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Abstract

A circuit may produce unknown output values during simulation
of an input sequence due to an unknown initial state or due to the
existence of tri-state elements. For circuits tested using BIST,
unknown output values make it impossible to determine a single
unique signature for the fault free circuit. To accommodate
unknown output values in a BIST scheme, we describe a pro-
cedure for synthesizing a minimal logic block that replaces
unknown output values by a known constant. The proposed pro-
cedure ensures that the BIST scheme will be able to detect all the
faults detectable by the input sequence applied to the circuit
while alowing a single unique signature to be obtained.

1. Introduction

Built-in self-test (BIST) [1]-[4] is becoming the accepted solu-
tion for at-speed testing of high-performance circuits [5]. Typi-
cal BIST circuitry is shown in Figure 1 (excluding the logic in
the dashed box). Test vectors for the circuit-under-test (CUT)
are produced by the test-pattern generator (TPG). The output
response analyzer (ORA) compresses the output response of the
CUT and produces a signature which can be used to determine
whether the circuit is fault free or faulty.

One of the problems encountered in output response
analysis for complex circuits (e.g., circuits containing buses and
tri-state elements) is that the output values produced by the cir-
cuit under the sequence generated by the TPG may be unknown
at certain time units and on certain outputs. Even when deter-
ministic test generation is carried out, it is impossible to charac-
terize and avoid al the situations under which, e.g., bus conten-
tion will occur and unknown output values will be produced.
Under a test sequence produced by a TPG, bus contention is
even more difficult to avoid. When it occurs, it may result in
unpredictable output values. If the output sequence of the fault
free circuit contains unknown values, a single predictable signa-
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ture cannot be computed. One way to resolve this problem is to
compute several signatures, one for each specification of the
unknown values. However, this becomes impractica if the
number of unknown valuesislarge. A more practical solution is
to ensure that the ORA does not compress the value of an output
at atime unit when it is unknown. BIST circuitry appropriate for
this case is shown in Figure 1. The block called CMP (which
stands for compress) determines which output values at which
time units will be compressed by the ORA, and which values
will be ignored. Ignored values are replaced by the CMP block
with a constant (0 in Figure 1). Specifically, the CMP output
determines whether the multiplexer (MUX) output that drives
the ORA will come from the CUT or will be replaced by the
constant 0. This ensures that the ORA design does not have to be
changed, and the same ORA used without the logic in the dashed
box of Figure 1 manipulates only specified, i.e., {0,1} values, in
Figure 1. Asaresult, asingle unique fault free signature can be
computed for the circuit. We point out that other variations on
the CMP and ORA blocks are possible.

TPG CuT ORA

Figure 1: BIST circuitry with unknown output values

When the CUT of Figure 1 is a multi-output circuit, there
is a multiplexer on every CUT output, and the CMP block pro-
duces a separate control line for every multiplexer.

In this work, we consider the synthesis of a minimal-size
CMP block in the case of a multi-output synchronous sequential
CUT whose output sequence contains unknown values. We
assume that the TPG produces a single input sequence which is
used for testing the CUT, and that the CUT in response pro-
duces an output sequence that contains unknown values at
specific time units and on specific outputs. The CMP block is
suitable only for this output sequence. If the TPG is changed
such that the locations of the unknown values in the output
sequence change, the CMP block must be redesigned to match
the new output sequence produced by the CUT. Although we
describe the CMP synthesis procedure for the case of non-scan
circuits, the proposed synthesis procedure can also handle scan
circuits with single or multiple scan chains.



A problem similar to the one addressed here is considered
in [6]. However, no details are available in [6] to allow a com-
parison with the method proposed here.

The paper is organized as follows. In Section 2 we for-
mulate the problem of minimizing the size of the CMP block. In
Section 3 we describe a procedure for synthesizing a CMP block
based on the formulation of Section 2. We present experimental
resultsin Section 4. Section 5 concludes the paper.

2. Problem formulation

We use the following notation. The output sequence produced
by the fault free circuit in response to the TPG sequence is
denoted by Z. The value of output i at time unit u obtained
under the TPG sequence is denoted by Z[u,i]. For a circuit
with a test sequence of length L and O primary outputs, Z is an
LxO array. An output value Z[u,i] can be any one of the three
values{0,1,U} where U stands for an unknown value.

We define an LxO array W,, that indicates which output
values at which time units are known and may be compressed by
the ORA, and which values must not be compressed (i.e., they
must be replaced by a constant) since they are unknown. The
array W, is defined as follows. If Z[u,i]=U, Wu,i]=0to
indicate that the value of output i at time unit u must not be
compressed. If Z[u,i] =0or 1, W[u,i] =X to indicate that the
value of output i at time unit u may be compressed.

We also define an array W, as follows. If Z[u,i]=U,
WU ,i] = 0to indicate that the value of output i at timeunitu
must not be compressed. If Z[u,i]=0or 1, W ,[u,i]=1to
indicate that the value of output i at time unit u is compressed.
According to W,,, every known output value is compressed.

Our goal isto find an LxO array W with {0,1} entries
based on which the CMP block shown in Figure 1 will be syn-
thesized. We refer to avalue Z[u,i] such that W[u,i] =1 (i.e,
such that Z[u,i] will be compressed) as an observed value, and
we refer to a value Z[u,i] such that W[u,i] =0 as an unob-
served value. We thus imply that if the effect of a fault f pro-
pagates to output i at time unit u and Z[u,i] is compressed, f
will be detected. We point out that detection of f is not
guaranteed in this case since diasing may occur and mask the
fault effects. However, since aliasing is rare and methods to
avoid it exist, the assumption that f will be detected isjustified.

The array W that indicates which CUT output values will
be compressed and which values will not be compressed must
satisfy the following conditions.

(1) Observing the output values corresponding to pairs (u,i)
where W[u,i] =1 is sufficient to detect al the circuit faults that
are detectable by the TPG sequence. In other words, the
observed values must be such that for every detectable fault f,
the effect of f propagatesto at least one output i at atime unit u
whereWJu,i] =1.

(2) W[u,i]lsWyglu,i] for every u and i. This condition
guarantees that if W.,[u,i]=0, W[u,i] will be 0 and the
corresponding entry will not be compressed. For the remaining
time units and outputs, W, [u,i] =1 and both 0 and 1 values
canbeusedin W.

(3) The CMP logic corresponding to W is minimal. We discuss
next a specific implementation of the CMP logic based on a
given array W, and the requirements for minimizing it.

An example of an array W for a circuit with O =4 out-
puts and a TPG sequence of length L =8 is shown in Figure 2.
In this array, W[u,i] =0 if an entry must not be compressed
because Z[u,i] is unknown, and W[u,i] = 1 if the value of out-
put i at time unit u must be observed to detect a target fault.

The empty boxes indicate that W([u,i] =x. These values are
don’t-cares and they correspond to output values that may be
compressed or not to minimize the size of the CMP logic.

We consider W as an incompletely specified truth table
with inputs representing the L time unitsu =0,1,---,L-1 and
O outputs corresponding to the CUT outputs. To keep track of
the time unit u the CMP block contains a counter, which is reset
to O when the TPG s initialized, and incremented using the
CUT (and TPG) clock.

It is possible to use a general-purpose logic synthesis pro-
cedure to find a minima implementation of the CMP block.
However, for practical circuits, the TPG sequence length L and
the number of outputs O are typically large, and general-purpose
logic synthesis procedures may be inefficient for such problem
sizes. Instead, we use the following approach. We construct the
CMP block from the basic blocks introduced in [7] and referred
to as comparison units. The input to a comparison unit is the
time unit u. Using the decimal form of u, a comparison unit
produces the output value 1 if and only if LB <u < UB, where
LB and UB are constants specific to each comparison unit. The
maximum number of two-input gates in a comparison unit with
m inputs is 2m-1. The number of gates can be significantly
smaller, depending on LB and UB.

To use comparison units for implementing the CMP
block, we partition the array W into rectangles of the same logic
value. Each rectangle will be implemented by a single com-
parison unit. For example, consider the rectangle marked with
solid linesin Figure 2, which isdefinedby 2<u <4and2<i <3
and contains the 1's for (u,i) = (2,3) and (4,2). Since this rectan-
gle does not contain any 0's, we can use a comparison unit with
LB =2 and UB =4 to implement it. This comparison unit will
be used as part of the implementation of the CMP outputs driv-
ing the multiplexers on CUT outputs 2 and 3. It will ensure that
the value of output 3 at time unit 2 and the value of output 2 at
time unit 4 are compressed by the ORA to detect target faults.
Additional values will be compressed, belonging to outputs 2
and 3 at time units 2, 3 and 4. Although these values are not
necessary for detecting target faults, observing them will
increase the ability to detect unmodeled defects.

In general, our god isto find a minimal number of rectan-
glesto cover al the entries (u,i ) such that W[u,i] = 1. Each rec-
tangle will be implemented using a single comparison unit. All
the comparison units for a given CUT output will then be ORed
to form the corresponding output of the CMP. For the example
of Figure 2, we use the rectangles shown in the figure. The
CMP implementation in this case is shown in Figure 3.
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Figure 2: Rectanglesfor Example 1
Instead of rectangles to cover the 1 valuesin W, it is pos-
sible to find rectangles to cover the O valuesin W. With aCMP
block implementing a cover of the 0 values, a CUT output value
should be replaced by a constant value when the corresponding



Figure 3: A CMP block for Example 1
output of the CMP block is 1. We use the cover that results in
the smaller number of comparison units. We point out that
implementing the CMP block based on rectangles that cover W
simplies the synthesis procedure but may result in a comparison
unit based implementation which islarger than necessary.

3. Synthesis procedur e for CMP blocks

Synthesis of the CMP block consists of two tasks. (1) Deter-
mining the time units and outputs where the CUT output will be
compressed (or observed) to ensure that all the faults can be
detected while avoiding unknown output values. This task is
equivalent to finding an array W that satisfies the conditions
stated in Section 2. (2) Using W to find a minimal number of
rectangles for a comparison unit based implementation of the
CMP block. As part of the proposed synthesis procedure, we
carry out these tasks simultaneously to ensure that the smallest
possible number of rectangles (and hence comparison units) will
be selected. We describe the synthesis procedure in the follow-
ing subsections.

We aready defined in Section 2 the array W, which pro-
vides information about the necessary 0's in any array W that
satisfies the conditions of Section 2. 1n Subsection 3.1 we define
entries that must be 1in W to ensure that all the target faults (the
faults detectable by the TPG sequence) are detected. These
entries are defined based on faults that can only be detected by
the TPG sequence at a single time unit, on a single output. In
Subsection 3.2 we describe a procedure that, given an array W
with {0,1,x} entries, finds a minimal number of rectangles to
cover its O (or 1) values. This procedure is used in Subsection
3.3 to guide the selection of additional 1 valuesin W to ensure
that all the target faults can be detected by the observed values
of W. In Subsection 3.4, this procedure is used for selecting the
final set of rectangles that will define the implementation of the
CMP block.

3.1. Necessary 1'sin W
Consider afault f, which is detected by the TPG sequence on a
single primary output i at a single time unit u. To ensure that f
is detected after output response analysis, we must set
WIJu,i]=1. Wefind faults such as f by an n-detection (n > 1)
fault simulation process. This process drops afault f from simu-
lation only after f has been detected n times, on n different
combinations of outputs and time units. We point out that to
identify entries that must be 1 in W, it is sufficient touse n = 2.
However, in order to collect information that will be useful in
Subsection 3.3, we prefer to use alarger value of n.

For every fault f , wefind a set det (f ), which is the set of
time units and primary outputs (u,i) such that f is detected by

the TPG sequence at time unit u on output i. We then set
WI[u,i] =1 as follows. Initialy, W =W, to ensure that all the
output values that must be ignored are set to 0. For every fault f ,
if det(f) contains a single entry (u,i), we set W[u,i]=1 to
ensure that f can be detected after output response analysis. We
refer to this procedure as Procedure 1.

3.2. Finding rectanglesfor a given array W

In this subsection we describe a procedure that, given an array
W with {0,1,x} entries, finds a minimal number of rectangles to
cover its a vaues, where a O {0,1}. When covering the a
values with rectangles, no rectangle must contain the value a.
This procedure will be used in Subsections 3.3 and 3.4.

In the proposed procedure, arectangle R; is defined by its
time unit and output ranges, R, = [Ug,Ug]¥[i.ig]. The pro-
posed procedure initially includes every pair (u,i) such that
WIJu,i]=a in a separate rectangle. Thus, if W[u,i] =a, we
define a rectangle R =[u,u]x[i ,i]. Starting from this initial set
of rectangles, the procedure combines as many pairs of rectan-
gles as possiblee The combination of two rectangles
Ry = [Us,Ueq]*[ispiiea] and Ry =[Usp,Ueo]X[is2ie] results in the
reCtangle R3 = [USSvueS]x[is3:ie3] where Usz = min{usl:usz}r Uez =
max{ Ug1,Ueo}, is3= Min{igy,iss} and ig3= max{iesiest. The
combination of R, and R, is accepted if R; does not contain any
o value of W, i.e, if there does not exist a pair (u,i) such that
WI[u,i]=0,UzsusuUgzandigg<i <igs.

If R, and R, are combined into R3, we check whether
there is any other rectangle R, which is contained in R;. A rec-
tangle R, is contained in R3 if Ugy2 Ugg, Ugy < Ugg, 154213 and
ieq S les. If Ry iscontained in R3;, we remove R, from the set of
rectangles.

In each iteration of the procedure, referred to as Pro-
cedure 2, every pair of rectangles R;,;, R;; is considered. If the
rectangles can be combined, they are replaced by the combined
rectangle R; ;. Additional rectangles are then removed if they are
contained in R;5. The procedure terminates if no pair of rectan-
gles can be combined in acomplete iteration.

3.3. Setting additional 1'sin W
In this subsection, we return to the array W defined by Procedure
1, and we describe the setting of additional 1 valuesin W. These
values are selected to ensure that all the detectable circuit faults
can be detected on the observed values indicated by W. In the
selection process, we use the n-detection information collected
by Procedure 1, and a cover of the 0's in W by rectangles
obtained using Procedure 2.

Consider the array W at an arbitrary stage of its construc-
tion and afault f which is not detected under W. We say that f
is not detected under W if, for every (u,i) suchthat f isdetected
a time unit u on output i, W[u,i] =x. We observe that the
array W already contains some O and 1 values selected by Pro-
cedure 1, and 1 values selected for faults considered before f .
These values require a certain number of rectangles. When
adding a 1 value to detect an undetected fault f , we would like
to ensure as much as possible that the number of rectangles
required to cover the O or 1 values in W will not go up. We
achieve this as follows. We use Procedure 2 to find a cover of
the 0 values in W by rectangles. Let the rectangles found be
RiRy, -+ ,R,,. If possible, we select for f an entry (u,i) such
that f isdetected at time unit u on output i, and (u,i) isnot con-
tained in any one of therectanglesR;, 1< j =m.

For every fault f, the candidate pairs (u,i) are the ones
contained in det (f ) found by Procedure 1. Of these pairs, we
select one which is not contained in any one of the rectangles R,



1<j <m, and which appears in the maximum number of sets
det (f") of undetected faults f' . If no such pair can be found, we
select any pair out of det(f) that appears in the maximum
number of setsdet (f') of undetected faults f'.

The yet-undetected faults are considered in an order such
that faults with smaller sets det(f ) are considered earlier. For
these faults we have fewer options to set values of W to 1 so as
to detect the fault. We prefer to consider such faults first in an
attempt to minimize the total number of 1'sin W.

The procedure, referred to as Procedure 3, uses a simula-
tion process that allows it to determine which faults are detected
under a given array W with values {0,1,x}. This simulation pro-
cess is applied every time a 1 value is added to W. This is
needed since the size of a set det (f') computed by Procedure 1
islimited ton. Thus, if f' is detected more than n times by the
TPG sequence, it may be detected under W because W[u,i] =1
evenif (u,i) [det (f").

3.4. Selecting a set of rectangles for CMP

Using W obtained at the end of Procedure 3, we apply Procedure
2 to find two sets of rectangles. The set C, isacover of the0'sin
W, and the set C; isacover of the1'sin W. The implementation
of the CMP block is based on the smaller of Cyand C,.

4. Experimental results

We applied the synthesis procedure described in Section 3 to
ISCAS-89 and ITC-99 benchmark circuits. To investigate the
synthesis procedure in the case where al the detectable circuit
faults can be detected by the TPG sequence, we used test
sequences generated by the test generation and test compaction
procedures from [8]-[10].

The benchmark circuits we consider do not have tri-state
elements that result in unknown output values. In addition, the
circuits are synchronized after a small number of time units fol-
lowing which the output sequence is fully specified. To imitate
the situation where unknown values exist throughout the output
sequence, we injected unknown values randomly into the output
sequence of the CUT. For this purpose, we considered every
time unit u and every output i . With probability p, we changed
the value at time unit u on output i from its actual valuetoaU.
We experimented with p = 0, 0.005, 0.01 and 0.05.

In the implementation of Procedure 1 we used n = 20.
The results are shown in Table 1. For every value of p we show
the number of 1's in W at the end of Procedure 3, and the
number of rectangles required to cover all the 0’'sor all the 1's of
W (whichever is smaller). It can be seen that the number of rec-
tangles is significantly lower than the number of 1's. Thus, we
are able to cover large numbers of 1's (or 0's) using each rectan-
gle.

In practice, the percentage of unknown output values in
the output sequence of the circuit should be minimized by
designing the TPG appropriately. Moreover, it is possible to
design the TPG and the CMP block together so as to minimize
the size of the CMP block. Thus, it is expected that in practice,
the CMP block will have to deal with relatively small numbers
of unknown output values that will fit well into rectangles. Asa
result, the number of rectangles, which indicates the number of
comparison units in the implementation of the CMP block, is
expected to be relatively low.

In the last column of Table 1 we show the normalized run
time of Procedure 3 for the case where p = 0.05. Denoting the
run time of Procedure 3 by RT 5 and the run time required to fault
simulate the test sequence applied to the circuit by RT, the nor-
malized run time reported is RT4/RT,. The normalized run time

Table 1. Experimental results

p=0 p=0.005 p=0.01 p=0.05 n.
circuit 1's rct | I's rct 1's rct 1's rct time
s298 37 1 37 3 38 3 39 10 13.60
s344 31 1 31 2 31 2 34 8 6.19
s382 52 1 51 7 52 12 50 24 33.58
400 51 1 52 8 51 13 52 21 35.26
444 49 1 49 8 49 11 49 24 33.35
s526 45 1 45 9 45 16 44 29 38.52
s641 93 3 94 7 93 9 96 29 24.56
s820 178 1177 19 | 182 25 | 184 66 59.42
s1196 309 130 10| 310 16 | 312 53 34.06
51423 58 1 58 10 61 14 60 35 8.23
51488 316 1320 16 | 324 29 | 318 84 | 113.69
s5378 337 5133 49| 343 67 | 354 115 | 25212
b01 11 1 11 1 11 2 11 4 0.56
b02 8 1 8 1 8 1 8 2 0.00
b03 32 1 32 2 32 4 33 11 9.19
b04 93 1 98 4 99 7 99 23 27.17
b06 32 1 32 2 32 3 31 6 5.86
b09 23 1 23 2 23 3 23 5 7.64
b10 40 1 39 4 40 5 40 14 19.82
b11 42 1 44 7 43 9 45 17 16.77

provides an indication of the simulation effort in Procedure 3
(the other components of the procedure are relatively fast).

5. Concluding remarks

Complex circuits may produce unknown values in response to an
input sequence due to the existence of tri-state elements and due
to unknown initial states. Unknown values may appear
throughout the output sequence of the circuit. Such unknown
values make it difficult to determine the signature of the fault
free circuit computed by an output response analyzer which is
part of a BIST scheme. We described a procedure for synthesiz-
ing a minimal logic block that alows unknown values to be
replaced by a known constant while ensuring that the BIST
scheme can detect all the detectable faults. The implementation
of this logic block was based on building blocks called com-
parison units. Each comparison unit allows us to avoid a dif-
ferent range of time units where unknown values may appear on
a circuit output. The use of comparison units simplifies the syn-
thesis procedure.
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