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Abstract — The manufacturing test of today’s digital chips requires new de-
sign considerations for automatic test equipment (ATE). Compression has
been used in ATE to reduce storage and application time for high volume
data by exploiting the repetitive nature of test vectors. This paper deals with
compression of partially specified test sets, Le. vectors with don’t care (un-
specified , X) entries. A proper X assignment can be used to enhance the
potential for compression by introducing similarities among vectors (corre-
lation). This paper provides a comprehensive treatment of the X assign-
ment for compression within fixed order and reordered test sets. For fixed
order the X assignment is based on a novel technigue referred to as bit-
wise correlation. Using a matrix representation of the test sef, X entries
Incated in the same paosition in the vectars are analyzed and Boolean val-
ues assigned based on three criteria (column-wise bit-correlation). Orce the
Sully specified test set is generated, an appropriate compression technique is
used. If reordering is allowed, the process of X assignment is substantially
different. Reordering is accomplished through a variation of column-wise
bit-assignment, namely pair-wise bit-correlation. Pair-wise bit-correlation
restricts the analysis to vector pairs as an heuristic condition for generating
the new ordered test set. Simulation results are provided to support the vi-
ability of the proposed approach to compress test set with partially specified
vectors.

Kevwords — compression, partially specified tests, ATE, correlation.
I. INTRODUCTION

Test application time is one of the main sources of complexity
in testing IP cores as commonly found in today’s digital sys-
tems such as Systems-on-Chip (SoC). Vectors (in either ran-
dom or deterministic forms) are either generated by on-chip
hardware for on-line testing, or provided by an external tester
such as an ATE for manufacturing test. For testing logic block-
s, the feasibility of on-chip test generation is mainly restrict-
ed to (pseudo) random methods. Area overhead for dedicated
on-chip deterministic vector generation in general is cost pro-
hibitive for manufacturing test. Random vectors are usually
generated using Linear Feedback Shift Registers (LFSR), so
1o storage is required. Response evaluation is performed using
a signature analyzer that compacts test responses into a signa-
ture and compares it with the signature of an error-free refer-
ence design. LFSRs introduce a small area overhead; however,
test by random vectors requires a long application time due to
modest quality. Hybrid schemes are commonly used to reduce
test time by reseeding the LFSRs.

Compression has been investigated for resolving some of the

0-7803-7705-2/03/817.00 ©2003 TEEE 999

problems in digital testing. Lossless compression is the pro-
cess of encoding test vectors so that the original data can be
uniquely reconstructed by a decoder. A fundamental issue of
lossless compression is to decompose a data input set into a se-
quence of events, then to encode the events using as fewer bits
as possible. While compaction reduces the number of vectors
at generation time, data compression has a different objective,
namely to encode test data (corresponding to the compacted
vectors) with the minimum number of bits.

In general for manufacturing test, deterministic solutions for
SoC face many challenges such as a high volume of test s-
torage, long test application time through the serial paths and
vector sets that are generated by third parties (i.e. from the IC
core providers) with limited information. This is made more
complicated by the high density integration encountered in the
design of the head in an ATE. A compression process for an
ATE environment is substantially different from the traditional
testing scenario.

« Compression is required to reduce the amount of data traf-
fic between the ATE station and the head.

» Storage in the head is limited because memory utilization
must be simultaneously allocated to many test channels
(pins).

» The process of data coding/decoding must be lossless so
that fault coverage of the test process is not affected.

« Independently of the method used (Figure 1 shows on-
chip and off-chip deceding methods within an ATE ar-
chitecture), hardware due to the decompression unit (de-
coder} and synchronization with the operation of the head
must be simple and DUT independent.

This paper deals with compression of partially specified test
sets, i.e. vectors with don’t care (unspecified , X') entries.
This technique provides a comprehensive treatment of the X
assignment tor compression within fixed order and reordered
test sets. A further technique based on column matching is
also analyzed. Simulation results are provided to support the
viability of the proposed approach to compress test set with
partially specified vectors.

This paper is organized as follows. In the next section, a brief
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Fig. 1. ATE configuration . (a) off-chip decoding, (b) on-chip decoding

review of compaction and compression methods is presented.
The basic principles of the proposed approach are outlined in
Section 3. Section 4 presents compression with fixed ordering;:
Section 5 deals with compression with reordering. Section 6
presents the simulation results using ISCAS benchmarks. Con-
clusions are given in Section 7.

II. REVIEW

Reduction in test time can be accomplished using differen-
t methods such as fest compaction, pseudo-deterministic vec-
tor generation and data compression. The advantage of using
test compaction is two-fold: it reduces storage requirements
and decreases the test application time (in this case a smaller
number of vectors is-applied to a DUT). Static and dynamic
compaction techniques have been used to reduce the number
of test vectors with the cbjective of no loss in fault coverage.
Static compaction is employed after test generation. Dynamic
techniques perform compaction (1] concurrently with the test
generation process by ofien modifying the test generator.

Pseudo-deterministic methods have been considered as inter-
mediate solutions to benefit from the lower hardware com-
plexity of random generators and shorter test application time
compared with deterministic methods. [3] uses an accumulator
based structure to generate a set of deterministic tests. A run of
the accumulator based generator is characterized by the initial
value of the accumulator output {rg) and a seed vector (¢). The
objective is to find 2 set of (rg,c) pairs so that the concatena-
tion of executions initiated by (rp,c) pairs, cover the test set
with a minimum number of vectors.

One of the major challanges facing ATE designers is data man-
agement due to high volume. Application of various data com-
pression techniques for test data has been investigated in [5],
[22], [23]. Run-length coding, Huffman coding, Lempel-Ziv
and arithmetic coding are some of the compression techniques
found in the literature. In run-length coding, a sequence of
symbols is encoded into two elements, the repeating symbol
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and the length of sequence. Run-length coding is efficient for
data with long sequences of equal symbols.

Numerous studies have shown that test sets have unique fea-
tures, Consecutive vectors have a common repetitive part (re-
ferred to as a segment) which may extend over several non-
contiguous bits. In [21] it has been shown that test compression
is equivalent to the process of finding a set of non-overlapping
blocks covering possibly the entire test set. Repeating seg-
ments {specified once and reused for all vectors in a block)
are used to reduce the size of the data set.

III. BASIC PRINCIPLES

In this paper the don’t care assignment is accomplished using
the following features:

1. To increase the correlation between bits located in the
same position in the test vectors (i.e. among columns in
the matrix representation of the test set); this process (re-
ferred to as column-wise bit-correlation) however is pur-
sued using heuristic conditions due to the NP complete-
ness of compression. In particular, the minimal number
of value transitions is accomplished along each column to
properly direct subsequent X assignments.

2. To increase the number of identical columns such
that correlation is increased between vectors (identical
columns can be removed). This results in a tast set with a
reduced number of X bits.

3. To use a combination of the above (hybrid}.

IV. FIXED ORDER COMPRESSION

Consider initially the case in which the order of the vectors
in the test set can not be changed. Let vy, v2,...,u, define the
fixed order vector set S. S is defined as a two-dimensional ma-
trix; v; corresponds to the ith row of S. The proposed approach
to X assignment utilizes the Hamming distance between vec-
tors as basic criterion. The Hamming distance between two
vectors v; and v; (4,7 = 1,2,...,n) in V is defined as the sum

1000



of the Hamming distances between the same bits in ; and v;,
ie.

"

H{vi,v;) =Y vilk] © v;[k] ()

k=1

Therefore, the Hamming distance of a fixed order § is given
by

n—1

H(S) =Y H(vi,vis1) @)
=1

The Hamming distance establishes a relationship (referred to
as bit-correlation) between vectors so that they can be analyzed
for possible compression. An optimal X assignment is defined
as an assignment that results in a minimal H(S) (denoted by
H{8)min)- By inspection of Equation 1 H(S5) ppn can be ob-
tained by finding the optimal assignment for the X entries of
S.

Let S; represents the bit array corresponding to the th column
of §. An optimal X assignment for S; corresponds to an as-
signment that results in a minimal number of transitions (a 0
followed by a 1, or viceversa) in S;, i.e. redundancy is intro-
duced along each column. For example an optimal assignment
for S=XXX1XXX0is S5, =11111110, i.e. S only has
only one value transition (1 to 0) and no other assighment can
be found that results in less than one transition. An optimal
assignment is not unique, for instance Sy = 11111000 is an-
other assingment that only has one transition. In the general
case, optimality in the X assignment for a column S; is ac-
coemplished provided the following specific conditions apply:

1. all X’s between two 1's are assigned a value of 1, (e.g.
LIX XX — . 11111..) (Criterion 1.

2. all X’s between two O’s are assigned a value of 0, (e.g.
LW0X X X0 — ...00000...) (Criterion 2).

A substantially different scenario is applicable when a X is
located between 1 and O strings in the same bit positions (i.e.
among a column); in this case, each X can take either of the
boolean values, It is this scenario that yields an exponential
process for complexity of the compression problem {and NP
completeness for establishing optimality), because in the worst
case all possible combinations of values must be computed for
the Xs, i.e. if there are & Xs in the test set, then 2¥ combina-
tions must be considered to find the optimal assignment.

An assignment process for optimal compression has therefore
an exponential complexity that severely limits its applicabili-
ty for practical circuits (the number of don’t care bits in the
test vectors for ISCAS benchmark circuits is close to 90%).
In the proposed approach the following heuristic condition is

used (Criterion 3): all the X s between 1 and O strings in a col-
umn are assigned values of all 0 or all 1 (e.g. ...1XXX0...
— ...11110... or ...10000...). The X assignment can also
be performed so that the value transition occurs between the
specified values at the begining or at the end of the string
(e.g. ..1XXX0... — ...11100... or ...11000...) Using the
above assignment for the third criterion, the proposed tech-
nique achieves the least number of value transitions in each
column of S. This condition effectively increases the redun-
dancy in S as transitions are minimized along each column.

Application of the above three critera in the X assignment pro-
cess to individual columns of S, results in a completely speci-
fied vector set with a Hamming distance denoted by H(S).

V. COMPRESSION WITH REORDERING

If the order of the test vectors in S is permitted to change, then
compression consists of a different process. Reordering allows
vectors to be arranged such that the Hamming distance of the
test set can be changed appropriately, thus enhancing its com-
pression rate. However, as the ultimate goal is a high compres-
sion rate, new features must used for reordering the test set in
the process of bit-correlation.

The method propesed in this paper is based on the following
steps:

o Correlation is first established between pairs of vectors as
an heuristic condition which is amenable to a graph ap-
proach. This process considers correlation betwen bits
located in the same positions in pairs of vectors in the test
set (pair-wise bit-correlation). This step is referred as the
inttial X assignment. Different measures (such as mini-
mum Hamming Distance, maximum Hamming Distance
and estimated Hamming Distance) must be used in this
step.

e The shortest path algorithm is used for reordering of the
test vectors based on pair-wise bit-correlation. This step
minimizes the sum of the pair-wise bit-correlations in the
vectors of §. The sum of the weights of the edges in
the shortest path corresponds to the provisional Hamming
distance of the reordered test set.

o The final X assignment is then established by column-
wise bit-correlation according to the ordering found in
the previous step. Note that in this step the final Ham-
ming distance of the reordered test set could be changed
compared with the provisional Hamming distance found
through the shortest path algorithm. The fully specified
test set S is then compressed using an established com-
pression method.

The following notation is used throughout this section.

- For the vector set S = {vi, v2, -, vn}, Sa =
[VA[1]sVA[2]s - YA[n)) defines an ordering A of S, where
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v 4[;) represents the ith vector in the ordered set S4, and
1 <4, A[{] < n. For example if A = [1,4,2,3] as order-
il’lg, then §4 = {ul,m,vz,u;;}.

- S¢ represent S after an X assignment. If k denotes the
number of don’t care entries in S, then the X assignment
for S can be performed in 2% different ways. A possible
X assignment for S (out of 2% = 32 possibilities) is given

by
»w:11 0 0 1 1 1 O
vp:0 01 01 0 0 O
vg:l 0 0 1 0 0 1 1
w:1 111 1 0 0 0

- dain(vi,v;) represents the minimum distance between
two vectors (v; and v;) in S and is defined as

darn (Vi v5) = Z v;[k] @ v;[K] (3
i=1
where X@0=Xpl=XgX =0.
- darax (v;,v;) represents the maximum distance between
v; and v; and is defined as

n

dMAx('U,',’UJ') =Z‘U,—,[k}@ﬂj{k] (4)

i=1

where X 0=Xpl=XpX =1.

Throughout our analysis the following vector set S is used in
the examples.

m:l ¢ 00 z 1 1 O
vn:0 001 01 0 0 0
v3:1 0 01 0 0 1 1
v4:1 1 1 1 1 =2 z =z

For the above test set, for example dasyn (vr, 1) = (0 1) +
(z60)+(081)+(080)+(zd1)+(180)+ (180} + (0D
0)=14+0+14+04+0+14+1+0=4and dprax(v1,v9) =
(061)+(z&0)+ (00 1)+ (06 0)+(z )+ (1p0)+ (1@
0+(0@0)=1+1+14+0+1+1+1+0=6.

A. Pair-wise Bit-Correlation

Consider initially pair-wise bit-correlation. This is differen-
t from column-wise correlation (as used for the fixed order
case} because the Hamming distance is not strictly related to
the number of transitions of the test set due to reordering.
Three measures are proposed; these measures are used with-
in a common graph approach to generate the new ordering for
the vectors in S,

1. Minimum Hamming Distance (denoted by OMIN with
ordering L).

2. Maximum Hamming Distance (denoted by OMAX with
ordering U).

3. Estimated Hamming Distance (denoted by OE with or-
dering E).

Let G{V, E) be the fully connected graph representation of §
where each vertex v; € V corresponds to a vector v; in S and
each v; is connected to every v; (¢=I, ... n and j=I, .., n,

i#3).

The following two weighted graphs based on the definition of
minimum and maximum Hamming distances, are generated
from G:

- Gurn: G(V,E, W} where w; ; = darw (4, §) and wy 5 is
the weight of an edge e; ; in E of G. Fig. 2 (a) shows
G sy for the example S,

- Guax: GIV,E,W) where w; ; = darax (i, 5). Fig. 2 (c)
shows Gap ax for the example S.

Pair-wise (minimum and maximum) Hamming Distances have
different implications on bit-correlation and compression.

1. Minimum distance implies that the two vectors are sim-
ilar, thus data redundancy is aiready present to an extent
given also by the number of specified bits. However, the
X assignment has limited effectiveness because correla-
tion can be established only through the already specified
bits.

2. Maximum distance implies that provided a large number
of X entries exists, a substantial flexibility is possible in
the X assignment and compression.

A heuristic method based on an estimate of the distance be-
tween vectors prior to a specific ordering is also proposed. This
is an additional heuristic condition that can be used in the pro-
cess of pair-wise correlation and is based on the distance esti-
mate for the transition count of the columns in §. The probabil-
ity that after a specific ordering, a X is placed between a 0 and
a 1 is higher if the corresponding column has a high transition
count, Accordingly, the Hamming distance estimate (denoted
by de(v;,v])) is defined as

n—1
de(vi,v5) = > pk (5)
k=1

where pp = 1 if u;[k] and v;[k] have different (complemen-
t) values; else, pi is given by the probability of a transition
in the kth column. Hence, it is possible o define from G a
new weighted graph G g (similar to Gprry and Garax) but
the weights are given by the distance estimates as in Equation
5.
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{c) (d)

Fig. 2. (8} Gasin. (b) shortest path in Gars v, (€) Garax, (d) shortest path
,inGaax '

B. Reordering

The second step of this process establishes the reordering of
5. Reordering consists of modifying the order of the vectors
of S, thus generating a new reordered test set (denoted by S§).
Consider the four vectors in the example test set S given pre-
viously; S can be reordered in 4! possible ways. For each or-
dering, the number of value combinations for the 5 don’t care
entries is 2% , Therefore, a total of 2° x 4! = 768 combinations
are possible. : '

To avoid this exponential complexity (due to its NP complete-
ness), a heuristic technique is propesed in this paper. This tech-
nique is based on the minimization of the sum of the Hamming
distances (weights) of the edges in a path which connects all
nodes in the path, i.e. the new ordering corresponds to the ver-
tices in the shortest (weighted) path of G. This minimizes the
sum of pair-wise Hamming distances between pairs of vertices
(pair-wise correlation) not the final correlation (which is based
on column-wise bit correlation), i.e. H{Sg) is reduced.

Let 51 (Sg) represent the ordering corresponding to the
shortest path in Gprn (Gumax). Fig. 2(b) llustrates the
shortest path in G prny (in bold lines) which corresponds to
L = {v4,1,v3,v2) as ordering, The bold path in Fig. 2(d)
shows the shortest path in G ;4 x which corresponds wo U =
[v4,v3,v1,v2) as ordering.

In this analysis two extreme cases are therefore possible:

o H{Sy): let A represent the ordering for S€. As for any

arbitrary X assignment dasrn (vi,;) < d{v§,v§), then

n—1 n—1
> durn (vagy vape) < 9 A Vaney) (6
i=1 i=1

As Sy, corresponds to the shortest path in G 1w, 50

n—1 n—1
Z dumin (Ve vefs)) € z drern (VA vagi+))
i=1 i=1
[¢)]
From 6and 7

n—1

H(SL) =3 durn(vggvigen) < HSE)  ®)

i=1

e H(Sy): let A represent an ordering for S¢. As for any
arbitrary X assignment d(vf,v{) < darax (vi,v;), then:

n-1 : 71
Zd(vi[i]vv.ctl[iﬂ]) < z d(”il[i]i”fm’[i—i-l]) @
i=1 i=1

because the ordering A represents the shortest path in the
S¢ set. Also as d{vf,v§) < darax (vi, ;).

n-—1 c
2im1 AW Vaie)
< T Al Vi)
<Y dyax Wapy, vupg) = H(SwH)

C. Final Assignment and Compression

(10)

Having established the new ordering for the test set, it is pos-
sible to generate the final X assignment. This is accomplished
using column-wise bit-correlation as for fixed ordering on S§.
The fully specified test set is then compressed using an appro-
priate coding method.,

VI SIMULATION RESULTS

Let P, be the average probability (in %) for a bit transition to
occur in a column in the recrdered test set after the provision-
al X assignment. Let Py denote the percentage of don’t care
entries in the original test set (i.e. S) of a benchmark, Table I
shows P; obtained by the proposed methods for the ISCAS85
benchmarks (in most cases the X entries are the majority of
bits in the test set). In most cases the application of SPRMAX
results in a test set with the smallest number of transitions com-
pared with the other two methods. SPMIN and SPMAX give
the lenght of the shortest path (lober and upper bound respec-
tively).

Table II shows the compression rates for the ISCAS85 bench-
marks for fixed ordering and reordering (for the three propoesed
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P
Px_ | SPMIN [["SPRMIN T SPRE | SPRMAX ][ SPMAX
c7552 [ 9052 ] 0 2.05 1.17 0.79 91,75
c6288 | 5037 [ 5.79 4.51 397 56.22
c5315 | 94.96 0 1.59 0.92 0.76 90.56
c3540 | 7545 [} 5.46 3.08 393 80.13
¢2670 | 94.62 0 1.05 211 1.87 92.78
cl908 | 47.48 1.58 8.52 8.35 7.74 90,15
cl355 | 19,74 4.02 8.06 729 6.69 27.36
c880 | 85.01 0 3.09 2.38 2.19 88.61
c499 2.49 6.91 1.76 7.63 721 10.86
c432 | 62464 13 5.99 4.70 4,55 69.56
TABLEI
BIT TRANSITIONS AFTER REORDERING AND PROVISIONAL X
ASSIGNMENT
I —_ Hullmaal B=3) [ HufTmznt 3 =8) |
| F A || Fiaed ] OMIN | OMAX | OE || Fised [ OMIN | OMAX | OE |
©1552 36 (5 62.3 66.74 65,78 7413 T.22 kel 7512
chZRR 69 3856 41.1 S59.70 413 39.77 3.08 68.61 6176
c5315 457 7129 §5.23 66.38 TLIT 35 7441 76.66 8217
¢354 266 4212 43.34 4163 SL.oT 46,2 49.01 533 60.76
2670 323 45,3 TLIT 63.99 _ﬁ‘ ~ 754 % B1.04 T5.02
cl90R 121 A3.50 4229 5538 4438 4768 45.91 6135 45.11
c1355 123 51.02 5508 548 49.90 6,04 58.1} 56.52 5265
<R30 [7] 523 57062 56.2 5609 62.08 9.9 64.89 63.31
cd9d [ AR 46.71 45.19 46.30 53407 0.2 564 SL.OL
cd3? T 61.66 5745 H0.5R 61.09 6869 £4.23 6R.49 70.28
TABLEII
COMPRESSION RATES

ordering methods, OMIN, OMAX and OE). Note that M de-
notes the number of test vectors in S generated using HITECH.
Compression has been accomplished using Huffman’s method
(for B=4.8). Bold entries identify the largest compression rate
(for a given B) for each benchmark. As in a previous paper
[21], Huffman’s coding with B=8 provides the highest com-
pression rate.

VII. CONCLUSION

This paper has presented a technique for compressing partially
specified test vectors, i.e. X (don’t care} entries are present
in the vectors. This technique is based on a process by which
bit positions in the vectors are analyzed and boolean values are
assigned in place of the X’s (X assignment). This process is
referred to as bit-correlation and effectively enhances the abil-
ity to compress the vectors by appropriately modifying the bits
located in the same position.
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