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Abstract— We propose an on—chip test pattern gen-
erator that uses an one—dimensional cellular automa-
ton (CA) to generate either a precomputed sequence
of test patterns or pairs of test patterns for path de-
lay faults. To our knowledge, this is the first ap-
proach that guarantees successful on—chip generation

of a given test pattern sequence (or a given test set for
path delay faults) using a finite number of CA cells.
Given a pair of columns (Cy, Cy) of the test matrix,

the proposed method uses alternative “linkinéxroce—
dures” P; that compute the number of extra cells

to enable the generation of (Cy, Cyy) by the CA. A sys-

tematic approach uses the linking procedures to mini-
mize the total number of needed ég cells. Experimen-
tal results show that the hardware overhead is often
reasonable. The performance of the scheme depends
on an appropriate choice of linking procedures F;.

Keywords: Built—In Self-Test, Deterministic Test Pat-
tern Generation.

1 Introduction

Cellular automata (CA) as potential mechanisms for
Test Pattern Generation have been studied by several
researchers. (e.g., [8, 4, 10, 2]). In this paper, we con-
centrate on cellular automata (CA) for on—chip test
pattern generation of a deterministic ordered test pat-
tern sequence, generated by an ATPG tool. This is a
very difficult task. Other type of built-in mechanisms,
including Weighted-random LFSRs and binary coun-
ters which have been proposed as efficient mechanisms
for unordered test patterns, require very hardware in-
tensive mapping mechanisms to guarantee generation
of the input test sequence 7', and are impractical.
We consider binary one—dimensional CA with the
communication between cells defined by the one—
neighborhood relation. If the state of cell 7, 1 < i < n,
where n is the total number of cells, at time ¢ is x{,
then the next state xﬁ"’l is computed by the func-
tion ojT" = g;(x!_y, 2!, xl,,) [11]. Values zf and 2!
are constant (set to “1” or “0”) for every ¢. Given
a p X w test matrix T representing the test pat-
tern sequence, the goal is to establish valid functions
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gi(®j_y, ¢}, xf, 1) so that for each column (p x 1 vec-
tor) C; of T, there is some cell i so that C']t» =zl
1 <t < p. For this purpose, additional cells may be
needed. These cells generate columns, referred to as
link columns, that do not correspond to test matrix
columns. The structure of the link columns is chosen
so that valid functions are formed. The functions can
be implemented by 8:1 multiplexers (or their equiv-
alents). Of course, the goal is to insert as few link
columns as possible, since each link column requires
one cell and one multiplexer.

A generic scheme has been proposed for this prob-
lem in [2]. The scheme tries to minimize the number of
link columns based on a greedy algorithm. The main
problem of a generic approach such as the one in [2]
is that it cannot guarantee generation of 7', as greedy
choices can lead i1t into an infinite loop.

In this work, we propose a scheme based on system-
atic (programmable) procedures P; for obtaining valid
functions g;(). These procedures are referred to as link
procedures. Given two columns Cy, and C, of T, link
procedure P; computes a set of extra “link” columns to
make possible the generation of C, and C',. This num-
ber is used as weight w; (u, v) on edge (u, v) of graph G.
The problem is formulated using a graph G where each
node corresponds to a column and the weight of each
edge (u,v) is min;{w;(u,v)}, where the minimum is
taken over all considered link procedures ;. The min-
imum number of CA cells is determined by applying
a Traveling Salesman Algorithm as explained in Sec-
tion 2. The proposed procedures not only guarantee
valid sets of link columns between any two columns
Cy and C, but also that the CA generates the con-
catenated sequence of any two already generated se-
quences (Cy, Cy) and (Cy, Cy,) without any additional
link columns. In this way, the algorithm guarantees
the minimum possible hardware overhead subject to
the set of the considered link procedures II = Uj P;.
Thus, the more efficient the link procedures (and the
larger the pool of such candidates), the lower the hard-
ware overhead will be. This important feature of the
presented framework initiates an interesting research
direction, that of determining an appropriate pool II
of link procedures so that the hardware overhead is
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minimized. Section 3 gives experimental results on
test sequences provided by Sunrise Test Systems, Inc.
and test matrices for path delay faults generated by
ATPD [7]. The results show that the approach may
only be efficient (in terms of hardware overhead) on
short test sequences but i1t tends to behave better on
test matrices for detecting path delay faults. This is
a somewhat expected result, due to the inherent dif-
ficulty of the studied problems. However, its perfor-
mance may be improved if additional link procedures
are proposed.

2 Ouwur approach

2.1 The basic scheme

We consider a pXxw test matrix 7' comprising p ordered
test vectors. Let X, Xy ,and X denote any column
(1 X p vector). We define the following:

Given a sequence of 3 columns (X, X, Xg), we as-
sociate to each row i, 1 < ¢ < p — 1, the r—template
tau; = [2 5, 7). (No 7—template is associated with
the last row p). We will use H(7;) to denote the up-
per part [z z' 2%] of ; and L(;) to denote the lower
part, [z**1].

Given a sequence of columns (Xz, X, Xg), we say
that two 7—templates ; and 73, 1 <4, < p—1, are
conflicting if and only if it happens that H(r;) = H(7;)
and L(m;) # L(7;)

Definition 1: A sequence of 3 columns (Xz, X, Xg)
i1s a wvalid triplet if and only if there are no conflicting
T—templates.

Definition 2: A sequence of columns (X1, Xo, ...,
X;) is a valid sequence if and only if all subsequences
(X1, X2, X3), (X2, X3, X4), ..., (Xizs, Xi—a, Xio1),
(Xi—2, Xi—1, X;) are valid triplets.

Definition 3: Given any two columns A and B, a
link procedure P is a program that returns a valid se-
quence of columns (A4, Ly, L1, Lo, ..., Lj, B). Columns
L;,0 < i < j are called the link columns of the valid
sequence.

Given an ordered test matrix 7', we construct a di-
rected weighted graph G = (V, E). Graph G contains
one node for each column of 7" and directed edges
(u,v) and (v,u) for each pair of columns w, v of the
test matrix. Graph (G contains two additional nodes
s and ¢ that correspond to the starting and ending 0
columns, respectively. Node s points to every other
node u through an edge (s, u) while node ¢ is pointed
to by every other node u. Given a set of linking proce-
dures P;, we assign a weight w(u, v) on each directed
edge (u,v) equal to min;{w;(u,v)}, where w;(u,v)
is the number of link columns in the valid sequence
(u, Ly, ...Lg, v), under procedure P; (k = w;(u,v)—1).

Consider a procedure P; which not only guaran-
tees valid sequences between any two columns C', and

C, but also that the CA generates the sequence of any
two already generated valid subsequences (Cy, Cy) and
(Cy, Cy) without any extra link columns. Using the
above formulation, and such a procedure P, the prob-
lem of generating 7" by a Cellular Automaton synthe-
sized using procedure P, amounts to finding a path
from s to ¢ that passes through each node and has
minimum total weight. We assume that each node is
visited only once. The problem then amounts to the
directed version of the Traveling Salesman Problem
(TSP) [5]. Although TSP is NP-hard, it has been
extensively explored in the bibliography and very effi-
cient algorithms in terms of both quality of solutions
and running time have been developed. The algorithm
that we use here is the one from [3]. If nodes are al-
lowed to appear on the path more than once, the over-
all cost may be reduced more, but the problem can be
formulated as a min—cost flow problem with lower ca-
pacity bounds, for which only general Integer Linear
Programming solutions are known.

Once a path of minimum total weight is returned,
the CA is synthesized by listing the nodes of the
path (each node is a column of T or a zero column)
and in between any two such nodes u and v , the
w(e) columns generated by procedure P. Let T" be
the resulting matrix. Any sequence of 3 columns
(xf_y, 2}, 2{,,) of T" is a valid triplet which corre-
sponds to a valid function g;() that can be simulated
by appropriately designing cell ¢ of the CA using stan-
dard techniques. We note that the proposed approach
provides a general framework for minimization of the
number of link columns, based on the selected set of
linking procedures.

Theorem 2.1 The proposed framework guarantees
the minimum possible hardware overhead required for
a 1-neighborhood CA to generate any test sequence T
under a given set of linking procedures.

From the above it becomes obvious that the pro-
posed scheme opens an interesting research direction.
That of finding an appropriate pool II(T) of link pro-
cedures P; for a given matrix 7" so that the cost of
generating 7" using a 1-neighborhood CA is the mini-
mum possible. In this paper, we provide two such link
procedures that are strong contributors to the mini-
mization of the number of link columns. The proposed
procedures are generic, i.e., can be applied to any in-
put matrix 7. In addition, they guarantee the CA gen-
erates the concatenated sequence of any two already
generated valid subsequences (Cy, Cy) and (Cy, Cy)
without any extra link columns. The proposed CA
synthesis tool uses these procedures, but it can also
accept any other new link procedures without any
changes in the tool.



2.2 Two link procedures

2.2.1 Procedure Shifting_sequences

Definition 4: Given a column X = (z! 22 ... 2F)"",

the shift-up column of X is the column X =
(22,23, ..., 2P d)'" where d is a don’t care.

Lemma 2.1 Given a column X, the sequence of
columns (Xp,X,X) is a valid triplet for any column
Xr.

The advantage of Shifting_sequences is supported
by the following lemma. This shows intuitively that
the more shiftings, the easier to obtain a valid triplet
having a matrix column as rightmost column.

Lemma 2.2 Let X be a column that contains don’t
cares only wn each entry with index i or higher for
some given i, 1 < i < p. Then, for any column Xg,
the sequence (X,X,XR) is a valid triplet if and only
of there are no conflicting T—templates containing no
don’t cares in thewr L parts.

Given two columns A and B of the test matrix, a
shifting sequence from A to B is a sequence of columns
(A, Lo, Ly, La, ..., L;, B) such that Lo = A, L; = L;—,
1<i<j,and (Lj—1,L;, B) is a valid triplet. We ob-
serve that because of Lemma 2.1, a shifting sequence
is always a valid sequence.

The important property of a shifting sequence
(A, Lo, L1, Lo, ..., L;, B) is that column A can be pre-
ceded by any other column X with the resulting
sequence (X, A, Ly, L1, Lo, ..., Lj, B) being still valid.
That is, for any two columns A and B of the test ma-
trix, column B can always be placed after column A
with some intervening link columns without regard to
what column s placed before A. More generally, we
have the following lemma.

Lemma 2.3 Let (A,L()“B,LfB,...,LfAi,B) be a
shifting sequence from A to B and
(B, LEC LB [ LBC C) be a shifting sequence

JBC?

from B to C. Then (A, LB LAB ...,L;‘Ai,
B, LEC LYY, . L}BBCC,C) s a valid sequence.

Given any two columns A and B of the test ma-
trix, we are interested in finding a shifting sequence
(A, Lo, L1, ..., Lj,,, B) of minimum length.  This
means minimizing the number j4p of link columns
L1, Lo, ..., Lj, . (Lo must always be equal to fl) This
minimum number (denoted by map) can be found by
successive shift—ups of Ly = A until a valid triplet end-
ing with column B is formed. The weight wy (A, B) ob-
tained by this linking procedure (referred to as Py) for
any two columns A, B is set to wy1(A4, B) = map + 1.

The check for a valid triplet each time 1s done accord-
ing to Lemma 2.2 by substituting column Xz in the
Lemma with column B. Figure 1 gives an example.
A procedure to find the required link columns is given
below.

PROCEDURE MINSL(A, B)

map = 0;

Xp:=A; X = A;

WHILE (X, X, B) is not valid according to Lemma 2.2
map i=map +1;
Xp:=X; X := XL;

END WHILE

RETURN m a5:

END MINSL
A Ly Ly B
1 0 1 0
0 1 1 0
1 1 0 1
1 0 0 0
0 0 1 1
0 1 0 1
1 0 = 0
0 T1 o 0

Fig. 1: Shifting sequence for column A to B. Column B can
be inserted after the link column Lo. The don’t care values are

set to x1 = 0,22 = 1.

2.2.2 Procedure Target_sequences

Given any column A of the test matrix, we de-
fine a target sequence for A to be a sequence
(C1,A,L1, Ly, ...,L;, C5) that starts with a constant
column ) followed by A, contains some (possibly
none) link columns, ends with a constant column Co,
and is valid. C7 and Cs can be independently any
constant columns, but in the following discussion we
assume that both €y and C5 are constant 0. The in-
troduction of the link columns is “targeted” to allow
constant column C5 be placed at some position after
column A without creating any invalid triplets. The
link columns are not necessarily generated by the shift-
ing scenario, but are rather generated so as to increase
the number of 0’s in each successive link column. In
particular, the generation of each new link column is
done so as to “push” the last ‘1’ entry appearing in
the column as high (i.e., towards or past the first entry
of the column) as possible. Given a column A, a tar-
get sequence (0, A4, L1, Lo, ..., L;,0) can be generated
as follows:

PROCEDURE TSEQ(A)
1. Initialize X to the all-zero column and Y to A;

2. Initialize the index n of the link columns to n := 1;



3. Find the maximum k
so that if Ln[p], Ln[p — 1], ..., Ln[p — k + 1] are set to O,

no conflicting r—templates 7;, p — k+1 < ¢ < p —1, occur;

4. Assign Lp[i]:=0,p—k+1 <7 < p;
5. IF k < p THEN
6. FOR each j,1 < j3<p—- kDO
7. IFF, p—k4+1<i<p—1,
o that (X[j],Y[J]) = (X[, V[]) and YTj + 1] £ Vi + 1]
8. THEN Ln[j] := 1

9. ELSEIF 3, p—k+1<i<p—1,
so that (X[j],Y[j]) = (X[i], Y[i]) and Y[j + 1] = Y[i + 1]

10. THEN Ly[j]:=1

11. ELSE Ly[j] :=Y[j + 1]
12. X =Y;Y :=Lp;n:=n+1;
13. GOTO 3;

14. ELSE RETURN(n);

END TSEQ

The maximum value k of the entries of a new link
column that can be assigned to 0 is found in line 3.
If £ = p then the algorithm terminates. Otherwise,
all entries with index p up to p — k 4+ 1 are set to
0 (line 4), while all related entries among those with
index p — k up to 1 are set to consistent values, as
required for valid triplet (lines 8 and 9). Any entries
with index p — k up to 1 that are not affected by the
above assignments take values according to the shift-
ing scenario (line 11). We note that for each new link
column, the position of the last 1 in the column gets
closer to the top by at least one position and that each
new link column is not necessarily the shifted version
of the previous column. An example i1s shown in Fig.
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Fig. 2: Target sequence for a column A. The values of k& for

link columns L1, Lo, L3 are respectively k =4,k =5,k = 7.

The weight wa(A, B) obtained by this linking pro-
cedure (denoted by P;) for any two columns A, B is
the number of linking columns plus 1. The follow-
ing lemma implies that the proposed procedure P
not only guarantees valid sequences between any two
columns Cy and C, but also that the CA generates

the sequence of any two already generated valid sub-
sequences (Cy, Cy) and (Cy, Cy) without any extra
link columns.

Lemma 2.4 Let (0,A, L4 L4 .., L;‘, 0) and
(0,B, LB LE, ...,L}B,O) be target sequences for A and
B. Then (0,A, L4, L4, .., L4,0,B, L5, L8 . L[5 0)
1s a valid sequence.

3 Experimental results

We applied our method in two contexts. The first is
the generation of precomputed test pattern sequences
for sequential circuit testing. Table 1 shows results
on test sequences provided by Sunrise Test Systems
Inc. for two different circuits. The first three entries
correspond to the first circuit and the last three to
the second. The matrices contained don’t cares, and
we used a procedure from [6] to assign values to the
don’t cares so that the number of distinct columns is
minimized. The latter quantity is a lower bound to the
number of required cells in the Cellular Automaton.

The first column in Table 1 gives the dimension
(rows x columns) of the test matrices. Column two
indicates the average inter—column distance (sum of
the minimum distance between all pairs of columns
using the proposed linking procedures, divided by the
number of all column pairs). This can be used for a
quick (over)estimation of the overall cost. The total
number of cells (extra plus inputs) of our approach as
obtained by using the TS procedure of [3], is shown
in the third column. We observe that for large ma-
trices (primarily due to the number of test patterns)
the hardware overhead of the problem studied may
become large due to its inherent difficulty. So on—chip
test pattern generation is applicable to short test se-
quences. Additional linking procedures, however, may
lead to improved results.

Table 1: The behavior of the proposed scheme on test se-

quences.
Test Matrix Average Total cost
(rows Xxcol) interclmn. dist. (by TS)
10x135 2.34 271
20x135 5.32 565
50x135 15.06 1723
10x362 2.65 794
20x362 4.19 1003
50x362 14.12 4693

The second part in our experimentation concerns
the generation of test vector pairs for path delay faults.
Although the order of the two vectors in each pair is
fixed, the pairs may be ordered arbitrarily. We have
used an iterative improvement heuristic to reorder the
pairs using a constant number of passes. In each pass,



the reordering of the pairs yields a new test matrix to
which our proposed algorithm is applied to compute
only the average intercolumn distance with the specific
linking procedures. The heuristic returns the ordering
yielding the minimum average intercolumn distance
over all passes. (The details of the implementation of
a pass are omitted here.)

Table 2 shows results obtained on ISCAS’85 bench-
marks. The pairs of test patterns were produced by
ATPD [7]. We do not list results for ¢432 and c499
since those circuits contain XOR gates and the gener-
ator does not currently handle this type of gates. In
addition, the generator is time consuming on larger
circuits such as c6288 and c7552. The experimen-
tal results indicate the flexibility in the reordering of
the pairs may have a significant effect on the required
hardware overhead. The table also shows the effect of
the number of test vectors (pairs of patterns) on the
hardware overhead.

Table 2: The behavior of the proposed scheme on pairs of
test vectors generated by ATPD [7].

circuit inputs | pairs | aver. col. dist. | total cost
c880 61 27 5.4 317
c1908 33 25 5.02 145
c2670 233 10 2.3 268
c3540 50 8 1.73 79
c5315 178 25 4.85 796
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