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A Test Compaction Oriented Don’t Care Identification Method

Based on X-bit Distribution

Hiroshi YAMAZAKI™, Motohiro WAKAZONO, Nonmembers, Toshinori HOSOKAWA 7,

SUMMARY In recent years, the growing density and complexity of
VLSIs have led to an increase in the numbers of test patterns and fault
models. Test patterns used in VLSI testing are required to provide high
quality and low cost. Don’t care (X) identification techniques and X-filling
techniques are methods to satisfy these requirements. However, conven-
tional X-identification techniques are less effective for application-specific
fields such as test compaction because the X-bits concentrate on particu-
lar primary inputs and pseudo primary inputs. In this paper, we propose
a don’t care identification method for test compaction. The experimental
results for ITC’99 and ISCAS’89 benchmark circuits show that a given test
set can be efficiently compacted by the proposed method.

key words: X-bit, don’t care identification, X-bit distribution, test com-
paction

1. Introduction

In recent years, the growing density and complexity of very-
large-scale integration (VLSI) circuits has caused an in-
crease in the numbers of test patterns and fault models. Test
patterns for not only stuck-at faults [1], [2] but also bridg-
ing faults [3]-[5] and transition faults [6], [7] are required
for VLSI testing. Because the test cost is generally propor-
tional to the number of test patterns, the test cost increases
with the increase in the number of test patterns.

Test compaction [8] is one of the methods to solve the
problem that the number of test patterns increases. Test
compaction methods are generally classified into two types:
a don’t care based method and a fault simulation based
method. A don’t care based test compaction method reduces
the number of test patterns by merging a test pattern with
other compatible test patterns [9],[10]. A fault simulation
based test compaction method reduces the number of test
patterns by eliminating redundant test patterns by fault sim-
ulation. Reverse order fault simulation[11] and double de-
tection [12] are examples of proposed fault simulation based
methods for test compaction.

Some of the specified primary input (PI) and pseudo
primary input (PPI) values in a test set may be changed to
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opposite logic values without losing fault coverage. Such
PI and PPI values can be regarded as don’t care (X)-bits.
X-identification methods to identify many don’t care inputs
of test patterns in a given test set have been proposed [13]—
[15].

In two proposed X-identification methods, XID [13]
and DC-XID [14], the places of X-bits are changed by al-
gorithms. XID identifies X-bits concentrated in particu-
lar test patterns. Therefore, XID may be less effective for
application-specific fields. DC-XID was proposed for low
power testing fields and controls the distribution of X-bits
identified from an initial test set. DC-XID averages the num-
ber of detected faults for each test pattern. As a result, the
number of X-bits in each test pattern becomes almost equal.

For test compaction as application-specific fields, XID
and DC-XID may be less effective, because these two meth-
ods do not take into account the distribution of X-bits for PI
(PPI). We presume that X-bits should be distributed at PI
(PPI) for the effectiveness of test compaction.

In this paper, we hypothesize that a uniform number of
X-bits in each PI (PPI) in a test set is effective for test com-
paction. The relationship between the X-bit variance for PI
(PPI) and the number of test patterns after test compaction is
analyzed. An X-identification problem for test compaction
is formulated from the results of the analysis and a heuristic
algorithm of X-identification is proposed.

This paper is organized as follows. Section 2 describes
the relationship between X-bit variance for PI (PPI) and
test compaction probability. Section 3 shows the corre-
lation between X-bit variance for PI (PPI) and test com-
paction. Section 4 proposes an X-identification method
for test compaction. Section 5 shows the experimental re-
sults for ISCAS’89 and ITC’99 benchmark circuits. Finally,
Sect. 6 concludes the paper and discusses future work.

2. Background
2.1 Preliminaries

In this paper, full-scan design sequential circuits and com-
binational circuits are targeted. When test generation is
applied to full-scan design sequential circuits, they can
be treated as combinational circuits. Thus, we discuss
X-identification methods for only combinational circuits
henceforth. The number of PI's for a combinational circuit
is denoted by Np;.

Copyright © 2013 The Institute of Electronics, Information and Communication Engineers
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Fig.1  Example circuit.

Some of the specified PI values in a test set may be
changed to the opposite logic values without losing fault
coverage. Such PI values can be regarded as don’t care bits.
Don’t care bits can be set to the logic value “0” or “1”. The

[7ER1}

don’t care bit is denoted as “X” or “x” in a test pattern.
2.2 Formulation of X-identification

In this paper, an initial test set T is generated by the Au-
tomatic Test Pattern Generator (ATPG). Given a circuit C
and the fully specified test set 7, we compute the test set
XT, which includes some X-bits and has the following
properties.

(1) XT covers T.
(2) XT contains as many X-bits as possible.
(3) The fault coverage of XT is equal to that of 7.

We show a simple example of X-identification for a single
stuck-at fault. Suppose that test set 7" in Table 1 (a) is gener-
ated for the circuit shown in Fig. 1. Test set XT in Table 1 (b)
is one of the solutions. Test pattern ¢, detects faults /0, b/0,
and c¢/1, where s/v denotes the stuck-at fault v € {0, 1} on
the signal line s. Fault a/0 has to be detected by 7, because
no other test pattern can detect @/0. In contrast, fault ¢/1
does not have to be detected by #; because #; detects c/1,
too. Hence, the value O at primary input ¢ of #; becomes
an X-bit. Similarly, the value O at primary input a of #4 be-
comes an X-bit. Thus, test set X7 in Table 1 (b) is obtained.
XT is the set of test patterns xt; that contain an X-bit.

2.3 Formulation of Test Compaction Probability

In this section, test compaction and test compaction proba-
bility are described for two test patterns xt; and xt;. V(xt;, px)
shown in Eq. (1) is an equation that expresses the value of
primary input py in test pattern xz;.

0 if p; value of xt; is 0
Vixt;, pr) =4 1 if py value of xt; is 1 (D
X otherwise (X-bit)

Table 2 shows a test compaction operation Ny for
V(xt;, pr) and V(xt;, pr). ¢ means that V(xt;, pr) and
V(xt}, pr) cannot be merged.

cxtpr = V(xt;, pr) N V(xt;, pr) 2)
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Table2  Test compaction operation Nr.
L o
0 0 ® 0
1 e 1 1
X 0 1 X

From Table 2, the result of test compaction cxtp; €
{0, 1, X, ¢} is denoted by Eq. (2).

COM (xt;, xt;) shown in Eq. (3) is an equation that ex-
presses whether xt; and xt; are compatible or not. If x#; and
xt; are compatible, Eq. (3) returns 1; otherwise, it returns 0.

0 if xt; and xt; are compatible
1 otherwise (incompatible)

COM(xt;, xtj) = { 3)

As shown in Eq. (4), if the result of test compaction
operation Ny for x#; and xt; includes at least one ¢, xt; and
xt; are incompatible.

Apilext i = D) = COM(xt;, xt}) = 0 4)

As shown in Eq. (5), if the result of test compaction
operation Ny for xt; and xt; does not includes ¢, xt; and xt;
are compatible.

Vpi(exty, # @) = COM(xt;, xt;) = 1 5)

BP(xt;, xtj, pr) shown in Eq. (6) is an equation that ex-
presses the test compaction probability for p; value of xt;
and p; value of xt;. If both p; values of xt; and x¢; are care-
bits, Eq. (6) returns PO(xt;, px) X PO(xt;, pr) + P1(xt;, pr) X
P1(xt;, pr); otherwise, it returns 1.

BP(xt;, xt;j, pi)

PO(xt;, pr) X PO(xt}, pr) if both p; value of xt;
=4 + Pl(xt;, pr) X P1(xt;, pr) and xt; are care-bits

1 otherwise (pi values of xz; and/or xt; are X-bits)

(6)

In Eq. (6), PO(xt, p;) denotes probability that p; values
of xt is 0, and P1(xt, py) denotes probability that p; values
of xtis 1. If py values of xt; and/or xt; are X-bits, the py val-
ues are compatible. Therefore, test compaction probability
is 1 when X-bits are included.

PCOM(xt;, xt;) shown in Eq. (7) is an equation that ex-
presses the test compaction probability for xz; and xz;.

Npr
PCOM(xt;, xtj) = | | BPGeti,xtj, po) 7
k=1

2.4 X-bit Variance at Primary Input

In this section, we describe X-bit distribution of each PI. In
this paper, variance is used to evaluate the X-bit distribution
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of each PIL.

1 if p; value of xt; is an X-bit
0 otherwise (care bit)

Xt = ®)
In Eq. (8), if py value of x#; is an X-bit, Eq. (8) returns 1;
otherwise, it returns 0.

|1 if py value of xt; is a care bit
Ceti po) = {0 otherwise (X-bit) ©)

In Eq. (9), if p; value of xt; is a care bit, Eq. (9) returns 1;
otherwise, it returns 0.

Ax(XT) shown in Eq. (10) is the average value of the
number of X-bits for Pl in XT'.

AYXT) = - >

Np; (Nrp(XT)
PI

X(xty, pm)] (10)

m=1 n=1

Npy is the number of PI's. N7p(XT) is the number of test
patterns in X7 .
In Eq. (11), s*(XT) is the X-bit variance for PI in XT.

| N Nrp(XT) 2

2

s°(XT) = — > |Ax(XT) - X(xtj, p)| (1)
Npr Zl( ¥ ,Zl »r ]

2.5 Relationship between X-bit Variance at PI and Test
Compaction Probability

XID and DC-XID do not consider the X-bit distribution for
each PI. Therefore, XID and DC-XID may be less effective
for test compaction. In this section, test compaction proba-
bilities of test sets XT', = {xt,,, xt,,,} and XT,, = {xt,,, Xt}
are compared. X7, and XT, are generated from same ini-
tial test set T = {t,,1,} by different X-identifications. We
assume that the number of X-bits of X7, and XT, is equal.
Care bit values of py for ¢, and ¢, are determined indepen-
dently. Therefore, we assume that test compaction probabil-
ity of each PI for ¢, and 1,, is

POCxi, pi) X POCx, pi) + P10xi, pi) X P1(x;. pi) = 0.5.

XT, is generated by X-identification X-ID, that does not
make the number of X-bits at each PI in a test set uniform.
XT, is generated by X-identification X-ID,, that makes the
number of X-bits at each PI in a test set uniform. Therefore,
X-bit variance for PI is s*(XT,) > s*(XT,).

cc(xti, xtj) shown in Eq.(12) is an equation that ex-
presses the number of PI's whose p; values of xt; and xt;
are care bits.

Npr

ce(xti,xt)) = Y (CQati, pi) X C(xtj. o) (12)
k=1

cx(xt;, xt;) shown in Eq. (13) is an equation that expresses
the number of PI's whose py values of xt; and xt; is different.
Namely, p; value of xt; is a care bit and py value of xt; is an
X-bit, or p; value of xt; is an X-bit and p; value of xt; is
a care bit.
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cx(xt;, xt ;)
Np;

= D (XCxti, pi) x COxt, pi) + Clxti, pi) X Xt pi)
k=1
(13)

xx(xt;, xt;) shown in Eq. (14) is an equation that expresses
the number of PI’s whose p; values of xt; and xt; are X-bits.

Npg

xx(ty, xtj) = Y (XGetr, p) X X(xtj, pe) (14)
k=1

From Egs. (13) and (14), the number of X-bits of X7, and
XT, is calculated as

CX(Xtym, Xtyp) + 2XX(XE 0, Xt )

= CX(Xtyn, Xtyn) + 2XX(Xt s Xty ).

Moreover, the number of PI's of XT', and XT, is calculated
as

CC(XIvm ’ xrvn) + cx(xrvm s xrvn) + xx(XIvm ’ XIVH)

= cC(Xtym, Xtun) + CX(Xtyyy, X)) + XX(Xty, Xtyn) = Npj.
From s?(XT,)> s*(XT,) = xx(Xty, Xtyn) > XXy, Xy ),
CC(Xtym, Xtyp) > CC(X iy Xbun).-

From Egs. (7), (12), (13) and (14), test compaction
probability of X7, is calculated as

PCOM (xt,,, xt,y,)
=0. SCC(-thua-thz) X I.OCX(Xt\Yms-x’vn) X LOM(xtvm,xtm)

- 0 SCC(.Xt\rm,Xtvn)

test compaction probability of X7, is calculated as

PCOM(Xtum’ xrun)
= (.50t Xun) s | Xl Nun) s | (P A un)

= ().56XtumXtun)

From cc(xt,,,, xt,,) > cc(Xtyum, Xty,), PCOM(xt,y, xt,,) <
PCOM (xt,, xt ).

Therefore, the distribution of X-bits for each PI affects the
efficiency of test compaction.

3. Impact of X-bit Variance of Test Compaction
3.1 Preliminary Experiments

We analyzed the relationship between the X-bit distribution
at Pl in a test set and the efficiency of test compaction. In
this preliminary experiment, variance was used to evaluate
the X-bit distribution of each PI. In the first step, X-bits
were randomly substituted for care bits of a specified ratio
in an initial test set 7, which was generated by the ATPG
tool. As the result, the random test set RXT was generated.
From 1000 test sets, RXTs were generated for 1000 kinds
of variance values. As expected, RXT lost fault coverage



YAMAZAKI et al.: A TEST COMPACTION ORIENTED DON’T CARE IDENTIFICATION METHOD BASED ON X-BIT DISTRIBUTION

O X-bit 70%
A X-bit 80%
X X-bit 90%

Number of compacted test patterns

0 20000 40000 60000 80000 100000 120000 140000
X-bit variance of primary inputs

Fig.2  Relation between X-bit variance and test compaction for b14.

compared with 7. In the second step, test compaction [9]
was performed for each RXT.

3.2 Preliminary Experimental Results

Figure 2 shows the preliminary experimental results for the
ITC’99 b14 benchmark circuit. Initial test set 7. is a test set
generated by the ATPG tool. T, was compacted dynamically
and statically. Test set RXT,. was generated by randomly
substituting X-bits for care bits of a specified ratio in 7.
The specified X-bit ratios were 70%, 80%, and 90%. Each
RXT . lost fault coverage compared with 7.

After test compaction of RXT ., CRXT_. was generated.
Test set CRXT . was compacted by Dsatur [9] which merges
test patterns with X-bits. Each CRXT, kept fault coverage
compared with each RXT .. However each CRXT . and RXT,
lost fault coverage compared with 7. In Fig. 2, the vertical
axis is the number of test patterns in test set CRXT.. The
horizontal axis is the X-bit variance for PI in RXT.. “X-bit
70%”, “X-bit 80%”, and “X-bit 90%” represent the exper-
imental results of the X-bit ratios 70%, 80%, and 90% in
RXT ., respectively.

In the “X-bit 80%” and “X-bit 90%” graphs, the num-
ber of test patterns after test compaction decreased from the
approximate X-bit variance of 30,000 or less. When the
X-bit variance exceeded 30,000, the number of test patterns
could not be reduced. In the “X-bit 70%” graph, the num-
ber of test patterns could not be reduced even if the X-bit
variance was very small.

As a result, we confirmed that the X-bit distribution at
the PI was effective for test compaction. In addition, we
confirmed that the efficiency of test compaction depended
on the X-bit ratio in a test set.

4. Test Compaction Oriented X-identification
4.1 Problem Formulation
From Sect. 3, we confirmed that to increase the X-bit ratio

and to reduce the X-bit variance for PI was effective for test
compaction. Therefore, an X-identification problem for test
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Procedure test_compaction_oriented_X-ldentification(C,T;)
C: circuit, T :initial_test_set ;

1
2
3
4 for each test_pattern ¢;in T {

5. D = fault_simulation (C, ;) ;

6 }

7. EXT = essential_X-filling (C, D, T') ;

8. U = collect_undetected_fault (C, D, EXT ) ;
9. XT = distribution_X-filling (C, D, U, T, EXT) ;
10. return XT ;

Fig.3  Test compaction oriented X-identification algorithm.

compaction is formulated as follows.

Inputs: initial test set T

Outputs: test set with X-bits XT

Constraint: X-bit ratio > n (%)

Minimization: s*(XT), subject to D(T) = D(XT) (15)

In this formulation, s?(XT) is the X-bit variance for PI in
test set X7T'. D(T) is the fault coverage by test set 7. D(XT)
is the fault coverage by test set X7'. n is the threshold value
of the X-bit ratio (0 < n < 100). XT must have the X-bit
ratio equal or more than n.

4.2 Test Compaction Oriented X-identification Algorithm

In this section, we propose an X-identification algorithm for
test compaction. The algorithm aims to equalize the num-
ber of X-bits at each PI. Figure 3 shows the X-identification
algorithm for test compaction. Explanations of each step
are given. The inputs are a circuit (C) and an initial test
set (T). In Fig. 3, a fault simulation is performed for a cir-
cuit by each initial test pattern #; in T (line 4). From the
result of the fault simulation, fault dictionary D is generated
(line 5). Essential faults [12] are collected from fault dictio-
nary D. The PI values of #; required to detect the essential
faults are calculated. These PI values are fixed to care bits,
and the other values are X-bits. Then, test set EXT, which
can detect all essential faults, is obtained (line 7). As EXT
may detect faults other than the essential faults, a fault sim-
ulation is performed by EXT. From the result of the fault
simulation, undetected fault set U is generated (line 8). The
X-identification for test compaction is performed to equal-
ize the number of X-bits at each PI for the undetected faults
of EXT. As the result of the X-identification, test set X7
is obtained (line 9). The total number of X-bits in X7 is
smaller than that of X-bits in EXT, since X7 increase care
bits to detect undetected faults in U. XT can detect all faults
in D. The details are described in Sect. 4.3. An X-identified
test set (X7') is outputted (line 10).

4.3 X-bit Distribution X-filling Algorithm

In this section, we propose an X-bit distribution X-filling
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1 Procedure distribution_X-filling (C, D, U, T, EXT) ;
2 C : circuit, D : fault_dictionary ,
3. U:undetected_fault_set , T: initial_test_set,
4. EXT: essential_fault_detectable_test_set ;
5 {
6. XT = EXT;
7. MCT == ;
8. for each undetected_fault f;in U {
9. DT = collect_f,_detectable_test_pattern( f, D) ;
10. for each detectable test pattern ¢, for f;in DTy {
11. xt} = find_value(f;, tj );
12. CT = caluculation_cost( XT, xt}) ;
13. if (MCT>CT){
14. MCT =CT;
15. bt = XU
16. k=j;
17. }
18. }
19. XT =merge_test_pattern ( xt, in XT , t,., XT);
20. U = fault_simulation ( C, XT, U) ;
21. }
22. return XT ;
23. }

Fig.4  X-bit Distribution X-filling algorithm.

algorithm. This algorithm determines test pattern to detect
undetected faults in U. Figure 4 shows the X-bit distribution
X-filling algorithm. Explanations of each step are given.
The inputs are a circuit (C), a fault dictionary of initial test
set (D), an undetected fault set (U), an initial test set (T)
and an X-identified test set (EXT). EXT can detect all es-
sential faults. In Fig.4, test set XT is initialized to EXT
(line 6). MCT which denotes the minimum value of X-bit
distribution cost function is initialized to infinity (line 7).
The series of processing for lines 9 to 19 is iterated for each
undetected fault f; in U (line 8). A test pattern set DT s,
which detects undetected fault f;, is obtained by fault dictio-
nary D (line 9). The series of processing for lines 11 to 17
is iterated for each test pattern ¢; in DT f; (line 10). The PI
values of ; required to detect only f; is calculated. These PI
values are fixed to care bits, and the other values are X-bits.
Then, test pattern x#’, which can detect fault f;, is obtained
(line 11). CT which denotes the value of X-bit distribution
cost function is calculated by XT and xt;. (line 12). The de-
tails are described in Sect. 4.4. If the value of CT is smaller
than that of MCT (line 13), CT is substituted for MCT (line
14), xt’, is substituted for a test pattern with a minimum cost
value t,,.; (line 15) and test pattern ID j is substituted for k
which denotes ID of a test pattern with a minimum cost
value (line 16). t,,, is merged with x#; in XT', XT is updated
(line 20). A fault simulation is performed for U by XT and
detected faults are eliminated from U (line 21). Finally, test
set XT is returned (line 23). XT can detect all faults in fault
dictionary D.

IEICE TRANS. INF. & SYST., VOL.E96-D, NO.9 SEPTEMBER 2013

4.4  Cost Function of X-bit Distribution for PIs and X-bit
Ratio

In this section, we present a cost function to control the X-bit
distribution for PIs and X-bit ratio in a test set. This cost
function is used in line 12 of Fig. 4.

W(XT, p,) shown in Eq. (16) is the number of care bits
at primary input p, in the test set X7 with X-bits. Nrp(XT)
is the number of test patterns in X7.

Nrp(XT)
WXT,pn)= > CQxtj, py) (16)

J=1

VX (xt j,xt;) shown in Eq. (17) is the cost function to decide
a test pattern to detect an undetected fault f; on the proposed
X-identification for test compaction. The number of test pat-
terns in test set 7' to detect f; is equal to two or more. One
test pattern with the minimum cost of VX(xt;, xt;.) is selected
from XT to detect f;.

VX(xtj,xt;-)
Npy

= Z W(XT, pn) X X(xtj, pp) X C(xt, pn) (17)
n=1

In Eq. (17), xt} corresponding to #; is a test pattern to detect
only f;, and xt; corresponding to #; can detect only essen-
tial faults. X(xt;, p,) is the function for primary input p,
in xt;. If the value of p, in xt; is an X-bit, X(xt;, p,) re-
turns 1; otherwise, it returns 0. C(xt;., pn) is the function for
primary input p, in test pattern xt’.. If the value of p, in xt’; is
a care bit, C (xt;., pn) returns 1; otherwise, it returns 0. There-
fore, “X(xt}, p,) X C(xt;,, pn) = 1” means that primary input
D value in xt; is an X-bit and primary input p, value in xt}
is a care bit. Thus, if xt; is selected to detect f;, the num-

Npr
ber of care bits in xt; increases by >, X(xt;, p,) X C (xt;., Dn)-

n=
Therefore, the cost value is small when a small amount of
the total number of X-bits at PI changes to care bits. Thus,
when the value of VX(xt;, xt’) is small, the X-bit variance
for PI is low and X-bit ratio is high.

An example of test pattern selection to detect unde-
tected fault f; is shown. Table 3 shows an example calcu-
lation of the number of care bits at PI in test set X7 with
X-bits. XT, obtained in line 6 of Fig. 4, can detect all essen-
tial faults. The test pattern IDs are denoted as xt; to xts. The
primary input IDs are denoted as p; to p;. The don’t care
bit is denoted as “X” and the care bit is denoted as “C”.

The number of care bits for primary input p; is calcu-
lated. Primary input p; includes the care bits in test patterns
xt, and xt4, as shown in Table 3. Therefore, “W(XT, p;) =
2” is calculated by Eq. (16).

Table 4 shows an example calculation of the cost of
care bits to detect undetected fault f;. An undetected fault f;
is detected by test patterns, f1, t3, and #5 in T', whereas xt/,
xt}, and xt; detect only fault f;.

As another example, we consider VX(xt3, xt;), which is
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the value of the cost function required for test patterns xt3

VX(xts, xty) = W(XT, p1) x X(xt3, p1) X C(xt}, p1)

+ W(XT, p2) x X(xt3, p2) X C(xt5, p2)
+ W(XT, p3) X X(xt3, p3) X C(xt3, p3)
+ W(XT, ps) x X(xt3, ps) X C(xt}, ps)
+ W(XT, ps) x X(xt3, ps) x C(xt3, ps)
+ W(XT, ps) x X(xt3, ps) X C(xt3, ps)
+ W(XT, p7) x X(xt3, p7) X C(xt5, p7)

=2xXx1Ix0)+Ox1x1)+@x0x1)
+(5x0x0)+2x1x0)+@2x1x0)
+(Ix1x1)

=0+0+0+0+0+0+1=1

and xt; to detect fault f;. If test pattern xt; detects fault f;,

Table 3  Care bits in test set X7 and W(XT, p,).

- P1 P2 P3 P4Ps Pe P7

xt, X X C € X C X
xt, C X X CCXGC
Xt X X C C X X X
xt, C X C CC X X
Xt X X C €C X C X
WiXTp,) 2 0 4 5 2 2 1
Table 4  Care bits to detect fault f;.

| | ps P2 Ps Py P Ps 7 [RLLIED)
3

1999

the values of primary inputs p,, p3, and p; are care bits.
VX (xt3, xt}) is calculated as follows.

The value of primary input p; of test pattern xt3 is
a care bit, as shown in Table 3. Thus, X(xt3, p3) X C (xtg, p3)
is 0, and so VX(xt3,xt;) = 1 is calculated by Eq.(17).
VX(xty,xt}) and VX(xts, xt5) are 3 and 2, respectively. From
the results of the cost function, it is clear that the minimum
value is VX(xt3,xtg). Therefore, test pattern #3 to detect un-
detected fault f; is selected. The values at p, and p7 of xt3
change from X-bits to care bits. The number of care bits of
xt3 increases from two to four. Thus, X7 is updated.

5. [Experimental Results

In this section, we describe the experimental results of
the proposed method. The evaluation items are the X-bit
ratio, the X-bit variance for PI, the execution time for
X-identification and the number of test patterns after test
compaction. The proposed method (VX) was compared
with XID [13], DC-XID [14] and PI_Vari. VX considers
both the X-bit ratio and X-bit variance for each PI. XID
considers only X-bit ratio. PI_vari considers only X-bit vari-
ance for each PI. DC-XID considers only X-bit distribution
for each test pattern. PI_Vari identifies X-bits to minimize
the X-bit variance for PI. The algorithm of PI_Vari is al-
most same as that of VX. The difference is cost function of
line 12 of Fig. 4. The cost function of PI_Vari used Eq. (11).
The applied circuits were ITC’99 benchmark circuits and
ISCAS’89 benchmark circuits. Initial test set 7 was gen-
erated by the ATPG tool “TetraMAX™"” (Synopsys). The
target fault model was a single stuck-at fault model. Two
initial test sets were prepared for each circuit. One was an
initial uncompacted test set 7,,,. The other was an initial
compacted test set 7.

xt’, Table 5 shows the X-bit ratio, the X-bit variance for PI
" 1 and the execution time of X-identification for uncompacted
A g W$E e kit initial test sets 7,.. In Table 5, Np; denotes the number
xt’s C C X X X C X 2 of the PI, Nyp(T,.) denotes the number of test patterns in
initial uncompacted test set T,., %X-bit denotes the X-bit
| W) [2 04 5 2 2 1 o in Xoidenti 2 ;
ratio in X-identified test set XT ., s“(XT,.) denotes the X-bit
Table 5  Results of X-identification of uncompacted initial test sets Tyc.
XID DC-XID PI_Vari VX (Proposed)
Circuits | Np  Nyp(Ty) FC(%)
%X-bit  s%(XT,) Time(sec)| %Xbit s*(XT,) Time(sec)| %X-bit s*XT,) Time(sec)| %X-bit s*XT,) Time(sec)
$13207| 650 589 93.73 2252 113| 9551 1884 446| 9557 1530 527| 9577 1558 504| 99.04
s15850| 600 562| 93.74 1040 138 9424 1126 11.10| 94.62 689 1246| 94.62 749 15.98| 97.95
$35932| 1763 80| 86.03 15 522 8770 12 7340 88.73 7 85.87| 8851 8 11657 90.04
s38417| 1524 1185 96.94 1524 9.04| 9734 1131 6650 97.50 745 8163 97.58 783 97.37| 99.73
$38584| 1462 862| 96.23 1818 1130 96.49 1538 800.67| 96.50 931 319.82| 96.67 966  283.36| 9527
b14| 277  1317| 8202 78512 27.64| 8074 78215  174.08| 80.82 54584  199.80| 8243 56903  361.15| 99.47
b15| 485 909 9075 14044 2557| 8977 16639  307.13| 92.38 8715  466.87| 9178 9454  497.10 97.26
b17| 1452 3019 96.16 30017 6597| 9596 29116 1699.44| 96.84 20184 3866.55| 9663 20918 355099 97.83
b20| 522  2138| 8694 60510 65.90| 8609 60007  629.02| 8717 38127  789.90| 87.64 41266 51468 99.48
b21| 522 2316 8794 68423 5467| 8692 67539  679.45| 87.78 44401  803.35| 8829 47875 54477 99.44
b22| 767  2770| 9124 57956 96.29| 9046 60311 1286.69| 9130 36979 84353 9162 40734 66525 99.56
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Table 6  Results of X-identification of compacted initial test sets 7.
XD DC-XID PI_Vari VX (Proposed)
Circuits | Np  Npp(Tc) FC(%)
%X-bit  s%XT;) Time(sec)| %X-bit s%XT.) Time(sec)| %X-bit s*XT,) Time(sec)| %X-bit s*XT,) Time(sec)
s13207| 650 267 87.86 1676 2.66 91.13 1384 10.66 91.23 1302 17.31 91.66 1315 17.50| 99.04
s15850| 600 130 79.02 430 291 79.74 451 27.14 80.96 372 32.17 81.32 383 30.90| 97.95
$35932| 1763 21 56.81 5 8.29 58.61 3 91.38 58.54 2 117.64 59.09 2 147.87| 90.04
s38417| 1524 104 75.54 401 12.10 76.78 387 297.48 76.49 332 218.72 77.38 351 185.31 99.73
s38584| 1462 143 83.65 451 12.33 82.46 482 410.04 82.72 394 190.14 83.61 407 183.81 95.27
b14| 277 749 7714 21755 20.46 7497 23272 188.99 7546 20450 201.05 75.73 20961 220.77 9947
b15| 485 459 85.41 5086 18.82 84.29 5916 308.24 87.31 4160 276.53 86.22 4641 307.84| 97.26
b17| 1452 1056 91.33 13530 145.81 90.73 14229  3509.52 92.18 11960 3627.86 91.88 12302 2461.18| 97.83
b20| 522 754 72.90 18401 41.48 70.68 18921 737.28 71.45 15886 631.87 71.49 17296 624.06( 99.48
b21| 522 762 72.92 20468 41.21 7090 20537 745.84 71.76 17666 628.82 71.80 19194 629.65( 99.44
b22| 767 640 7214 18375 61.92 70.65 18694 1426.80 70.70 16023 1088.42 71.25 17415 1005.29| 99.56
Table 7  Results of test compaction of X-identified test sets XT..
XID DC-XID PI_Vari VX (Proposed)
Circuits | Ntp(Tye) FC(%)
#Dsatur #DD| #Dsatur #DD| #Dsatur #DD| #Dsatur #DD

s$13207 589 284 276 285 275 271 270 271 269 99.04

s$15850 562 178 168 170 159 150 149 150 147 97.95

$35932 80 37 36 79 64 40 39 40 39 90.04

38417 1185 187 185 157 155 138 138 140  140| 99.73

38584 862 210 209 193 188 174 172 171 170 95.27

b14 1317 1013 916 1009 896 918 870 911 866 99.47

b15 909 627 521 654 535 568 514 552 504| 97.26

b17 3019 1315 1260 1294 1246 1228 1205 1192 1174 97.83

b20 2138 1283 1164 1300 1176 1133 1080 1122 1090 99.48

b21 2316 1390 1259 1398 1283 1232 1194 1250 1208 99.44

b22 2770 1152 1082 1147 1092 983 970 964 957 99.56

variance for PI in X-identified test set XT,., Time(sec) de-
notes the execution time of X-identification for initial test
set T, and FC(%) denotes fault coverage. Fault coverage
of X-identified test set was the same as that of initial test
set. The %X-bit of VX is about 1% higher than that of
XID and DC-XID for all circuits. The %X-bit of VX is
about 0.4% higher than that of PI_Vari for s13207, s15850,
s38417, s38584, bl4, b20, b21, and b22. The %X-bit of
VX is about 0.3% lower than that of PI_Vari for s35932,
b15, and bl7. The s*(XT,.) of VX is smaller than that of
XID, and DC-XID for all circuits. The s*(XT,.) of VX is
almost same as those of PI_Vari. The s*(XT,.) of VX was
reduced from 17 to 48% (average 33%) as compared with
XID and DC-XID. The Time(sec) of XID is smaller than
that of DC-XID, PI_Vari, and VX for all circuits.

Table 6 shows the X-bit ratio, the X-bit variance for
PI, and the execution time of X-identification for com-
pacted initial test sets T.. In Table 6, Np; denotes the
number of the PI, Nrp(T.) denotes the number of test pat-
terns in initial compacted test set 7., %X-bit denotes the
X-bit ratio in X-identified test set X7, s*(XT.) denotes the
X-bit variance for PI in X-identified test set X7 ., Time(sec)

denotes the execution time of X-identification for initial test
set T, and FC(%) denotes fault coverage. Fault coverage of
X-identified test set was the same as that of initial test set.
The %X-bit of VX is about 1% higher than that of DC-XID
for all circuits. The %X-bit of VX is about 0.5% higher
than that of PI_Vari for all circuits except for b15 and bl17.
The %X-bit of VX is about 2% higher than that of XID for
s13207, s15850, $35932, s38417, b15, and b17. The %X-bit
of VX is about 1% lower than that of XID for s38584, b14,
b20, b21, and b22. The s*(XT,) of VX is smaller than that
of XID, and DC-XID for all circuits. The s*(XT,) of VX is
almost same as those of PI_Vari. The s?(XT,) of VX was re-
duced from 3 to 60% (average 13%) as compared with XID
and DC-XID. The Time(sec) of XID is smaller than that of
DC-XID, PI_Vari, and VX for all circuits.

Table 7 shows the number of test patterns in the test
set after test compaction of initial uncompacted test set 7.
Two test compaction methods were applied to each test set
after X-identification. One was Dsatur [9] which merges test
patterns with X-bits. The other was double detection [12]
which is fault simulation based test compaction. In Table 7,
#Merge denotes the number of test patterns after applying
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Table 8  Results of test compaction of X-identified test sets X 7.
XID DC-XID Pl Vari VX (Proposed)
Circuits | Ntp(To) FC(%)
#Dsatur #DD| #Dsatur #DD| #Dsatur #DD| #Dsatur #DD
s13207 267 262 262 261 260 260 260 259 259 99.04
15850 130 127 126 127 127 125 123 124 121 97.95
$35932 21 21 21 21 21 21 21 21 21 90.04
s38417 104 104 104 104 104 103 103 103 103 99.73
38584 143 140 139 143 143 135 134 135 135 95.27
b14 749 728 710 737 708 716 705 715 703 9947
b15 459 393 357 398 367 378 356 372 352 97.26
b17 1056 1033 1022 1028 1022 1016 1014 1015 1012| 97.83
b20 754 733 729 728 727 721 719 721 717 9948
b21 762 739 737 737 737 725 722 726 725| 99.44
b22 640 621 621 638 638 624 624 625 624 99.56

test compation based on Dsatur to an initial test set. #DD
denotes the number of test patterns after applying test com-
paction based double detection to a test set compacted by
Dsatur. FC(%) denotes fault coverage. Fault coverage of
test set after test compaction was the same as that of initial
test set. The #Merge of VX is smaller than that of XID,
DC-XID, and PI_Vari for all circuits except for $35932,
$38417, and b21. The #Merge of VX was reduced maxi-
mum 188 patterns (average 71 patterns) as compared with
XID, DC-XID, and PI_Vari. As for s35932, XID has the
smallest number of test patterns. As for s38417, and b21
PI_Vari has the smallest number of test patterns. The #DD
of VX is smaller than that of XID, DC-XID, and PI_Vari for
s13207, s15850, s38584, b14, bl5, bl7 and b22. The #DD
of VX was reduced maximum 135 patterns (average 39 pat-
terns) as compared with XID, DC-XID, and PI_Vari. As for
$35932, XID has the smallest number of test patterns. As
for s38417, b20, and b21 PI_Vari has the smallest number of
test patterns.

Table 8 shows the number of test patterns in the test set
after test compaction of initial compacted test set 7. FC(%)
denotes fault coverage. Fault coverage of test set after test
compaction was the same as that of initial test set. The
#Merge of VX is smaller than that of XID, DC-XID, and
PI_Vari for all circuits except for b21, and b22. The #Merge
of VX was reduced maximum 26 patterns (average 8 pat-
terns) as compared with XID, DC-XID, and PI_Vari. As for
b21, PI_Vari has the smallest number of test patterns. As for
b22, XID has the smallest number of test patterns. The #DD
of VX is smaller than that of XID, DC-XID, and PI_Vari
for all circuits except for 38584, b21, and b22. The #DD
of VX was reduced maximum 15 patterns (average 6 pat-
terns) as compared with XID, DC-XID, and PI_Vari. As for
$35932, XID has the smallest number of test patterns. As
for s38584, and b21 PI_Vari has the smallest number of test
patterns. As for b22, XID has the smallest number of test
patterns.

6. Conclusion

In this paper, we analyzed the relationship between X-bit
variance for PI and the number of test patterns after test
compaction. As the result of preliminary experiments, we
formulated an X-identification problem for test compaction.
From the formulation, we proposed a heuristic algorithm of
X-identification for test compaction. The experimental re-
sults of our proposed method showed that the number of
test patterns after test compaction is reduced for most cir-
cuits and the experimental results showed that the X-bit
variance for PI is reduced for all circuits. The experimen-
tal results also showed that the X-bit variance for PI and
the X-bit ratio affects the number of final test patterns after
test compaction. Future work includes improving the don’t
care identification algorithm for test compaction and study-
ing don’t care identification for other fault models.
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