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Abstract

Various satisfiability problems in combinational logic
blocks as, for example, test pattern generation, verifica-
tion, and netlist optimization, can be solved efficiently by
exploiting the fundamental concepts of propagation and
justification. Therefore, fault effect propagation gainsfur-
ther importance. For the first time, we provide the the-
oretical background for a single path oriented fault effect
propagation considering both singleand multiplepath sen-
sitization. We call this approach SPOP. Furthermore, we
formul ate necessary and sufficient sensitization conditions
for SPOP. From these conditions the best suited algebra
for propagation can be derived. Experimental results for
stuck—at test pattern generation demonstrate that the new
approach is orthogonal to D—frontier based methods. We
achieve substantial improvements with respect to test pat-
tern generation time and quality.

1 Introduction

In recent years, a lot of improvement has been achieved
in design automation for highly integrated circuits. Ap-
proaches for logic synthesis[1, 2, 3] and verification [4, 5]
achieved a considerable progress. In these approaches
modifications of the circuit structure are performed. To
verify that these modifications do not change the circuit
functionality, it has to be proven that thereis no assignment
to the inputs of the circuit such that an effect of the modi-
ficationsis propagated to an output. To perform this proof,
test pattern generators for stuck—at faults are used [4, 5].
Many different methods for justification of interna logic
values have been developed [6, 7, 8, 9, 10, 11, 12]. How-
ever, less atention has been paid to propagation [6, 7].
Most approaches drive a D-frontier or split the circuit into
afaulty and afault—free part.

These methods can be improved with respect to two main
aspects. First, in existing approaches the propagation is
not directed. Theinformation about the progressisderived
from an analysis of the current signal assignment. Second,
if the unique sensitization can be performed without con-
flict, then redundancy identificationisvery expensive. This
paper proposes an approach that overcomes these difficul -
ties.

Theapproach and itsadvantages are described in Section 2.
In Section 3 we derive the necessary and sufficient condi-
tions for fault effect propagation. Advantages and poten-
tia drawbacks of the proposed propagation method are
discussed in Section 4. Experimental results using the IS
CAS' 85 benchmark circuits[13] are provided in Section 5
and conclusions are presented in Section 6.

2 Fault Effect Propagation

2.1 Previous Approaches

The D-Algorithm [6] was one of the first approaches to
automatic test pattern generation for stuck—at faults. This
approach uses singleand multiplepath propagation. There-
fore, the problem of concurrent justification and propaga-
tion is reduced to the task of justification. However, this
approach suffers from the enormous amount of possible
paths for propagation.

God [7] proposes to assign optiona values only to pri-
mary inputs and to derive the information whether the
fault effect is propagated after the implication. In this
way, the search space could be reduced. In spite of some
heuristics to ease the propagation, a directed propagation
was not achieved. Especialy, the detection of redundant
faultsremains a difficult task. This approach has been im-
proved by various procedures. Fujiwara [8] proposed to
add an X-Path-Check and unique sensitization to God'’s
algorithmto improve especialy the redundancy identifica
tion. Schulz et al. [9] further extended Fujiwara's method
by introducing an improved implication and unique sensi-
tization procedure. Further improvements were suggested,
eg., [11, 14, 15], however, a directed propagation has not
been achieved.

Larrabee [10] and Chakradar et al. [16] proposed to dupli-
cate the part of the circuit that is in the transitive fanout
of the fault location. Analogous with [11, 14, 15], these
approaches do not support a directed propagation.
Muth[17] proposed anine-valued model for combinational
and sequential test generation. Cheng [18] introduced the
split circuit model. They emphasized that single path sen-
sitization may be incomplete using the five valued logic
for multiple fault effect propagation. However, the con-
venient operation with its related necessary and sufficient
conditions and the relevance for practical problems were
not shown.



Stanion and Bhattacharya [12] were the first who tried
to take the propagation path into account. At best, they
achieved a single path propagation. At worst, they have to
duplicate the complete circuit.

2.2 The New Approach

Two facts form the motivation to develop a new propaga
tion approach. First, most redundant faults can be proven
redundant during propagation considering only few gates
near the fault location. Second, for amost al testable
faults, single path oriented propagation is better than mul-
tiple path oriented propagation. Therefore, we propose an
approach for propagation that

¢ ishbased on asingle path oriented method. We explic-
itly sensitize a single path p from the fault site z to
a primary output o. Exploiting our new method we
implicitly keep track of al multiple paths from z to
the primary output o that contain p as a single path.
Thisisan advantage compared to singlepath sensitiza-
tion without considering multiple paths. We call this
propagation method Single Path Oriented Propagation
(SPOP).

o assuresthesuccess of propagationwithout verification
by a backtrace and implication phase. Hence, we
completely separate propagation and justification.

¢ is orthogonal to D—frontier based methods. Experi-
mental results of Section 5 show thissituation.

o isapplicablefor fault effect propagationin sequential
circuits. Using SPOP, it is possible to examine dl
paths from the fault location to the primary outputs
completely before considering the pathsto theflip flop
inputs and before considering the next time frame.

e uses the best suited algebra for propagation. This
algebra is derived from the necessary and sufficient
conditionsfor SPOP.

e iscomplete, i.e., given enough timeapropagation path
will be found if a single or multiple propagation path
exists (and vice versa).

2.3 Basic Procedure

Figure 1 illustrates the basic steps of the proposed proce-
dure. We start by sdlecting atarget fault. Beginning from
the fault location a path to a primary output is selected and
this path is sensitized path-segment by path-segment. A
path—segment is a subpath which starts at a fanout branch
(or a primary input) and ends at the next fanout stem (or
primary output). For each sdl ected path—segment the condi-
tionsfor sensitizingthe gateshaveto bedetermined. Before
choosing the next path—segment, all possible implications
are performed to detect locally induced conflicts as soon as
possible. We sl ect the next path—segment withaminimum
distance to any primary output. This aternating selection
of path-segments aswell as the sensitizing and implication
process is continued until an output is reached. Then, the
unjustified values are justified. This procedure implies an
orientationto asinglepath whichisconstructed step by step
by sdlecting path-segments. It is worth mentioning that,
if the implication procedure detects alocally induced con-
flict, thecurrent path—segment isrejected and an alternative
path—segment is chosen for inspection.

In the following section we derive conditions that assure
that only Single Path Oriented Propagation has to be con-
sidered.

select afault
v
perform sensitization
perform implications
v
select first path—segment
v
perform sensitization
perform implications

’ perform justification ‘

e e
no
| undo justification |
-
=

’ reject current path—segment ‘

- no redundant

| yes
’ select next/pvath—segment ‘

l

Figure 1: Basic propagation procedure

2.4 Basic Notation

Let us assume an arbitrary circuit with the fault location
at signal x and asigna y in the transitive fanout of z, as
showninFigure2. Signa y isdriven by atwo-inputgate ¢
with theinputsa and b. The symbol o standsfor any logic
function. Therefore, we can formulate the gate operation
for the fault—free circuit by y = a o b and for the faulty
circuitby y' = af ob/ (2,27, a,a’, 6,67,y y € {0, IP
In Figure 2, the subpath from « to y viaa isdrawn in bold.
TheBoolean differencey, of signal y with respect to signal
x at thefault locationisy,. The general condition for fault
effect propagation from z through gate G is

Yo = yf Dy
= (afobf)@(aob) (1
= [(a®az)o(b®by)]® (aob). )
—— S——
af bf

The condition for Single Path Oriented Propagation from
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Figure2: SPOP in acombinational circuit

viaa to y isgiven with (2) by
((@obt!) @ (aob)). (3

Anaogous, the conditionfor SPOPfrom x viab toy results
in

Qg * yx(ax = 1) = dag

by ye(by =1) = bx~((afog)®(aob)). 4

Both conditionsare also validin the case of an n-input gate.
The SPOP conditions are necessary and sufficient due to
thefollowing relation

which can be easily extended to an n-input gate. How-
ever, only the simplified equations (3) and (4) have to be
exploited for propagation.

That equation (5) isvalid, can be shown by Shannon expan-
sion of y, (ay, b;) using cofactors with respect to a, and
b, and the well-known relation y, (a; = 0,6, = 0) = 0
which can be proved easily with equation (2).

Yr =

3 Necessary and Sufficient Conditions for

Fault Effect Propagation
The necessary and sufficient conditions for fault effect
propagation can be directly found from equation (3) or (4).

3.1 Conditionsfor Gates

Asdescribed in Section 2.3, the procedure starts at the fault
location x and ensuresthe Single Path Oriented Propagation
of the fault effect along the sdected path. Hence, the
Boolean difference with respect to z at the current end of
the path evaluates to 1. E.g., if the path ends at signa
a the Boolean difference a,. (z isthelocation of the fault)
equals1. Sincethevauesof thesignalsat thefaultlocation
for thefaulty and thefault—freecircuit are known, thevaue
of @ isknown, too. For example, if y isthe output signal
of an AND—gate, theterma,. - (@ - b7 & a - b) hasto equal
1in order to propagate the fault effect to the output of the
gate. Inserting the known value of «a, the equation can be
simplified. For example, « = 0 and a, = 1 resultsin
yr = bf. Therefore, the signa & has to equal 1 in the
faulty circuit. There are no requirements in the fault—free
circuit.  Theresult of the calculations assuming a, = 1
for an AND-gate and an OR-gate are summarized in the
left part of Table 1. The first column contains the type
of the gate to be sensitized. The following two columns
show the resulting conditions, for « = 1 and a = 0. In

ClxIl ale
gae [ a=1 ] a=0 gae | D[ D
AND | 6=1 [ =1 AND [ GT 1 F1
OR |/ =01 b=0 OR | F0 G0

Table 1: Propagation Values and Symbolic Representation

[17] asymbolic representation for thevalues of Table 1 has
been introduced. The difference between thefaulty and the
fault—freevalue of signal « isexpressed by D and D. The
sensitization conditionsfor b are G1, G0, F'1,and F0,i.e,
either the faulty or thefault—freevalue of b hastobeOor 1.

3.2 Conditionsfor High—Level Primitives
Inthefollowingwe assume afull adder. Inputsarea and b,
thecarry inputisc, and the outputsare n and s. Therefore,
the equationsfor the carry n and thesum s are

n=a-bt+a-c+b-c
s=a-b-c+a-b-c+a-b-T+a-b-c

Exploiting (1), s, and n,, resultin

@(b@bf)

(af b)) &
(b7 cT)).

(cc)
& ((a-c)@(a o)) &

sp = (a®al)
ne = ((a-b)®
((b-c)®

The terms a,; - sy (a, = 1) and a, - n,(a, = 1) can be
calculated and the sensitization conditions can be derived.
Thisstepresultsin Table 2. F indicatesthat the fault effect
is not visible and /' means that the fault effect must be
observed at the corresponding signal. Similar tablescan be
obtainedforb, = 1andc, = 1.

output a=D a=D
s =L c=F | b=, c=F
b=F; c=F | b=F"; c=F
n b=1; c=0 b=1; c=0
b=0; c=1 b=0; c=1

b=D b=D

c=D c=D

Table 2: Propagation Values and Symbolic Representation

In[19] aprocedure, det er m ne_best _| ogi c, hasbeen
introduced in order to create complete logic systems. Ap-
plyingdet er m ne_best _| ogi ¢ toour problem, the15-
valued logic, as proposed in [20] is obtained.

4 Discussion of the new approach

4.1 Advantagesof the Proposed Method
The proposed approach has severa advantages over the
previously published methods:
e Multiple path propagation is implicitly included in
Single Path Oriented Propagation. Hence, during
propagation, al single/multiple paths are considered.



e The success of fault propagation is assured without a
simulation based verification. Therefore, propagation
is separated from justification.

o Especialy for sequential circuits, the proposed prop-
agation method is convenient. It is possible to check
all propagation pathsto primary outputs, i.e., al prop-
agation possihilities within the current time frame,
before the next time frame has to be examined.

o Experimental results show that a fast identification
of redundant faultswithout justificationis achieved.
If the fault effect cannot be propagated along the se-
lected path, for almost al faultsa conflict occurs dur-
ing the first implications. Hence, only very few prop-
agation paths have to be examined and this results
in a significant reduction of the search space. This

circuit Justification
redundant | testable
c1355 ]| 0% 0%
c1908 || 0% 0%
c2670 || 0.3% 02%
€3540 || 0.05% 0.1%
c6288 || 0% 12.7%
c7552 || 0.06 % 0.9%
s1423 1| 0% 0%
5378 || 0% 0%
$9234 || 0% 0.07 %
s15850 || 0% 0%
s38417 || 0% 0%
s38584 || 0% 0%

Table 3: Percentage of faults with unnecessary justifica
tions

statement has been verified for al benchmarks cir-
cuits[13, 21]. Typical results can be seen in Table 3.
Columns 2 and 3 show the percentage of dl faultsthat
need unnecessary justifications to prove the fault as
redundant or to generate atest pattern. The columns
demonstrate that only a negligible number of faults
cannot be classified by the minimal number of justi-
fications, i.e., a sensitized path can dmost aways be
justified.

¢ The propagation algorithm avoids any unnecessary
effort for easy testable faults because only necessary
assignments are performed.

o Easy identification of redundant faults is automati-
caly included.

e The management and the updating of lists (e.g., the
D—frontier) is not necessary during the propagation.

¢ It is easy to combine the propagation a gorithm with
other ATPG techniques.

o The proposed propagation technique performs an effi-
cient pruning of the search space, sincethe decisions
are performed at the fanout stems in the transitive
fanout of the fault location and not at the primary
inputs.

o Many speed—up techniquesareimplicitly considered
(e.g., dominators, dynamic dominators, X -Path-check,
unique sensitization)

¢ Single Path Oriented Propagation can be applied to
other fault models, e.qg., the gate delay fault model.

4.2 Possible Problems

While developing the new fault propagation method we

checked for potentia drawbacks.

o Arethere many possible pathsto sensitize?

Inthe worst case, al single paths, starting at the fault
location, have to be treated. To examine this point,
we have performed stuck—at ATPG for all faultsfor all
circuitsin column 1 of Table 4. Columns 2 through

‘ Greuit [ 50% | 99% T00% |

[redJtest [red [ fest [ red | Test |
I35 I5] 1] 51 2] 5] 4
c1908 || 0| 1| 7| 1| 7| 2
2670 || 0| 1| 12| 3| 15| 9
3540 || 0| 1| 15| 3| 15| 9
6288 | O| 1| 0| 34| 0] 48
c7552 || 4| 1] 12| 12| 12| 32
SIA23 T 0 I 21 3 3| 3
5378 | 0| 1| 9| 3| 26| 33
9234 | 0| 1| 23| 9| 52| 17
s15850 || O| 1| 21| 3| 49| 24
38417 | O| 1| 14| 3| 14| 19
38584 || 0| 1| 52| 3| 52| 43

Table 4: Number of path to sensitize for a redun-
dant(red)/testabl e(test) fault

7 show the maximum number of paths sensitized to
treat 50 %, 99 %, and 100 % of all faults, i.e., to prove
the faults either as redundant (columns 2,4,6) or to
generate a test pattern for them (columns 3,5,7). As-
sume that we want to treat 99 % of all faults (columns
4 and 5). Table 4 shows that we have to sensitize
not more than 52 (34) paths per redundant (testable)
fault. Moreover, al faults can be classified testable or
redundant by sensitizing less than 60 paths. Hence,
only few paths have to be sensitized.
o How to sdlect the propagation path at a branch?

At a fanout, we first sensitize the branch whose dis-
tance to any output isminimal. The resultsof Table 4
and 5 show that thisgreedy heuristicishighly efficient.

5 Reaults

We have implemented the propagation agorithm in a C
language program, TIP, and used it for stuck—at test pattern
generation. Therefore, a good comparison to previous ap-
proaches can be made and the eff ectiveness of our algorithm
isshown impressively.

We have applied the test pattern generator to the ten well-
known combinational benchmark circuits[13]. Weran the
experiments on a DECstation 5000/200. The results are
summarized in Tables 5, 6, and 7.

In aninitial experiment, we demonstrate the quality of our
approach. Table 5 shows the results of the combinational
benchmark circuitsfor test generation without exploiting a
preceding random test generation phase. Column 1 shows
the circuit name. Columns 2, 3, and 4 give the number of
tested faults, redundant faults, and aborted faults. The test
pattern generator is combined with a fast fault ssimulator.
Fault simulation is performed for every generated test pat-
tern. The CPU time for test pattern generation and fault
simulation is stated in column 5. The resulting number of
test patterns after reverse order fault smulation is shown
in column 6. For dl circuits, well compacted test sets



circuit [ tested [ red. | aborted | CPU[S[ [ pafterns |

432 520 4 0 0.6 58

c499 750 8 0 0.7 57

€880 942 0 0 04 57
cl1355 || 1566 8 0 16 90
c1908 || 1870 9 0 4.5 127
c2670 || 2630 | 117 0 6.6 118
c3540 || 3291 | 137 0 124 156
c5315 || 5291 | 59 0 4.2 123
6288 || 7710 | 34 0 3.5 25
Cc7552 || 7419 | 131 0 21.7 222

Table 5: Results without using RTPG (DEC 5000/200)

have been generated in less than one CPU—minute. More-
over, al circuits feature no aborted faults. This statement
isvalid for all ISCAS’85 [13] and the combinational part
of all ISCAS '89 [21] circuits, too. This is remarkable
since (besides thelearning procedure of [9]) no procedures
and heurigtics as, e.g., dominators or unique sensitization,
are exploited explicitly. The excellent result of c6288 em-
phasizes that alarge number of possible propagation paths
(c6288 has about 10%° paths) does not result in a large
CPU-time.

Next, we prove that our new approach is not a further im-
provement of D—frontier based a gorithms, but can be seen
as an independent method. Therefore, we consider faults
that are hard to propagate. We choose Socrates [9], atypi-
cal representative of D—frontier propagation, asareference.
We determine two sets of faultsfor each of the ISCAS’85
benchmark circuits. Thefirst oneisthe set of faults where
Socrates has to perform at |east one backtrack. We assume
these faults as hard—to—propagate for a D—frontier based
algorithm. Thisset isdenoted as H P;,. Anadogously, we
get the second set H Pp, the hard—to—propagate faults for
our approach. We introduce the following metric d.

. |HPDQHPO|

= HPpUHPo| 100%
This metric equals 100% if both approaches consider the
same faults as hard—to—propagate; it is 0% if both ap-
proaches have to backtrack for digoint faults, i.e., both
approaches are orthogonal. The result of the experiment is

[Giveuit [ [HPp] [ [HPo] [ [HPo N HPol [ %] ]

432 2 2 2 [ 100.0

c499 17 9 0 0.0

€880 0 0 0 —
cl1355 76 22 4 4.3
€1908 21 16 1 2.8
c2670 18 46 8 14.3
€3540 9 14 1 4.5
c5315 18 17 5 16.7
€6288 29 40 3 4.5
C7552 118 92 63 42.9

Table 6: Comparison for hard-to—propagatefaults

shownin Table6. Thefirst columndenotesthecircuit name.

The next three columns represent the number of hard—to—
propagate faults | H Py, | and | H Po | for each approach and
the number of hard—to—propagate faults common for both
approaches |H Pp N H Po|. In the last column, we have
the described metric d. With the exception of circuit c432,
asmall circuit with only two faultsto consider, the results
demonstrate that both approaches consider amost digoint
fault sets. The metric d islower than 20 % for seven of the
ten circuits. This clearly shows that the new approach is
orthogonal to D—frontier based methods.

In afurther experiment, we compare the CPU-time for test
generation of our approach to those of Socrates [9], Neme-
sis[10], TRAN [16], CONTEST [14] and the approach of
Kundu et a. [22]. Table 7 shows the result of this com-

parison. All these approaches use a random test pattern
[ _circult ]| 911 TI01 [ 16l [ [I4[ [ [22] [ TIP ]
c432 4.3 77 0.8 3[03' [ 06
c499 49 29 18 7| 04| 02
€880 52 | 36.2 3.0 1] 03| 02
c1355 || 139 | 188 6.7 20| 17| 05
cl908 || 338 | 66.0 | 130 17| 48| 12
c2670 || 575 | 3350 | 95.2 91 | 6.7 | 6.6
c3540 || 56.6 | 255.0 | 24.9 32|90 | 35
c5315 || 31.3| 657 | 321 16| 32| 19
c6288 || 87.0 | 1055 | 44.3 891|202 | 34
C7552 || 247.6 | 738.0 | 308.0 | 284 | 19.3 | 195
0 254 581 144 ] 197 27145
CPU 20| 112 | 218| 45| 158 | 19.1
0w 50.8 | 650.7 | 3139 | 88.7 | 42.7 | 27.7
Speed 18| 235 113| 32|16 | 10

Table 7: Comparison of CPU-times [g] for ATPG with
RTPG

generation phase to reduce the number of faultsthat have
to be treated explicitly. To ease the comparison, we first
perform a random test pattern generation, too. Since the
results of the different approaches have been performed on
different machines, we compensated the machine speed.
The last four lines of Table 7 show the geometric mean
of the CPU-times, an approximation of the machine speed
(SPECIint89), the geometric mean of CPU-times weighted
with the corresponding machine speed, and the speed of
the test generation normalized to the approach proposed
in this paper. All approaches are dower than the pro-
posed approach, ranging from afactor of 1.6 to afactor of
23.5. Please note that [22] has aborted the generation for
some redundant faults. Therefore, the approach would be
slower if an aborted free result would have been achieved.
Socrates is about 1.8 times dower than the proposed ap-
proach. However, since only about 5 % of the faults are
treated by deterministic test generation, the speed—up for
deterministic test generation without random test genera-
tion is about 2.3. CONTEST is about three times slower
than our approach though it uses a specialized random test
pattern generation phase. The remaining two ATPG-tools
need more than one order of magnitude more CPU-time
than our method.

The proposed approach performs steady excellent for al

1 aborted faults are | eft



benchmark circuits, i.e., for easy testable circuits as well
as for circuits with hard redundant faults. The approach
performs better than state-of—the—-art tools that use a D—
frontier to propagate the fault effect. Though SPOP per-
forms better than D—frontier based approaches, it is worth
mentioning that a combination of both, SPOP and a D—
frontier based method, may |ead to an interesting agorith-
micimprovement of propagati on and test pattern generation
considering the orthogonal behavior demonstrated above.

6 Conclusion

In this paper, we have derived necessary and sufficient con-
ditionsfor a Single Path Oriented Propagation. These con-
ditions show that single path propagation is sufficient for
propagation, i.e.,, multiple path propagation is implicitly
considered. From the sufficient and necessary conditions,
best suited logic systems for CAD—-tasks can be deduced.
Experimental resultsindicate the high efficiency of the ap-
proach. On the one hand, aborted—free ATPG has been
presented that is about a factor of two faster than state-
of-the-art ATPG tools. On the other hand, we have shown
that the proposed propagati on approach isorthogonal to the
D—frontier propagation.
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