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An efficient, unified algorithm, Advanced Two-Phase Cluster Partitioning, is proposed for automated synthesis
of pseudo-exhaustive test generator for Built-In Self-Test (BIST) design. A prototype of the algorithm, Two-
Phase Cluster Partitioning, has been proposed and the hierarchical design procedure is computationally efficient
and produces test generation circuitry with low hardware overhead. However, in certain worst case, the algorithm
may generate a sub-optimal design which requires more test patterns and/or hardware overhead. In order to
generate a globally optimal design, further improvement of two-phase algorithm can be achieved by expanding
the design space for the formation of linear sum so that the number of test signals required for pseudo-exhaustive
testing can be reduced. We demonstrate the effectiveness of our approach by presenting detailed comparisons of
our results against those that would be obtained by existing techniques.

Key Words: Built-In Self- Test (B1ST), Pseudo-exhaustive, Clique partitioning, Maximum Test Concurrency (MTC),
Linear sum

1. INTRODUCTION

esting a circuit consists of applying an input se-
quence and observing the resulting output se-

quence. With respect to test generation, the central
problem is that in today’s IC technology a highly
complex chip has low accessibility of internal circuit
nodes (controllability and observability). The weak
accessibility makes traditional testing techniques
costly and ineffective. Especially, modern RISC pro-
cessors incorporate a hundred of thousands of tran-
sistors to perform the bulk of the task of a complete
computer system on a single chip. This level of in-
tegration has substantially increased the complexity
of testing modern RISC processors to the point
where classical functional based testing methods are
simply inadequate. Thus, design for testability tech-
niques are in demand.

Built-In Self-Test (BIST) has been proposed as a
powerful technique for addressing the highly com-
plex problems of VLSI testing [1-9]. The basic idea
is to include the test generator and evaluator into
the design and to perform the testing internal to the
chip. A widely adopted design approach is one in
which BIST is combined with some type of scan de-
sign methodology. In this situation, the internal state

of the system under test is completely accessible so
that the BIST hardware need only create and analyze
tests for purely combinational circuits. While ex-
haustively checking all possible input patterns is nei-
ther feasible nor required in many situations. For a
general multi-input, multi-output combinational cir-
cuit in which no output is a function of all input
variables, pseudo-exhaustive testing may be applied:
For circuits of this type,, it is possible to obtain the
same amount of information as obtained in exhaus-
tive testing, but with a reduced number of test pat-
terns. One needs to find sets of input pins which can
share common test signals. This problem is com-
pletely analogous to resource sharing in data-path
synthesis, and certain modifications of efficient al-
gorithms developed for the latter can be applied to
the test generation problem.
There have been many variations on the basic idea

of BIST design. The first method for pseudo-ex-
haustive test pattern generation was proposed in [10]
in which a syndrome drive counter (SDC) designed
by a minimum covering procedure was proposed for
generating test patterns. In that technique, it can be
checked whether the different inputs of the CUT
(circuit under test) can be tested by using the same
test signal. But, test time may be still too long when
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only a few inputs share the same test signal. Also,
no attempt is made to find the minimum number of
test signals for the non-MTC circuits. If the number
of required test signals is equal to the maximum num-
ber of inputs upon which any.output depends, the
circuit is called an MTC (Maximum Test Concur-
rency) circuit [11]. Using the proposed technique,
fewer test signals are needed for the non-MTC cir-
cuits.
Two universal testing techniques have been pro-

posed to reduce the number of test signals for
pseudo-exhaustive testing. The first technique, ver-
ification testing [11], uses constant weight counters
(CWC) to implement pseudo-exhaustive generators.
A major problem with this approach is that input
stimulus generation must be computed, and that is
an NP-complete problem. Therefore, for circuits
having a higher order m-out-of-n code [11], CWC is
very costly to implement. Next, a combination of
LFSRs and exclusive-or gates was proposed in [12-
13]. However, the techniques proposed in these pa-
pers did not attempt to allocate the minimum number
of required test signals, nor did they attempt to min-
imize the extra hardware overhead (i.e. XOR gates).
Because these problems are NP-complete, a univer-
sal procedure (LFSRs/XORs) was proposed in [12]
to solve the problem where an upper bound of the
required test signals for the CUT is derived. Both
the proposed universal testing techniques do not
keep track of the specific dependencies for each out-
put and simply focus on w, the maximum number of
inputs upon which any output depends. The tech-
niques derive tests in which any output having the
dependency subset of w (or less) can be pseudo-
exhaustively tested. However, in general, not all out-
puts depend on the same number, w, of inputs.
Therefore, the number of test patterns found in both
techniques can be more than is necessary for pseudo-
exhaustive testing.
Condensed LFSR testing based on linear codes

and structural partitioning was proposed for self-test-
ing in [14]. This technique is most effective when w
>- n/2. However, when w < n/2, more test patterns
than necessary will be generated by this technique.
Another design technique using an LFSR to gen-

erate pseudo-exhaustive testing patterns was pro-
posed in [15]. The technique is based on cyclic codes
which are easier to implement and have less hard-
ware overhead than an LFSR designed using general
linear codes. However, more test patterns than nec-
essary may be generated by this technique in some
cases. For example, to design an (n, k) LFSR for an
(n, w) CUT, from APPENDIX D in [16], we need
to find a cyclic code that has a code length n and a

minimum distance, w + 1. However, such a cyclic
code may not exist. If a cyclic code for code length
n does not exist, then we need to find a cyclic code
which has next higher code length (>n). If the min-
imum distance w + 1 does not exist, then find a
cyclic code with next higher distance -> w + 1. In
these worse cases, the test patterns generated by this
cyclic code generator may be more than what is re-
quired for pseudo-exhaustive testing.
An efficient solution to the problem of test gen-

eration for BIST has been proposed in [1]. The poly-
nomial-time algorithm, two-phase cluster partition-
ing, executes quickly and produces test generation
circuitry of low complexity. However, in certain
worst case, the algorithm may generate a sub-optimal
design which requires more test patterns and/or
hardware overhead. In this paper, an efficient al-
gorithm, advanced two-phase cluster partitioning, is
presented which is a further improvement on the
original two-phase algorithm [1] to automatically de-
sign a test generator for BIST. The advanced two-
phase algorithm generates less number of test signals
than previous techniques and is suitable for both
MTC and non-MTC circuits. The test generation pro-
cedure operates .in two phases. The first, phase con-
sists of a cluster partitioning technique that itself is
sufficient for circuits having the MTC property. The
second phase further reduces the required number
of test vectors for non-MTC circuits by forming linear
sum of the test signals that were obtained at the end
of the first phase. We will present detailed examples
which will show the results superior to the previous
techniques and also show how the techniques can
improve the original two-phase algorithm.

2. PHASE ONE: CLUSTER
PARTITIONING

It is well known that the same test signal can be
applied to two inputs of a circuit under test (CUT)
if none of the outputs is functionally dependent on
both of the inputs. This fact can be used to reduce
the required number of test signals. The problem of
systematically reducing the number of test signals in
this fashion while still exhaustively testing the CUT
has been formulated as a covering problem of the
cliques of a graph [10]. However, the problem of
finding the cliques of a graph, a maximal complete
sub-graphs of the original graph, is NP-complete.
Thus, an efficient heuristic algorithm is needed to
obtain a practical implementation for large prob-
lems.
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An efficient "clique partitioning" algorithm has
been proposed to solve an analogous problem of re-
source sharing which occurs in the area of high-level
data-path synthesis [17]. (We prefer the term "cluster
partitioning" since the partitions that are obtained
are not necessarily cliques.) Further investigation of
the heuristic algorithm in the context of data-path
synthesis has shown that a smaller number of disjoint
sets can be obtained if certain priorities in the al-
gorithm are reversed. These algorithms have poly-
nomial time complexity and as we will show, yield
excellent results when applied to the test generation
problem.

Before we discuss the phase one algorithm in de-
tail, some terms used in [10] need to be reviewed:

Definition 1: An input pair (xg, xi) is said to be
adjacent if there exists at least one output function
fi, 1, 2, m which depends on both xi and
Xj.

Definition 2: A pair (xg, xi) is said to be non-ad-
jacent if they are not adjacent.

Definition 3: The NA graph is defined to have n
vertices, designated by x, x2, x, corresponding
to the n input lines. There is an edge between node
x and node x if and only if the pair (x, x) is non-
adjacent, i.e., the two inputs x and x can be tested
by the same test signal.

Definition 4: The replacement of two circuit inputs
by a single common test signal is represented in the
graph by a composite node. In other words, we re-
place the two nodes xi and x and the edge joining
them with a single composite node labeled as (xi, x).
As in Ref [10], a non-adjacency (NA) graph is used

to determine which sets of circuit inputs can be con-
nected to common test signals. Specifically, a set of
input lines can all be connected to the same test signal
if they form a clique in the NA graph. Therefore,
the objective is to find the minimum number of dis-
joint cliques in the NA graph. However, rather than
using a covering procedure, we exploit the "neigh-
borhood property" of Ref [17] to obtain a polyno-
mial-time procedure.

Definition 5: A node x in the NA graph is said to
be a common neighbor of an edge (xi, xi) if edges
exist from Xk to both xi and xi.

Definition 6: A deleted edge of a composite node
(x, xi) can arise in either of the following three ways"

(1) A node Xk which is not a common neighbor of
x and x will no longer be connected to the
composite node (x, x). Thus, the edge (x, Xk)
or (xi, Xk) has to be deleted, as appropriate.

(2) A node Xk which is a common neighbor of xi
and x will still be connected to the composite

node (xe, x.). However, only one of the original
two edges needs to be retained. Thus, one of
the edges (xg, Xk) or (xi, Xk) has to be deleted.
In this algorithm, the edge (xi, x) will be de-
leted if j > i. Otherwise, the edge (xi, Xk) will
be deleted.

(3) The edge (xg, xi) itself must, of course, be de-
leted.

Definition 7: A candidate pair (xp, Xq) in the NA
graph is determined by the following criteria (listed
in order of priority)"

(1) (xp, Xq) has the minimum number of deleted
edges.

(2) (x;, Xq) has the maximum number of common
neighbors.

The above order of priority for pairing nodes is
the reverse of that recommended in the "clique par-
titioning" approach of Ref [17]. It is found that while
the above order leads to better designs in data-path
synthesis problems [18], either priority scheme yields
excellent results for the test generation problem.
The cluster partitioning algorithm can now be

stated in the following way:

Step 1: Establish the NA graph using thefunctional
dependency sets F of the rn outputs of the
CUT.

Step 2: Traverse. the list of edges in the NA graph.
For each edge (xi, xi), compute the number
of common neighbors and the number of
deleted edges.

Step 3: Find the candidate pair (x, Xq). Choose
the smaller of p and q as the head of the
cluster. Remove the deleted edges of the
composite node (xe, Xq). Update the list of
edges accordingly and recompute the num-
bers of common neighbors and deleted
edges. If the list of edges is empty, then
cluster partitioning is complete.

Step 4: Assume xp is the head ofthe current cluster.
Find a candidate pair which loins node Xp
and another node, x. Choose the smaller
ofp and r as the head of the resulting clus-
ter. Remove the deleted edges of the com-
posite node (xp, Xr). Update the list ofedges
accordingly and recompute the numbers of
common neighbors and deleted edges. If
the list of edges is empty, then the cluster
partitioning is complete. Otherwise, ifnode
xo (or x if r < p) no longer appears in the
updated list of edges, go to step 3 and start
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to form another cluster. Otherwise, repeat
step 4 and continue to find other nodes to
add to the current cluster.

The p disjoint clusters obtained through the above
cluster partitioning algorithm are equivalent to the
number of required test signals, i.e. the test set T
{s, s2, s}. Each element of T is composed of
the CUT inputs which have been formed into a clus-
ter. All inputs in the cluster s are represented by the
same symbol xi, which is the input in the cluster
having the smallest numerical value, and the func-
tional dependency sets are now updated accordingly.
If w, the maximum number of inputs upon which any
output depends is equal top (i.e., the MTC situation)
then there is no need to proceed with phase two.
Otherwise, the phase two algorithm described in Sec-
tion 3 must be subsequently applied to obtain the
optimized test generation hardware.

In order to demonstrate the power and compu-
tational efficiency of the above cluster partitioning
algorithm, we have tested it on several very large
problems. In Ref. [19], several large circuits have
been proposed as benchmarks for test generation
algorithms. Of these, the circuits C880, C2670,
C5315 and C7552 have the property that no primary
output depends on all the primary inputs, so that
pseudo-exhaustive testing techniques may be used.
After applying the phase one algorithm to these four
circuits, we find that all of them are MTC circuits.
The number of test signals that are required for
pseudo-exhaustively testing each of these circuits is
shown in Table I. The computation times (on a Sun
3/160 workstation) required to obtain these results
are also listed in the table. These circuits contain up
to several thousand gates and several hundred input/
output lines, yet the computation time in all cases is
quite reasonable. Comparable results using the op-
posite priority ordering (i.e., using "clique partition-
ing") are also shown in Table I. As can be seen,
application of either of these "data-path synthesis"
procedures yields excellent results for these large ex-
amples.

3. PHASE TWO: FORMATION OF
LINEAR SUM

For non-MTC circuits, the number of required test
signals can be further reduced by using linear com-
binations of a smaller number of signals. Akers has
proposed a linear sum approach for the test gener-
ation problem [12]. However, our approach differs
from his in two respects. First, we do not begin to
form linear sum until reductions in the number of
test signals by the phase one procedure have been
obtained. Second, this procedure seeks to find the
minimal number of exclusive-or (XOR) gates which
must be added. These two factors usually result in
significant savings in both hardware and number of
test patterns that are required to test non-MTC cir-
cuits.

In the phase two procedure [1], while looking for
the test signal for the input pin et, we only consider
the linear sum of the signals of a size two cluster C
in the NA graph. If C J (i.e., no edges in the
NAz graph), then we add an extra test signal to the
basic test set Fa as the test signal for the input pin
e. But, in a certain case, instead of adding an extra
test signal, we may use the linear sum-of three or
more signals in Fa as the test signal for the input pin
e. This will indeed further reduce the number of
required test signals for pseudo-exhaustive testing.

Theorem 1: A possible test signal for the input pin
e can be the linear sum of test signals xp and Xq, if
xp and Xq form an edge in the NA graph.

Proof: In step 2 of phase two algorithm; all the sets

P’s containing the element e are selected from the
functional dependency sets. The terms P {ez, et/ ,

e} define sets of adjacent nodes which can be
formed into an adjacency graph. Note that the non-
adjacency graph is the dual graph of the adjacency
graph. Thus, there does not exist any set P which
contains all the elements Xp, Xq and et, if Xp and Xq
form an edge in the NA graph. In this case, the test
signal for input pin e can be the linear sum of test
signals Xp and Xq. [q

TABLE
Results for 4 ATPG Circuits by Phase-One

Circuit Under Test

Circuit Total Total Input Output
Name Gates Lines Lines Lines

C880 383 880 60
C2670 1193 2670 233
C5315 2307 5315 178
C7552 3512 7552 207

Results: Phase One
Results’ Clique
Partitioning

No. Test Execution No. Test Execution
Signals Time (sec) Signals Time (sec)

26
140
123
108

45 3.3 45 3.5
122 120.6 122 145.2
67 231.6 68 222.5
194 14.5 194 16.2
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The new phase two algorithm is listed as follows.
(In the following discussion, we use p to represent
the number of disjoint clusters partitioned by the
phase one algorithm, and it is different from the
index p representing the node x in the phase one
algorithm.)

Step 1: From the functional dependency sets Fi,
arbitrarily choose one set Fd which has ex-
actly w elements (w < p) i.e. Fd {tl, t2,

tw}, where ti T. Then form the
exclusive set E T Fd i.e. E {el, e2,

eg} where k p w. Set an index
/=1.

Step 2: Traverse the functional dependency sets
and find those which contain the element
e. Let P denote such a set. Each set Pi
{e, e+ 1, e} contains adjacent nodes,
so that these sets can be used to construct
an adjacency graph. Establish the corre-
sponding non-adjacency graph NA from
this graph.

Step 3: (i) (one step look-ahead) If < p w,
choose a cluster C of size two in the NA/
graph which has the largest number of ele-
ments that are also members oftheprevious
clusters Cg, k < from the graphs NAg.
(Note that these clusters are not necessarily
disjoint since they are obtained from dif-
ferent NA graphs.) If there is more than
one such cluster, then choose the cluster
which will result in the maximum number
of edges in the NA/+ graph.

(ii) If p w, then arbitrarily choose
any cluster C ofsize two in the NA graph.

(iii) If there are no edges in the NA
graph, then we check whether there exists
a test signalfor the inputpin e byformation
of a linear sum of three or more signals in

Fd. If it exists, then we replace the test signal
for el by XOR of the found signals in Fd
and update the functional dependency sets
accordingly and go to step 5. Otherwise,
we set Fd Fd U {el} and go to step 5.

Step 4: Replace the test signal for et by the XOR
of the two signals in the cluster found in
the previous step. Update the functional
dependency sets accordingly.

Step 5: If p w, then the phase two algorithm
is complete and the size of Fd is the number
of required test signals. Otherwise, set
+ 1 and go to step 2.

The results of applying the combined two-phase
algorithm to four non-MTC circuit examples are
shown in Figures 1-3 and 4(a)--(d). Note that the
number of required XOR gates is quite small in all
cases. Table II compares the number of required test
patterns for these four examples using this approach
("ADVANCED TWO PHASE") with the number
obtained using six previously proposed test genera-
tion methods ("TWO PHASE" [1], "SDC" [10],
"LFSRs/XORs" [12], "CWC" [11], "Condensed
LFSR" [14] and "LFSR with Cyclic Code" [15]). As
can be seen from the Table II, the advanced two-
phase algorithm requires fewer test patterns in all
cases.
The following is an application of the advanced

two-phase algorithm to the non-MTC circuit of ex-
ample 4 to demonstrate the steps of the algorithm
and show how the new techniques can further reduce
the number of test signals than does the original two-
phase algorithm.

Example: Consider the circuit given in Figure 4(a).
In step 1 of the phase one algorithm, the NA graph
is established as shown in Figure 5. When the phase
one algorithm is complete, the final clusters are {(x 1),

’I

B1

B2

B3

X1

X2

X3

X4

X5

X6

X7
X8

CUT

FI(X1,X2,X3,X4)

F2(X6,X7,X8)

F3(X3,X4,X5,X6)

F4(X3,X5,X6,X7)

F5(X1,X4,X7,X8)

FIGURE 1 NON-MTC circuit: example
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X1

X2

X3

X4 CUT

X5

FIGURE 2 Non-MTC circuit: example 2

"F (X1,X2,X3)

F2X1,X3,X4,X7)

F3(X2,X5,X6,X7)

F4(X1,X3,X5,X6)

F5(X4,X5,X6)

(X2) (X3) (X4, X5) (X6) (X7) (X8, X9, X10)}. Therefore,
p 7. The test set is T {Xl, x2, x3, x4, x6, XT, Xs}.
All the functional dependency sets are updated and
listed as follows.

F {x1, X3, X4}

F2 {x6, x7, x8}

F {x2, x7, X8}

F4 {X2, X6, X8}

F6 {X1, X4, X8}

F7 {X3, X4, X8}

F8 {x1, x2, x8}

F9 {X1, X4, X7}

F10 {x2, X3, X7}

F11 {x1, x6, x8}

El2 {x4, x6, x8}

F13 {X3, X4, X8}

F14 {X4, X7, X8}

F15 {Xl, x2, x4}

But, w 3 and p w; the circuit is therefore a
non-MTC circuit. So, the phase two algorithm is
used. In step 1, we choose Fa F {x, x3, x4}.
The exclusive set E =- T Fa and E {x2, x6, XT,
x8}. So, k 4, el x2, e2 X6, e3 X7, and e4
x8. Then, set 1. In step 2, traverse the functional
dependency sets Fi’s (i 1 to 15) and find all the
sets P1 F3, P2 F4, P3 F8, P4 F10 and P5
F15, where Pj’s contain the element e x2. The NAI

’= X1

B1 X2

X5

CUT

FI(XI,X2,X5)

F2(X1,X3,X4)

F3(X2,X3,X5)

F4(X2,X4,X5)

FIGURE 3 Non-MTC circuit: example 3
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X2

X4

X6

X7

X8

X9

X10

F1 (X ,X3,X4)

F2(’X6,X7,X8)

F3(X2,X7,X9)

F4(X2,X6,X9)
F5(X1,X3,X 10)
F6(X1,X4,XS)

FT,XS,X8)
C U T FS(X 1,X2,XS)

Fg(x,xS,XT)

F10(X2,X3,XT)
F11(X1,X6,X9)

F12(X4,X6,X9)
F13(X3,X4,X9)
F14(X4,XT,X 10)

F15(X 1,X2,X4)

FIGURE 4(a) Non-MTC circuit: example 4

FI(X 1,X3,X4)

F2(XI X4,X3 X4,X1 X3 X4)
F3(XXX3,X3 X4,X1 X3 X4)
Fn(xI[ X3,X1 xn,x X3 [ X4)

F5(X1,X3,X1 X3 X4)
F6(X 1,xn,x X3 X4)

F7(X3,X4,X1 X3 X4)

F8(X1,X1 X3,X1 X3 X4)

F9(X1,Xn,X3 X4)

F10(XI X3,X3,X3 X4)

Fll(X1,X1 xn,x1 X3 X4)
F12(xn,x1 ) X4,Xl ) X3 ) X4)
F13(X3,X4,X1 ) X3 X4)

F14(X4,X3 X4,XIX3 X4)

F15(X1,X1 X3,X4)

FIGURE 4(b) Formation of linear sum in output dependency sets
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X1 X3 X4
X5

X2

X8
X9

X6 X7 X10

FIGURE 4(c) Test generator by Advanced Two-Phase

X1 X3

X2 X6

X4 X8
X5 X9

X10

FIGURE 4(d) Test generator by Two-Phase [1]

Circuit

TABLE II
Number of Test Patterns in Comparison with Previous Techniques

ADVANCED TWO LFSRs Condensed LFSR with
TWO PHASE PHASE SDC /XORs CWC LFSR Cyclic code

Example
Example 2
Example 3
Example 4

16 16 31 63 16 31 63
16 16 63 63 21 31 63
8 8 31 15 10 15 15
8 15 127 15 14 63 15
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X3

X10
XI

X2 X9

X8

X5 X6

FIGURE 5 The NA graph of Example 4

X1

X3 X4

FIGURE 6(a) The NA1 graph of example 4

X1

X3 X4

FIGURE 6(b) The NA2 graph of example 4

graph is established by the following sets and shown
in Figure 6(a).

P1 {X2, X6, X7, X8} 0

P2 {x2, x6, x7, x8} 0

P3 {x2, x6, x7, x8} {x1}

P4 {x2, x6, x7, x8} {x3}

P5 {x:, x6, x7, x8} {x1, x4}

From the NA1 graph, we choose C {x1, x3}.
Since C y(= 0, we execute step 4. The test signal for
input pin x2 can be the XOR of the test signals for
input pins Xl and x3 (i.e. x2 Xl XOR x3). Substitute
Xl and x3 for x2 in all functional dependency sets Fi’s.
Therefore,

F {x1, x3, x4}

F2 {x6, XT, x8}

F3 {X1, X3, X7, X8}

g4 {X1, X3, X6, X8}

F5 {x1, x3, x8}

F6 {X1, X4, X8}

F7 {x3, x4, x8}

x1

x3

FIGURE 6(c) The NA3 graph of example 4

F {X1, X3, X8}

F9 {xl, X4, X7}

flo {X l, X3, X7}

F11 {X l, X6, X8}

F12 {X4, X6, X8}

El3 {x3, x4, x8}

F14 {x4, x7, x8}

F15 {Xl, X3, X4}

In step 5, 1 p w, phase two algorithm is
not complete. We set 2 and go to step 2.

In step 2, traverse the functional dependency sets
Fi’s (i 1 to 15) and find all the sets el F2, P2
F4, P3 Fl, and P4 F2, where P;s contain the
element e2 x6. The NA2 graph is established by
the following sets. This is shown in Figure 6(b).

P {x6, X7, X8} 0
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P3

{X6, X7, X8} {X1, X3}

{X6, X7, X8} {Xl}

P4 {X6, X7, X8} {X4}

However, if we choose Ca {x3, X4}, then in step
4 the test signal for the input pin x6 can be the XOR
of the test signals for input pins x3 and x4 (i.e. x6
x3 XOR x4). Substitute x3 and x4 for x6 in all func-
tional dependency sets Fi’s. Therefore,

From the NA2 graph, we have two possible re-
suiting clusters {xx, X4} or {X3, X4}. Both of the clusters
have the same number (1) of elements in the previous
cluster C1 {Xl, x3}. So, more than One cluster can
be the candidate. We need to choose the cluster
which will result in the maximum number of edges
in the NA3 graph. If we choose C2 {Xl, x4}, then
in step 4 the test signal for the input pin x6 can be
the XOR of the test signals for input pins x and x4
(i.e. x6 Xl XOR x4). Substitute Xl and x4 for x6 in
all functional dependency sets Fi’s. Therefore,

F1 {X1, X3, X4}

F2 {X3, X4, X7, X8}

f {X1, X3, X7, X8}

F4 {x1, x3, x4, x8}

x8}

f {X l, X4, X8}

F7 {x3, x4, x8}

F1 {Xl, x3, x4}

F2 {x1, x4, x7, x8}

F3 {Xl, x3, x7, x8}

f4 {X1, X3, X4, X8}

{Xl,

F6 {X1, X4, X8}

x,, x8}

{xx,

F9 {X1, X4, X7}

Fo {Xl, x3, x7}

F, {xl, X4, X8}

F12 {Xl, x4, x8}

F,3 {x3, X4, X8}

F14 {X4, X7, X8}

El5 {Xl, x3, x4}

we can establish the NA3 graph shown in Fig. 6(c)
(the details for establishing NA3 graph will be given
below), and we find there is one edge in the graph.

x8}

F9 {X1, X4, X7}

{x,, x7}

F11 {X1, X3, X4, X8}

F12 {X3, X4, X8}

F13 {x3, X4, X8}

F14 {X4, X7, X8}

F15 {x1, x3, x4}

where F2, F3, Fg, Flo and F14 have the element e3
X7. Following the phase two algorithm, we estab-

lish the NA3 graph and find that there are no edges
in the graph.

Therefore, in step 3 of phase two algorithm, we
choose C2 {Xl, x4}, which is better than {x3, x4} in
BIST design (see the comparison below).

After we choose C2 {Xl, x4}, in step 5, 2 #
p w, phase two algorithm is not complete. We set

3 and go to step 2.
In step 2, traverse the functional dependency sets

Fi’s (i 1 to 15) and find all the sets P F2, P2
F3, P3 F9, P4 Flo and P5 F4, where the P’s
contain the element e3 x7. The NA3 graph is es-
tablished by the following sets and shown in Figure
6(c).

P1 {x7, x8} {x l, x4}

P2 {X7, X8} {Xl, X3}
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P3 {x7, x8} {Xl, X4}

P4 {x7, x8} {xx, x3}

P {x7, x8} {x4}

From the NA3 graph, C {x3, x4} is the only
cluster found with a size of 2. Since C3 # , we
execute step 4. The test signal for input pin x7 can
be the XOR of the test signals for input pins x3 and
x4 (i.e. x7 x3 XOR x4). Substitute x3 and x4 for x7
in all functional dependency sets F’s. Therefore,

F {Xl, X3, X4}

F2 {X1, X3, X4, X8}

F3 {Xl, x3, x4, x8}

F4 {x1, x3, x4, x8}

xs}

F6 {Xl, x4, x8}

F7 {x3, x4, x8}

F8 {X1, X3, X8}

F9 {Xl, X3, X4}

F10 {X1, X3, X4}

Fll {Xl, x4, x8}

can not be a linear sum of the test signals in the
current test Fd {x, X3, X4}. Therefore, we need to
add an extra test signal x8 to the current test set
i.e., Fd Fd {Xs} {Xl, x3, x4, x8} and go to step
5. But, this design procedure leaves a better solution
out of consideration and generates a non-optimal
solution. In the new phase two procedure, while trav-
ersing the test signals in Fd, we find that the test signal
for input pin x8 can be a linear sum of the test signals
for input pins x, x3 and x4 (i.e. x8 Xl XOR x3
XOR x4) (we may confirm this in Figure 4(b)). No
extra test signal is needed to add to the basic test set
Fd. Then, we substitute Xl, x3 and x4 for x8 in all
functional dependency sets and go to step ..5.

In step 5, 4 p w, so the phase two cluster
partitioning algorithm is complete. The size of Fd is
three. Therefore, three test signals are capable of
pseudo-exhaustively testing the circuit. The test gen-
erator is shown in Fig. 4(c). But, using the original
two-phase algorithm, we need four test signals in the
test generator as shown in Fig. 4(d).
Using the original two-phase algorithm, if we were

to choose C2 {x3, X4} as the candidate in the NA:
graph, we would find that there are no edges in NA3
graph. Therefore, an extra test signa.l for the input
pin X is needed, Le., Fd Fd I,.J {X7} {Xl, X3, X4,

XT}. Continuing to follow the phase two algorithm,
we’ll find that there will be no edges in the NA4
graph. Therefore, an extra test signal for the input
pin x8 is needed and is added to the test set Fd, i.e.,
Fd Fd I,.J {x8} {xl, X3, X4, X7, X8}. The size of Fd
is five. Therefore, five test signals are needed, a num-
ber greater than that of test signals required by the
proposed design in Figure 4(c).

El {x l, x4, x8}

F13 {X3, X4, X8} 4. SIMULATION RESULTS

El4 {X3, X4, X8}

F15 {x1, X3, X4}

In step 5, 3 p w, the phase two algorithm
is not complete. We set 4 and go to step 2.

In step 2, traverse the functional dependency sets
Fi’s (i 1 to 15) and find all the sets P1 F2, P2
F3, P3 F4, P4 Fs, P5 F6, P6 F7, P7 F8,
P8 F, P9 F2, P0 F13 and PI F14, where
the Pi’s contain the element e4 x8. The NA4 graph
can be established by the sets P {x8}. We find that
there are no edges in the NA4 graph. C4 . Using
the original phase two procedure [1], because C4, we consider that the test signal for input pin x8

Based on Advanced Two-Phase Cluster Partitioning
Algorithm, a design generator named BISTSYN has
been developed and implemented to facilitate the
BIST design. The input to the design generator can
be either a circuit description at the gate level which
is viewed as a netlist or the circuit output functional
dependency sets. BISTSYNprovides the BIST mech-
anisms as the output.

In this Section, we use 42 circuits to evaluate
"BISTSYN" and also compare the generated results
with those produced by five previously proposed test
generation methods ("SDC" [10], "LFSRs/XORs"
[12], "CWC" [11], "Condensed LFSR" [14] and
"LFSR with Cyclic Code" [15]). Table III compares
the number of required test patterns for all these 42
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Number of Number of

Inputs Outputs

5 5

5 5

5 5
8 8

8 8

8 8

8 8

8 8

8 8

10 io
10 10

10 10

10 10

10 10

10 10

10 10

10 10

10 15

10 15

10 15

10 15

10 15

10 15

10 15

10 15

15 10

15 10
15 10
15 10
15 10

15 10
15 10
15 10
15 15
15 15
15 15
15 15
15 15
15 15
15 15
15 15
15 15

TABLE III
Number of Test Patterns in Comparison with Previous Techniques

W P SDC LFSR/XOR CWC

3 3 8 15 8
4 4 16 16 16
5 5 32 32 32
2 2 4 15 4
3 4 15 15 8
4 4 16 31 16
5 5 32 63 32
6 6 64 127 64
7 8 255 128 128

2 2 4 15 4

3 3 8 15 8

4 5 31 63 16
5 5 32 63 32
6 7 127 127 64
7 9 511 255 170
9 10 1023 512 512
10 10 1024 1024 1024
2 3 7 15 4

3 4 15 31 8

4 5 31 63 16
5 7 127 63 42
6 9 511 127 120
7 9 511 255 170
8 9 511 511 256
9 10 1023 512 512
2 2 4 15 4
3 3 .8 31 8
4 4 16 63 16
5 5 32 127 32
6 6 64 255 64
7 7 2047 511 330
9 11 2047 2047 682

10 12 4095 2047 1365
2 3 7 15 4
3 4 15 31 8
4 4 16 63 16
5 6 63 127 32
6 8 255 255 36
7 13 8191 511 572
8 9 511 1023 256
9 12 4095 2047 992

10 12 4095 2047 1365

Condensed LFSR with
LFSR Cyclic Code BISTSYN

8 8 8
16 63 16
32 63 32
4 7 4
15 8 8
16 63 16
32 63 32
64 64 64
255 2047 128
4 7 4
8 8 8
16 63 16
32 63 32
64 64 64
255 2047 128
1023 2047 512
1024 2047 1024

4 7 4
8 8 8
16 63 16
63 63 32
255 1023 64
255 2047 128
256 2047 256
512 2047 512
4 7 4
8 8 8
16 63 16
32 63 32
64 64 64

1023 1047 128
1023 2047 512
2047 2047 1024

4 7 4
8 8 8
16 63 16
32 63 32
127 1023 64
2047 1023 255
256 2047 256
2047 2047 512
2047 2047 1024

circuits. As seen from the Table III, "BISTSYN"
requires fewer test patterns in almost all circuits ex-
cept the one marked with "*" in which "CWC" re-
quires 36,test patterns while "BISTSYN" needs 64
test patterns.

For some benchmarks, the size of pseudo-exhaus-
tive test generator may be still relatively large even
the reduction of the number of required test signals
by Advanced Two-Phase Cluster Partitioning algo-
rithm is applied. For these type of circuits, the fault
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TABLE IV
Fault Simulation Results of Benchmark

Embedding BIST

Circuit PI Faults Countersize
c432 36 524 10

c499 41 758 10

c880 60 942 13 8192

c1355 41 1574 12 4096

c1908 33 1879 13 8192

c2670 233 2747 16 65536

enerated Undetected Fault
Tests Fault Coverage

104 10

102 11

Fault FaultsEfficiency

98.09% 98.85% 524

98.55% 99.60% 758

0 100.00% 100.00% 942

8 99.49% 100.00% 1574 41

11 99.41% 99.90% 1879 33

398 85.51% 89.32% 2747 122

C3540 50 3428 13 8192 266 92.24% 96.08% 3428 50

c5315 178 5350 13 8192 80 98.50% 99.60% 5350

C6288 32 7744 9 512 83 98.93% 99.36% 7744 32

c7552 207 7550 N/A N/A N/A N/A N/A 7550

a.verage 91.1 37.5 12.11 11662 963 96.75% 98.07% 3250 66

BISTSYN

LFSR 3enerated Undetected Fault Fault
size Tests Faults Coverage Efficiency

36 4999 4 99.24% 99.81%

41 798 8 98.95% I00.00%

45 15456 0 100.00% 100.00%

10000 8 99.49% 100.00%

4999 9 99.52% 100.00%

824113 149 94.57% 98.78%

99999 137 96.00% 100.00%

67 4999 59 98.88% 100.00%

256 34 99.56% 100.00%

194 499999 202 97.33% 98.25%

146562 61 98.35% 99.68%

simulation based on the designed pseudo-exhaustive
test generator is performed. Table IV compares the
fault simulation results for these benchmarks. The
fault coverage is calculated using the number of
"equivalent" single stuck-at faults and the fault ef-
ficiency is calculated as the percentage of detected
faults out of all detectable faults. In Table IV, the
first column are results from "Embedding BIST" [20]
and the second column are the fault simulation re-
sults from BISTSYN. As shown in Table IV, "BIST-
SYN" achieves very high fault coverage and fault
efficiency in all the circuits after a reasonable number
of test patterns are applied from the designed
pseudo-exhaustive test generator.

5. SUMMARY

An efficient technique for designing a test generator
to pseudo-exhaustively test a circuit in which none
of the outputs depend on all of the inputs has been
presented. The algorithm consists of phase one and
phase two procedures. Using only phase one, a min-
imum number of test signals required for pseudo-
exhaustively testing a CUT without linear sum is
found. For a CUT with the non-MTC property, the
advanced phase two algorithm can be subsequently
applied to further reduce the number of test signals

that are obtained by original phase-two procedure
[1] in face of the worst case. Although this technique
requires fewer test vectors and/or lower hardware
overhead compared to previous methods, it has the
property of using the sequential approach for for-
mation of linear sum (i.e., generating the linear sum
in sequence). Therefore, the algorithm is a global
hierarchical design. The sequence of design decisions
that are made in this design hierarchy are based on
assumptions about what can be achieved at the cur-
rent point in the design process. Therefore, these
decisions are locally optimal, and may still possible
generate a suboptimal design at the final state. For
these problems, we seek to develop an alternate ap-
proach by which accurate predictions about the im-
plications of design decisions can be made. A global
search for linear sum is currently under investigation.
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