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Abstract;

Giraldi and Bushunell praposed a new test
generation method, called the EST (Equivalent §Tae
hashing) algorithm, which can reduce the search space for
lest generation by using Binary Decision Diagram
fragments to detect previously encountered search staies.
In this paper, we extend the concepi of search state
equivalence to that of search state dominance, and propose
a new extended method, DST (Dominant STate hashing)
algorithm, based on the search siate dominance. The DST
algorithm can prine the search space more effectively than
the EST alporithm,
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I. Introduction

Many 1test gencration algorithms for
combinational circuits have been proposed over the years
[1, 3-12]. Among those algorithms, the D-algorithm [3]
was the first complete algorithm that can generate a test-
pattern for any logical fault if such a test-pattern exists
and enough computing time is given. The second
significant progress in accelerating algorithms was
achieved by PODEM [4] and FAN [5, 6]. However, the
computational resources required for test generation were
stll immense, i.e., there still remained some aborted
faults in the ISCAS'85 benchmarks [2] due to the limited
computing time. Afier that, some approaches and
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improvements [9-12] have been proposed and succeeded in
handling all faults in the ISCAS'85 benchmarks by either
generating a test-pattern or a redundancy proof. Among
those approaches, Giraldi and Bushnell [12] proposed a
new test generation method, called the EST (Equivalent
STate hashing) algorithm, which can reduce the search
space for lest generation by using Binary Decision
Diagram fragments to detect previously encountered search
states. The EST algorithm has a characteristic feature
such that it is orthognal to all existing test generation
algorithms, so it can be used to accelerate any lest-pattern
generator.

In this paper, we extend the concept of search
state equivalence to that of search stae dominance, and
propose a new extended method, DST (Dominant STate
hashing) algorithm, based on the search state dominance.
The DST algorithm can prune the search Space more
effectively than the EST algorithm, First, we intreduce
the EST algorithm of Giraldi and Bushnell and some
concepts; search state, evaluation frontier, and search state
equivalence. Next, we extend the concept of search state
equivalence 1o search state dominance, and then present
some theorems and the DST algorithm. We illustrate the
benefits of DST through examples of decision trees,

II. The EST Algorithm

The problem of generating a test-pattern for a
given fault can be viewed as a finite space search problem
of finding a point in the search space that corresponds to a
lest-pattern.  Test generation algorithms like PODEM [4]
make a series of primary input (PI) assignments for fault



sensitization and propagation in the circuit. When a fault
i5 sensitized, a D-frontier appears in the circuit, where a
D-frontier is defined as a set of gates with unspecified
outputs and some input signal set 1o D or D. Further PI
assignments for advancing the D-frontier o a primary
output (PO} of the circuit find a test-pattern, Duning this
process, backiracking occurs when either the D-frontier
disappears or the fault site is not sensitized. In this way,
test generation algorithms usually build a decision tree
and apply a backtracking search procedure. Each node or
step in the decision tree corresponds to a partial PI \ralu_v:
assignment. Implication or five-valued (0, 1, X, D, I}
logic simulation [or the partial Pl assignment forms a
decomposition in the circuit, Since cach node in the
decision tree corresponds Lo a search state, the search state
is defined as the logic circuit decomposition derived [rom
the PI assignment corresponding to the decision step.
Figure 1a (Figures 1b and Ic) show decompositions for
sensitized (unsensitized) faults,

Giraldi and Bushnell [12] introduced evaliarion
frontier (E-fronticr) Lo represent a scarch state more
clficiently, The E-frontier represents a complete circuit
cut-set labeling and uniquely identifies a circuit
decomposition.  In a five-valued (0, 1, X, D, D) 1est
gencration algorithm, an E-frontier consists of all intzrnal
nets labeled with values other than X (unassigned) that are
connceted 10 the circuit PO's by a path of gates with
unassigned values (an X-path). In Figure 1(a), the PI
assignment is [x2=0}, and the E-frontier is [x3=D, x7=1]}.
In Figures 1(b) and 1{c), those PI assignments are {x2=(),
x3=0] and {x1=1, x2=1}, respectively, and have the same
{equivalent) E-fronticr {x6=1, x7=1]. Subsequent
operations on such equivalent circuit decompaositions
produce cquivalent results, and hence we define search
state equivalence as follows: search siates are called 1o be
equivalent if their E-lrontiers are equivalent.

Giraldi and Bushnell proposed an approach to
early identification of search path termination conditions
by using E-fronticrs, i.c., pruning scarch space. Consider
the incomplele decision tree of Figure 2 representing the
scarch space for fawll [0 Node letters represent search
states at cach decision step. E-frontiers are computed at
cach node, Scarch starts at the root node A and proceeds
in depth-first scarch order up to node G with implication
resulting in scarch state C'. Suppose that the E-frontier
of C' is equivalent o that of C. Then we can back up
{(backtrack) without exploring implications from C' since
scarch state C equivalent to C' is known 1o be

inconsistent.

Consider another early search termination
example. Supposc that a test-patiern for fault f is
generated as shown in Figure 2. Suppose that we start
searching a test-pattern for another fault g. When x2 is
set 1o 0 in search state L, search state H' is created and
found to be equivalent to node H for fault f. If the fault
has been sensitized, i.e., the E-frontier contains the value
D or D, then all subsequent PI assignments for fault g
will be identical to those previously made for fault F
Since node H for fault f is on a path o a test-pattern, the
unassigned PI's for fault g are set to those corresponding
PI assignments for fault f and search terminates
immediately with a test-pattern for fault g.

x4
= xT=1 Sensitized E-frontier
{ x5=D, x7=1 }
(a2} Sensitized Faull
xl
%x2=0 E aT=1

Unsensitized E-fronticr
{ xb=1,xT=] }

(b} Unsensitized Fault

xl =
x9

27 =1 Unsensitized E-frontier

[ mo=1, x7=1 }

(c) Unsensitized Fault

Fipure 1. Decompositions for Sensitized and Unsensitized Faulis
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[ inconsistent Assignment

Figure 2. Eguivalent Stles in Current and Prior Faults

ITl. Search State Dominance

In this section, we extend the concept of search
state equivalence o that of search state dominance and
present theorems for search path wermination,

An E-fronticr E can be represented by a set of
pairs of net N and its value v, ie., E= [(N, v}, (N,
Valy cs (N Vil OFE = [ Ny=vy, Nosvg, o, Np=v ).
Let E; and E; be E-fronticrs.

J
E.i if

We say that E; dominates

(1} any pair (N,v} in E; is included in Ej

(i.e. E, < E.i ), and

{2) any pair (N, v} in Ej suchthatv=D or D
15 included in Ei (1.c., both Ei and E'_i coniain
the same D-lronticr),

For example, consider four E-fronticrs, Ej = |
x1=0, x2=1 ], EE = [ x1=0, 22=1, x3=1, x4=10) },E3 =
(x1=0, x2=1, x3=1, xd=D Joand Eg = { x1=0, x3=1, x4=
ﬁ }. Ey dominates E, sinccEI < Eg However, E4
does not dominate E3 since D-frontiers of E; and E?: ane

not the same. On the other hand, E, dominales E3 since

E4 ~ E5 and both E4 and E3 contain the same D-frontier

(xd=D).

An E-frontier E is said to be sensitized il it
contains value D or D , i.e., the D-frontier of E is not
empty. An E-frontier E is said to have a solution if there
is a path from the node of the E-frontier to a node of a
lest-pattern in the decision tree,

In the following, we present two theorems for
carly identification of search path termination. The first
is the theorem in case of searching a test-pattern for the
same warpet fault,

Theorem 1: Let Ei and E i be E-frontiers for the
same target fault £ If E; dominates Ej and E; has no
solution, then E: has no solution.

]

Proof 1 Here we shall consider the PODEM
algorithm [4] as the base test generation algorithm for the
DST algorithm.

E; and E j are E-frontiers for the same target fault

f. Let N, andN j be nodes (search siates) corresponding

1] Ej and Ej, respectively, in the decision ree. Let A and

Aj be PI assignments with which the search proceeds

from the root node to N; and Nj.. respectively. Since E;

dominates Ej, we have (1) E; = Ej and (2) both E; and

Ej contain the same D-frontier {the D-frontier is empty

when E-I and E j are unsensitized). This implies that a
node N j1 whose E-frontier is E j can be reached from node
N; corresponding 10 E; by assigning some values on
unassigned Pl's. Let "!"ij be those corresponding PI

assignments that transfer the search state from E; to E.j.

Hence, node N jl can be reached from the root node by PI
assignments A, followed by "!"‘ij-
Suppose that Ej has no solution for fault [ but

F.j has a solution for the same fault f. Since Ej has a

solution for fault f, node N j corresponding o Ej in the

decision tree is on a path to a test-pattern for fault [, Let

‘d‘jt be those corresponding Pl assignments that transfer

from node Nj- to the node where a test-pattern has been

generated.  The resulting test-pattern is the PI
assignments ""‘j followed by ‘a"_jr “Since Nj' has the same
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Nj

pattern for fault f. Furthermore, since Nj' can be reached

E-fronticr as Nj. node is also on a path 1o a tesi-

from N;, node N is also on a path o a est-patiern for
fault f. That is, the PI assignments A; followed by ""‘ij
and ﬁj[ can be the west-pattern for fault £ This contradicts

that Ej has no solution for fault f. Hence, lt‘Ei dominates

E_i and Ei has no solution, then E}- has no solution.

QE.D.

Example I:  Letus try to generate a test-patiern
for a fault x7 s-a-0 in the circuit of Figure 3(a). Let us
first consider a conventional approach 1o searching a 1est-
pattern for the fault. The decision tree is shown in Figure
4(a). First we must set x7=1 1o activate the laull x7 s-a-
0. Te justify x7=1 we first try x1=0. This implies
x7=0,

E; = {x7=D]
Ey= [x2=1, x0)

xl1=D

x13=]
#-l-'
I3=] x]2=0
(a) Scarch state of node 3 in Fpume 4
xh
x5 xll
L | — I_:.] = [a7=1), x8ai]
xl=]
X9
N ——
x13
=3

(b} Search state of node 7 in Figure 4

Figure 3. E-fronticrs in Test Generaltion
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This state corresponds to node 1 in Figure 4(a)
and the E-frontier is E;=(x7=D}. To propagate the error

or D-drive, we set x2=1, which implies {x2=1, xE':E}
{(node 2 in Figure 4(a)) and the E-frontier E; =[x2=1],x9=

(e} Dominance
Figure 4. Comparison of Equivalence and Dominance



D). To D-drive furher, we try 1o set x3=1. However,
this leads x11=D, x12=0 and x13=1, i.e., empiy D-
frontier, which implies an inconsistency (node 3 in Figure
4(a)). Hence we must backtrack to node 2 in the decision
tree in Figure 4(a) and reverse the value, i.e., x3=0 (node
4 in Figure 4(a)). In this way, the test-patiern gencration
proceeds exhaustively until it reaches the final node 12 of
the decision tree in Figure 4(a) and fails 1o generate a west-
pattern for the fault x7 s-a-0. The fault x7 z-3.0 is
undetectable or redundant.

Mext let ug eonsider the EST algorithm [12]. Al
node B of the decision tree in Figure 4(a) the E-frontier Es

={x2=1, x9=D)} is cquivalent to the E-frontier at node 2.
The E-frontier also contains a D-frontier, i.e., the faplt is
sensitized and propagating at both nodes 2 and 8. Since
the E-fronticr of node 2 has no solution and both E-
frontiers of nodes 2 and 8 are the same, the E-frontier of
node 8 also his no solution, and hence we can backtrack
without lurther scarch from node 8. EST can avoid 1o
waste the time exploring implications from node 8, This
process 18 illustrated in Figure 4(b).
If we look at node 7 in the decision tree of Figure 4(a),
we {ind out that the E-frontier of node 7, [x7=D, x8=1],
15 dominated by the E-frontier of node 1, {x7=D). Since
we know that there is no solution under node 1 in the
decision tree, the E-frontier of node 1 has no solution.
Hence, from Theorem 1 we can see that the E-frontier of
node 7 also has no solution, and we can backtrack from
node 7 o node 6 without further search under node 7.
This is illustrated in Figure 4(c). By using the
dominance relation of E-frontiers, we can terminate
unnecessary scarching earlier than the EST algorithm,
Next, we present a theorem for search path
termination hased on dominant search stales in current and
prior target faults,

Theorem2: LetE; andE i be E-frontiers which
are sensitized for arget faults andl'j, respectively,

{a) I E, dominates Ej and Ej has a solution,
then Ej has a solution.

{b) Il E; dominates Ej and E; has no solution,

then Ej has no solution.

Proof : By the law of contraposition, (b) can
be implicd from (a). So, we shall prove (a) in the
following,

Let and M.

i be nodes (search states)

N;
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corresponding 1o E; and E ;, respectively, in the decision
tree. Let A; and Aj be PI assignments with which the
scarch proceeds from the roo! node to N; and N,
respectively. E; and E; are sensitized for target faults f;

J
and f i respectively. Furthermore, since E; dominates Ej,

we have (1) E; = Ej and (2} both E; andEj contain the

same D-frontier D, j (not empty). This implies that a

i can be reached from node

N; corresponding 10 E; by assigning some values on
Let ":"ij be
assignments that transfer the search state from E; to

node N I-‘ whose E-frontier is E

unassigned Pl's. those corresponding PI

Hence, node M j' can be reached from the root node by PI
assignments A; followed by Aj:. Since E; and E; have

1y 1
the same D-frontier D:ijr nodes Nj ande' have the same

D-frontier D]-j. The D-frontiers of Ni
sensitized for fault I‘j, and the D-frontier of

for fault I'J-.

Since Ej has a solution for fault fj. node Nj

corresponding to Ej 15 on a path 1o a test-patiern for fault

lJ Let ’ﬁ‘jt be those corresponding PI assignments that

and Nj are

Nj is sensitized

transfer from node N; 1o the node where a test-pattemn for

1
Fault f.l has been generated. The resulling test-pattern is

the Pl assignments Aj The PI

can propagate at least one of the

followed by A.j ¢

assignments A

L
sensitized valuajs (for fault fJ-] in the D-frontier D; i of Ej
Since N jl has the
sarme E-frontier as Nj‘ at least one of the sensitized valued
(for fault fi} in the D-frontier of

o at least one primary output (PQ).

Nj' can be propagated to

al least one PO by Pl assignments A it Therefore, node
N; is also on a path to a test-pattern for fault f;. That is,
the Pl assignments A; followed by Aij and ‘i‘jt can be the
test-pauem for fault ;. Hence E; has a solution for fault
£ Q.E.D.

Ezample 2: Let us consider two faults, x5 s-a-1
and x10 s-a-1, in the circuit of Figure 5. First we
consider o generate a test-pattern for the fault x5 s-a-1.
In Figure 5(a), the test-pattern generation process for fault
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4 Kim| [x11=D, x3=1,]}
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& x2=] Ell=D, xP=l, x3=] I-—'rgﬂ-p-[mm generated
7 =1 [x7=D]

(b] x10s-a-1 fauh

Figure 3. Test generation for (a) &5 s-a-1 and (b) 210 5-8-1 Tauls

x5 s-a-1 is illuswrated. The test-pattern 15 (x1, x2, x3,
x4, x5, x6)=(1, 1,1, 1,0, 1),

Consider the subsequent search for fault x10 s-a-
I in Figurc 3(b). The tcst-pattern generation proceeds as
indicated in Figure 5(b). The corresponding decision tree
is shown in Figure 6(a). According to the EST
algorithm, only the equivalence relation among E-
frontiers is checked. Hence, in this example, at step 6 in
Figure 3(b)} the computed E-fronuer, {x11=D, x9=1,
x3=1], is found to be identical to the E-frontier in step 6
of the decision tree for the fault x5 s-a-1 (Figures 5(a)).
The E-fronticr contains D-frontier. Hence, all subsequent
PI assignments for fault x10 s-a-1 is identical to those
previously made [or faull x5 5-a-1. Since node 6 for fault
x5 s-a-1 15 on a path 1o a test-pattern (Figure 6(a)), the
unassigned P1's lor fault x10 s-a-1 are set 1o those
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ia) Equivalence

b} Dominence

Figure 6. Comparison of Equivalenes and Dominance

corresponding PI assignments for fault x5 s-a-1, i.e.,
x6=1, and search terminates immediately with a test-
pattern for fault x10 s-a-1, (x1, x2, x3, x4, x5, 26) = (1,
1. 1.0, 1.1).

If we look at step 2 in Figure 5(b) or node 2 in
the decision trez of Figure 6(b), we find out that the E-
fronuer in step 2, [x11=D], dominates the E-frontier,
[x7=D}, in step 6 of decision tree for the fault x5 s-a-1
(Figure 3(a)). In Figure 6(b), node 6 for fault x5 s-a-1 is
on a path to a test-pattern.  Therefore, from Theorem 2 we
can see that fault x10 s-a-1 also has a test-pattern. The
test-pattern is immediately obtained by setting the
unassigned PI's for fault x10 s-a-1 to those corresponding
Pl assignments for fault x5 s-a-1, i.e., (x1, x2, x3, x6) =
(1,1, 1, 1). The Pl assignment at node 2 in the decision
tree for fault x10 s-a-1 is (x4, x5) = (0, 1). Hence the
test-pattern for x10 s-a-1 is (x1, x2, x3, x4, x5, x6) = (1,



1,1,0,1, 13, Figure 6 shows the comparison of two
decision irees based on search state equivalence and
dominance. We can sce that if we use the dominance
relation of E-fronticrs, we can reduce the size of search
space and hence the time to search the space more
effectively thun the EST algorithm.

IV. The DST Algorithm

In this section, we present the DST (Dominant
STate hashing) algorithm based on the search state
dominance which is an extension of the EST algorithm
[12]. In the sume way as the EST algorithm, the DST
algorithm can be added as a sub-algorithm to any test-
pauern gencration algorithm, i.e., it is orthogonal to the
operations of the base test-pattern generation algorithm
and works with any 1est-patiem generation,

Figure 7 shows the DST algorithm. A hash
table is wsed o determine search state dominance. Each
E-fronticr is siored in the hash table with the data
associaled with the E-frontier, which includes the arget
fault, the solution Mag (solution / no solution) and the
test-patiern (if cxisis), Afier implication in the base test
peneration algorithm, the DST algorithm starts and ends
in one of the following three cases;

(1} exitwith a wst-pattern,

{2) cxil 1o hackwrack, or

(3) cxil w continue the base lest generation

algorithm normally,
After starting the DST algorithm, each new E-frontier is
computed and hashed into the hash table. All E-fronticrs
that dominatc or arc dominated by the current E-frontier
are pushed on a stack. 17 the stack is empty, the base Lest
generation algorithm continues normally. While the stack
is not empty, cach stack entry is examined. Let Ec be the
current E-fronticr and lct Es be the E-frontier of the stack
entry.

In case that Es is for the same faull as Ec, we
further examine Es a5 follows: If Es dominates Ec and Es
has no solution, the algorithm exits 1o backirack
(Theorem 1), Otherwise, the algorithm pops the stack
and continucs the stack loop. In casc that Es is for a
differcnt fault from Ec, we further examine as follows: If
neither Ec nor Es is sensitized, the base test gencration
algorithm continues normally.  IF Ec and Es are both
sensitized and il Ec dominates Es and Es has a solution,
the test-pattem is formed and the unstacking loop is exitcd
with a test-pattern for the current fault (Theorem 2(a)). If
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Ec and Es are both sensitized and if Es dominates Ec and
Es has no solution, the algorithm exits to backtrack
(Theorem 2(b)).

Implicalan af PTs

Compute E-frontier Ex
of current search stale

]

Fush all E-frontiers
hashed by Ee on mack

Pop siack: Es

Terget fauhs for

no

= dominales |
and Es has no

it
YEs

Ilackirack

Figure 7. DST Algorithm

V. Conclusions

We have presented a new test-pattern generation
algorithm (called DST) based on a new concept called
scarch state dominance, Search state dominance is an
extended concept of scarch state equivalence introduced by
Giraldi and Bushnell [12]. We have presented some
techniques which can prune search space and accelerate a
lest-pattern gencration algorithm. Some theorems have
been shown to guarantee the effectiveness of the search
space pruning, We have finally presenied the DST
algorithm which can be added to any test-pattern
generation algorithm as a sub-algorithm. The DST
algorithm has the high possibility of pruning search



space more effectively than the EST algorithm of Giraldi
and Bushnell [12). We are currently implementing the
DST algorithm with PODEM [4] and FAN [5].
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