fault at time uniti—1). For time unitu = 0, the following is

and it cannot result in additional specified present-state variables

a necessary condition for fault detection under the restricted mul-at time unit 0. To allow state expansion at time writ0, we

tiple observation time approach.

(C2) Ngy(u) > 0 andNg,(u) >0

We observe thall,,(u) > 0 implies thatNg(u—1) > 0 (if

Ng(u—1)=0, the state at time unii—1 is fully specified,
implying thatNg,(u) = 0 as well). Based on this observation, we
consideru =0 andu > 0 together by replacing (C1) and (C2) by
the following condition.

(C) Nsy(u) > 0 andNoy(u) > 0
If this condition is not satisfied at any time unig@ < L, the
fault is dropped from further consideration.

add the following information to the information collected
above. For every present-state variapleand every valuer O
{0,1}, we set  confl(0,i,a) =0, detec{0,i,a) =0,
extra0,i,a) ={(i, a)} and Ng,.2(0,i,a) = 1.

3.2 Identifying detected faults

Consider a present-state variabfe at time unitu such that
confl(u,i,a) =1 or detecfu,i,a) =1 for somea O {0,1}.
Suppose in addition thatetec{u,i,a) = 1. In this case, setting
next-state variablé; to every possible value at time unit-1

Faults that pass the above check are simulated under theesults either in a conflict (indicating that the value is not possi-
proposed fault simulation procedure. The overall structure of theble) or in detecting the fault. Thus, we can conclude that the fault
procedure is given below as Procedure 1. Each one of the stepis detected in this case. We perform this check for every unspeci-

of Procedure 1 is described next.
Procedure 1:Fault simulation for faulff

fied state variable at every time unit @< L whereNg/(u) >0
andN,,(u) > 0.

State variables and time units for expansion are selected in two
phases, described next. The starting point for state expansion are
the state and output sequences obtained by conventional simula-

In the first phase (Step 2 of Procedure 2 below), we select

sider the states whegg = a. This can be accomplished by set-

(1) For every present-state varialyeand every time unit
such thaty; is unspecified at time unitin the faulty cir- 3.3 Selecting pairs for expansion
cuit, collect information regarding backward implications
at time unitu — 1, including fault detections, conflicts and
additional state variables that become specified.

(2)  Check if the information collected in Step 1 is sufficient tion of the test sequende
to conclude thaf is detected. Iff is detected, stop.

(3) Select the best state variables and time units for stateevery pair ,i) for which confl(u,i, a) = 1 or detecfu,i,a) =1
expansion and perform the expansions followed by back-for a 0 {0,1}. Expandingy; at time unitu, we need only con-
ward implications. _ : 7 (

(4)  Fault simulate the test sequence after state expansion anting state variabley; to a in the state sequence obtained after

backward implications and checkfifis detected.

3.1 Collecting backward implications

In this step of the procedure, we collect information about pairs

of time units and present-state variablesi)( such that state
expansion usingi andy; may help establish fault detection. We

collect the information for each pair separately, starting in every
case from the state and output sequences computed for the faul

circuit using conventional simulation.

conventional simulation. Thus, in this case, state expansion does
not increase the number of state sequences that need to be con-
sidered. We use the sextra(u, i, @) to update the faulty circuit
state at time uniti with all the values implied by setting = a
at time unitu.
In the second phase of the state expansion process (Steps
3-8 of Procedure 2 below), we select a limited number of pairs
,1) for which both specified values must be considered. After
electing a pair u;i), we immediately duplicate each state



sequence and we assign the additional values according to
extra(u,i, 0) in one copy, and according &xtrau,i, 1) in the

other copy. Thus, the selection process is sequential. We select
additional pairs for expansion until the total number of state @)

Nextra,B = max {Nextra,Ov Nextra,l}-
Remove from E every pair (,i)
max {Nextra(uv I, 0)1 Nextra(uv I, 1)} < Nextra,B-

Select any pairi(i) O E.

for which

sequences reaches a predetermined constaRtes
We select the pairsu(i) based on the information col-

lected in Section 3.1, where each pair was considered separately.
To ensure that each pair has maximal effect on the number of

specified values in the faulty circuit, we impose the following
constraint. We defines(u,i) ={j:(j, 8) Oextrau,i,a) for

a, B 0{0, 1}}, i.e., sMu,i) is the set of state variables whose val-
ues at time unit are determined when present-state varigple
is set to either 0 or 1 at time unit We allow the pair\, i) to be

(8) Foreverysequenc® O S
(@) CopyS into a sequenc&’ and include botts
andS'in S.
(b)  Forevery [, ) Dextrad, 1, 0), setS[d][|] = 8.
(c)  For every {, B) Oextrad, i, 1), setS'[d][j] = 3.
(9) Ifthe number of sequences$is Ngrares Stop.
(10) Goto Step 3.

selected for state expansion only if all the present-state variableg 4 Fault simulation after expansion

in s\(u, i) are unspecified at time unitin all the state sequences
under consideration.

During state expansion by Procedure 2, we mark every time unit
where one or more state variables were specified. For every

During an iteration of the state expansion process, one ofsequence of state® 0 S we then resimulate these time units.

the pairs (,i) that satisfies the constraint above is selected
according to the following criteria. The criteria are listed in order
of importance.

(1) uis such thatN,(u) is maximum over all the time units with

Additional time units are marked and consequently simulated if
they have newly specified state variables. The resimulation pro-
cedure is described next.

For every state sequen8g we consider every time unit

Nou(U) > 0 and Ng,(u) > 0. This ensures that there is a maxi- starting fromu = 0. Every marked time unit is simulated as fol-
mum number of output values that can still be specified to estabiows. To simulate a state sequer®at time unitu, we use the

lish that the fault is detected.
(2) u is such thatNg,(u) is minimum. This ensures that a maxi-

input values fromT and the present-state variable values from
S[u]. For these input values, we compute an output pattand

mum number of state variables are already specified at time unit next-states'. We then check the following conditions. First, we

u, and it is likely that additional specified state variables will

comparez with the output pattern of the fault-free circuit at time

result in specifying output values (this heuristic was also used inunit u. If the two output patterns conflict (i.e., there is an output

[4]).

(3) The minimum ofNgy4(U, i, 0) andNeya(U, i, 1) is as large as
possible.

(4) The maximum ofN,4(U, i, 0) andNg,a(u, i, 1) is as large as

where they are specified to different {0,1} values), the fault is
detected for state sequenSe and S is dropped from further
consideration. If the fault is not detected &y we compare the
next-states' with Ju + 1]. If there is a conflict betweesi and

possible. The last two criteria ensure that expansion results in a§{u + 1] (i.e., sTi] # Ju + 1][i] for a state variablé where both

many specified state variables as possible.

The overall expansion procedure is summarized next.
The procedure maintains a set of state sequeBdesr a given
sequenceS, we denote byS[u][i] the value of present-state
variabley; at time unitu underS.
Procedure 2: State expansion

(1) LetS={S}, where S is the sequence of states that the
faulty circuit goes through under conventional simulation
of the test sequende

(2) For every pair i) such thatconfl(u,i,a)=1 or
detectfu,i,a) =1fora O {0,1}:

For every pair , 8) O extra(u,i, a):
SetS[ul[j] = B

(3) LetE be the set of all pairau(i) such that the following
condition is satisfied:

For every sequenc€ 0O S, S[u][j] is unspeci-
fied for everyj O sVu,i).

(4)  LetNgytmax = max {Ngy(u): (u,i) OE for some §.
Remove from E every pair (,i) for which
NOUI(U) < Nout,max-

(5)  LetNgymin = min{Ng,(u): (u,i) OE for some ¢.

Remove from E every pair (,i) for which
Nsv(u) > Ns;v,min-
(6) Let NextraO = max {Nextra(uv i, O): (U, i) O E},
Nextral = maX{Nextra(uv i1 1): (LI, i) o E}, and
Nextra,A = min { Nextra,Ol Nextra,l}-
Remove from E every pair (,i) for which

min {Nextra(ul | ’ 0), Nextra(ul i., 1)} < Nextra,A-
Let Neyirao = Max {Nexia(U, i, 0): (U, 1) O E},
Nextra1 = Max {Nexya(U, i, 1): (u, i) OE}, and

are specified), we conclude th& is not a feasible state
sequence and, agaif,is dropped from further consideration. If

no conflict is found, we check whethgfi] is specified for some
state variablei for which Ju+1][i] is unspecified. We set
Su+ 1][i] = s[i] for every such state variable, and mark time
unit u + 1 to indicate that it has to be simulated. Simulation of a
sequenceS stops when all the marked time units have been sim-
ulated or if a conflict or detection were identified. For a fault to
be considered detected, either detection or a conflict have to be
established for every sequer8eld S.

4. Experimental results

We applied the proposed simulation procedure to ISCAS-89
benchmark circuits and to circuits from [8] using a limit of 64 on
the number of state sequences of the faulty circuit after expan-
sion. The results are shown in Table 2(a) as follows. After cir-
cuit name we show the total number of faults. We then show the
number of faults detected by conventional simulation. The
results of the procedure from [4] with the same limit of 64 on the
number of state sequences after state expansion are shown next.
In the last two columns of Table 2(a) we show the results of the
proposed procedure. For each procedure we show the total num-
ber of faults detected and the number of faults detected beyond
conventional simulation. All the faults identified as detected in
[4] are also identified by the proposed procedure. Moreover, in
many circuits, additional faults can be detected by using back-
ward implications, compared to the numbers of faults detected in
[4]. For example, fos5378, 11 additional faults are identified as
detected by the proposed procedure, whereas no additional faults
were identified by the procedure of [4]. In the case of the larger
circuits, the procedure from [4] could not be applied whereas we
are able to apply the proposed procedure to detect additional



faults. Table 3: Effectiveness of backward implications

. . circuit detect confl extra
Table 2: Results using random patterns <208 1954 1500 5454
detected faults s298 6.71 36.57 60.71
total [4] proposed s344 281.67 0.00 304.33
circuit faults conv. tot extra tot extra s420 24.88 7.60 57.60
s208 215 73 86 13 86 13 s641 234.25 0.00 400.75
s298 308 143 150 7 150 7 s713 178.75 0.00 219.75
s344 342 314 320 6 320 6 s1423 10.29 91.71 195.71
s420 430 125 150 25 150 25 s5378 616.18 142.00 1082.27
s641 467 343 347 4 347 4 515850 114.00 89.00 264.50
s713 581 415 419 4 419 4 s$35932 5958.00 0.00 6711.60
s1423 1515 331 338 7 338 7 am2910 225.79 8.53 331.29
s5378 4603 2352 2352 Q 2363 11 mpl_16 2038.57 25.38 2096.05
s15850 11725 85 NA NA 87 2 mp2 2996.50 50.10 3449.00
s35932 39094, 22357 NA NA 22367 10 o .
am2910 3573 1234 1259 oL 1272 38 ablg value specified under state expansion. Thus, when state
mpl_16 1708 125d 1278 14 1280 21 Variabley, was setto a value [ {0,1} at time unitu, the next-
mp2~ 10477 666 670 4 676 10 State variabléY; corresponding toy; was set tax at time unit

u-—1, and implications of this assignment were computed at time
It is interesting to note that fos5378, all the faults unitu - 1. Several results are possible. (1) A conflict at time unit
detected by the proposed procedure were aborted by the procdt— 1 indicates thay, can only assume the val@eat time unitu.
dure of [4] when the number of state expansions reached thd2) The assignment may help detect the fault under consideration
limit of 64 states. This demonstrates the effectiveness of usingdy assigning one or more primary output values at time unit
backward implications to complement state expansion. Asu-—1. (3) Additional next-state variables may be specified at
another indication of the effectiveness of backward implications, time unit u—1, allowing additional present-state variables at
we collected the following information. For each fault, we main- time unitu to be specified. Consequently, fewer states need to
tained three counters, callélqn(f), Nged f) and Neyya(f). be considered after state expansion, fewer state expansions are
The counters were initially set to zero. They were incrementedpotentially needed for every fault, and the number of faults that
during the simulation procedure according to the state variablessan be efficiently considered is increased. Experimental results
and time units selected for expansion. Suppose that present-staiéere presented to support this claim for the case where state
variabley, at time unitu was selected for expansion. Then the €xpansion is done only in the faulty circuit. This case is impor-
following rules were applied. tant as it is consistent with the conventional test application
« If setting Y, at time unitu-1to a O {0,1} resulted in fault ~ SCheme.
detection (i.e.detecfu, i, a) = 1), thenNg( f) was incremented
by one and\q( f) was incremented bMg,qa(U, i, ).
« If setting Y; at time unitu-1 toa 0O {0,1} caused a conflict (1
(i.e., confl(u,i,a) = 1), then Ngy(f) was incremented by one
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