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ABSTRACT

As the complexity of integrated circuits has increased, so has the
need for improving testing efficiency. Unfortunately, the types of
defects are also becoming more complex, which in turn makes sim-
ple approaches for testing inadequate. Using m-detect testing can
improve detect coverage; however, this approach can greatly in-
crease the test set size. In this proof-of-concept paper we investi-
gate the use of logic implication checkers, inserted in hardware, as
an aid in compacting n-detect test sets. We show that checker hard-
ware with minimal area overhead can reduce test set size by up to
25%. In addition, this implication checker can serve a dual purpose
for online error detection.

1. INTRODUCTION

As devices continue to scale to smaller feature sizes, the effi-
ciency of testing has become of great importance. Testing resources
are severely limited, and yet the amount of logic that must be tested
with those resources has increased significantly, leading to corre-
sponding increases in test data volume. Furthermore, the complex-
ity of defects has increased as well, leading to greater difficulty in
modeling and predicting defective behavior. Finally, unacceptable
process variations and environmentally sensitive defects must also
be detected, leading to increasing requirements for the number of
tests that must be applied to detect them and the variety of condi-
tions under which those tests must be applied.

As aresult of all these issues, it is well-recognized that attempt-
ing to detect defects with structural test sets that merely achieve
high single stuck-at fault coverage is highly inadequate. Previous
work has shown that multiple detections of faults and multiple ob-
servations of internal circuit sites can greatly increase the number
of unmodeled defects that are detected e.g. [8, 16]. For example, in
experiments documented in [16], no defects escaped testing when
at least 15 detections of each fault were achieved by patterns run
at rated speed. These observations have led to the introduction of
n-detect testing where a minimum of n detections are guaranteed
for each fault. However, guaranteeing these additional detections
causes test set lengths to increase by a factor of n for compact
test sets [13]—leading to a corresponding increase in test data vol-
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ume and test time. Furthermore, testing for delays and paramet-
ric effects under different environmental conditions is generally re-
quired, and these all add to the overall cost of test.

To help minimize test cost, different techniques to reduce re-
quirements for test time, test data volume, and test data bandwidth
have been proposed. Some of these techniques focus on reducing
the number of patterns generated. For example, static compaction
techniques compact test sets after they are produced by the ATPG
engine. One of the simplest of these techniques involves simply
fault simulating the test patterns in reverse order and dropping any
patterns that do not detect any, as yet undetected faults. Because of
the way test patterns are generated, most of the inefficient patterns
are created at the beginning of the automatic test pattern generation
(ATPG) process, and this reverse simulation allows them to be re-
moved. Other static compaction techniques have included analysis
of independent fault sets to develop lower bounds for test set size.
A set of faults is independent if no two faults can be detected by
the same vector [1]. In addition to static methods, other researchers
have proposed dynamic compaction techniques that alter the ATPG
flow. Once a pattern is generated for a target fault, if enough “don’t
cares” remain in the test cube, additional faults are targeted by the
ATPG engine for detection by that same pattern.

Dynamic and static techniques have also been applied specifi-
cally to n-detect testing. For example, the authors of [15] devel-
oped a greedy algorithm that involved simulating all possible as-
signments to five circuit inputs in parallel. The number of guar-
anteed and potential fault detections was incorporated into a greed
metric that was used to choose one of the 32 patterns as a final as-
signment for those five inputs. The process could then be repeated
with additional inputs. Others have used integer linear program-
ming techniques to reduce test set sizes for n-detect sets [11] and
reduced overall test set size by about 18% for n = 3, but the per-
cent improvement decreased as n increases.

An obvious alternative to applying ATPG patterns through scan
that can significantly reduce tester resource requirements are pseudo-
random patterns (such as those used in built-in self test (BIST)).
Unfortunately, previous work that uses pseudo-random patterns to
increase multiple detections has shown that while easy-to-detect
faults require n times the original test length for n fault detections
when pseudo-random patterns are used, difficult faults may require
nlogn times the original test length [22].

Other researchers have investigated the ability to choose the right
mix of structural patterns (ATPG and/or BIST) that target multi-
ple types of fault models for at-speed testing [7]. They achieved a
pattern reduction of 5%—-35% and showed a positive effect on the
n-detect coverage metric with their applied optimizations.

Additional work, targeted more generally, has also focused on
finding ways to modify design for test hardware to allow for the



more efficient application of ATPG or BIST vectors or a combina-
tion of the two [3,4,9, 14, 18, 20]. For example, [9] proposed re-
ducing test application time by dividing the scan chain into multiple
partitions and shifting in the same vector to each scan chain through
a single scan-in input. The scan-out values can then be compacted
and observed through a multiple input signature analyzer. In [12],
an embedded processor in a system-on-chip is used to test other
portions of the chip by loading compressed deterministic test data
and executing a program to decompress the tests on-chip.

Test point (TP) insertion is another widely studied DFT method
that aims to reduce test pattern count. Test points may be used to
enhance the controllability or observability of the design. In the
case of observation points, the testability of hard-to-detect faults
is increased by the insertion of a branch, in a carefully selected
location, which feeds its logic signal into a scan cell or a primary
output. Some relatively recent work [5,6,21] is able to reduce the
APTG test pattern count for large circuits by more than 35% on
average with a single observation point every thousand gates.

In this paper, we provide a proof-of-concept demonstration of
the potential benefit of using invariant relationships for test pattern
count reduction. In the past, the use of logic implication checkers
in hardware has been proposed for the purpose of online detection
of errors at runtime [2,19]. These invariant relationships (i.e., logic
implications) are determined by the functional behavior of the cir-
cuit and are always expected to hold whenever the circuit is free
of errors. Both these works focus on the identification of these
logic implications among circuit sites, either within a single cycle
or across multiple cycles. Once identified, a small subset of these
logic implications is selected to be included in the checker hard-
ware. Violations of these expected relationships indicate that an
error has occurred. Although detection of all possible errors due
to stuck-at-faults is not possible through the implication checker
alone, the approach does offer a mechanism for effectively trading
off additional area overhead for additional fault coverage.

While the goal of [2, 19] was to use logic implication checkers
as a means of online error detection and fault tolerance, this same
implication checker hardware may serve another role. Specifically,
it may be possible to reduce the number of test patterns required for
an n-detect test pattern set with the help of an implication checker.
Like test points, checker logic for these logic implications improves
the observability of internal circuit sites, and thus the detectability
of faults during test.

Furthermore, logic implications have some important advantages
over test points. Unlike test points, the structure of the logic impli-
cation hardware may allow for the detection of errors without any a
priori knowledge of the patterns applied and without having to de-
termine what the internal circuit values should be for a given input
combination or sequence. Thus, these same logic implications can
also be used in functional testing without requiring gate-level simu-
lation of the functional test sequence or storage of expected internal
values. In addition, any difficult-to-detect defects that do manage
to escape the testing process have the potential to be detected on-
line with this checker hardware—allowing the checker hardware to
serve a dual role.

In this paper, we will explore the use of logic implication check-
ers, inserted in hardware, as a means of compacting n-detect test
sets. This paper makes the following contributions:

e We describe a methodology for identifying logic implica-
tions that may be targeted specifically for discovering defects
that are hard-to-detect.

e We show that by adding checker hardware for only a few
implications, the number of times hard-to-detect faults are
detected can increase significantly.

e We show that even with only a 5% area overhead, the overall
reduction in test patterns (i.e., the test compaction rate) is
often more than 10% and may reach almost 25%.

2. METHODOLOGY

As outlined in the introduction, in this paper we explore addi-
tional uses for implication-based checker logic. In particular we
are interested in studying how implications may be used as an aid to
the manufacturing test portion of the VLSI design flow. Our meth-
ods focus on investigating how the implication-checking hardware
may be specifically targeted for detecting “hard-to-detect” faults.
Because many patterns in a test set are included solely to detect
such faults, making some of these faults easier to detect (through
the implication-based hardware) should significantly reduce pattern
counts. Furthermore, defects that are hard-to-detect and are thus
most likely to be missed during manufacturing test are likely to
correspond to the least-observed sites and faults. Thus, when the
test set size is strictly limited by cost requirements, increasing the
detectability of such hard-to-detect faults should also improve test
set quality. Our approach for checker hardware generation and test
set compaction can be summarized as follows:

1. Discover all implications in a given circuit.

2. Extract a reduced set of implications that are not subsumed
by other implications.

3. Generate an n-detect test set for a copy of the original circuit
under test.

4. Using the generated n-detect test, create a fault dictionary for
each individual implication inserted in the original circuit.

5. Apply an algorithm that scans fault detections associated with
each implication and remove vectors no longer required to
achieve n detections of each fault.

6. Report list of high quality implications that satisfy the user-
specified hardware overhead constraints.

The discovery of logic implications and the extraction of a re-
duced implication set was discussed in [2, 19]. The novel contribu-
tions of this work lie in the final three steps, which apply the use
of the circuit’s invariant relationships to the reduction of input test
patterns for an n-detect stuck-at-fault test set.

2.1 Finding Logic Implications

The process of discovering implications involving pairs of circuit
sites begins with the good circuit simulation of a circuit using a set
of random vectors. Potential implications are found by identifying
“missing” combinations of the four possible logic assignments for
each pair. For example, after logic simulation, if there never exists
an instance where both circuit nodes N1 and N2 are equal to one,
then a potential implication (N1 = 1) = (N2 = 0) is said to
exist. However, because we are not performing an exhaustive cir-
cuit simulation, it is possible that this relationship may not hold for
some other unsimulated input combination. Thus, the validity of
all implications must be confirmed through an exhaustive method.
To accomplish this, we phrase the implication relationship as a sat-
isfiability problem and pose it to a SAT solver such as ZChaff [17].
Only those implications confirmed by ZChaff are retained.

Even small circuits may contain thousands of these valid invari-
ant relationships, but all of them are not equally effective for fault
detection. For example, some implications may be dominated by
other implications such that they only detect faults covered by other



Circuit Under Test

INCRES) o « @B = s gmd ouT
1. . .1 1

IMPLICATION
CHECKER

L_» ERROR

Figure 1: A circuit with implication checker hardware.

implications. These dominated implications may thus be removed
from consideration—generating a compressed set. Even this com-
pressed set of implications is generally much too large to enable all
of them to be included in the checker hardware. In [2, 19], a subset
of this compressed implication set was chosen to give the best over-
all coverage of all detectable circuit errors, subject to user-defined
area overhead constraints.

In this work, we will begin by choosing an even smaller subset
of the compressed implication set targeted specifically toward those
faults that are hardest to detect. We will evaluate the impact that
the corresponding checker hardware has on the number of patterns
required to achieve an n-detect test set. Then we will explore the
test set reduction that could be achieved with implications chosen
for online error coverage instead.

2.2 A Motivational Example

We begin our analysis by investigating the increase in fault de-
tectability for a small benchmark circuit. Specifically consider the
combinational circuit rd73, from the MCNC91 benchmark suite,
which we will use to motivate our approach. The original circuit
has 7 inputs and 3 outputs. The small number of inputs allows us
to run fault simulation on this circuit for all possible input patterns
(i.e. 128 vectors) and all 700 uncollapsed stuck-at-faults. In the
original circuit simulation of the 700 possible faults, 164 faults are
observed at the outputs only once and 96 of the remaining faults
are observed only twice. These faults are the hardest to detect by
random fault simulation because they are less likely to be excited
and propagated to an output. We then attach an implication hard-
ware checker to this circuit in a setup similar to the one shown
in Figure 1. The addition of the implication checker also adds
one extra output to the circuit. As implications are added to the
checker, some previously hard-to-detect faults may acquire an ad-
ditional path (through the checker logic) through which they may
be observed.

Table 1: Improvement in number of faults detected more than
5 times as checker logic is added to original rd73 circuit netlist.

circuit # of times faults detected
N=T[N=2]N=3[N=4] N>=5

Orig. 164 96 53 26 361
Orig.+1%imp 153 87 50 26 384
Orig.+2%imp 151 84 50 23 392
Orig.+3%imp 143 81 43 27 406
Orig.+4%imp 142 78 42 23 415
Orig.+5%imp 137 69 38 23 433

Table 1 shows the improvement in the number of times faults are
detected as implication-based checker logic is added to the circuit.
The first column lists the amount of area overhead allowed for the
checker logic. Here, the overhead varies between 0% (original cir-
cuit with no checker logic inserted) to 5%. The subsequent columns
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Figure 2: Flowchart of our approach.

list the number of faults detected a given number of times. For ex-
ample, in the original circuit, 164 faults are detected exactly once
by a test set consisting of all 128 possible patterns. However, with
the addition of checker logic corresponding to an extra 5% hard-
ware overhead, the number of fault sites detected exactly once is
reduced to 137. Furthermore, although it is not apparent from this
table, of the 27 faults that were detected exactly once previously,
10 of them became detectable for more than 5 patterns. The move-
ment of faults from single-detect to a much larger multiple-detect
category can obviously be beneficial when the goal of ATPG is to
detect each fault multiple times.

2.3 Choosing an Implication Set

Figure 2 depicts the overall flow of our approach for choosing
an optimal subset of implications suited for test pattern reduction.
As shown on the rightmost path through the flowchart, we begin by
generating an implication set and removing all implications dom-
inated by others (and possibly other low quality implications as
well) to form a compressed set of implications. This step was dis-
cussed in more detail in Section 2.1.

In parallel, an ATPG tool generates a 15-detect test set. In ad-
dition, we also compute a fault dictionary which reports the de-
tectability of each fault for each pattern. This fault dictionary is
a Boolean bi-dimensional matrix, which we call Original Matrix,
with number of detectable faults x number of 15-detect test pat-
terns elements. In our experiments, both the fault dictionary and
the 15-detect set vectors were computed using Mentor Graphics
FastScan (v8.2009.1).

At this point we have a test set and a set of candidate implications
for the potential checker hardware. The next step consists of deter-
mining each implication’s effect on the detectability of previously
hard-to-detect faults. Specifically, a unique fault dictionary using
the original ATPG test set is created for each candidate implication;
a single dictionary captures the fault detection information due to
a specific implication being added to the circuit. Thus, for each of
the circuits described in this paper, we create n distinct fault dictio-
naries, where 7 is the number of candidate implications. The fault
dictionary that characterizes the behavior of each implication is the



Checker Matrix. Note that whenever a new checker logic gate is
added, we add new faults to the circuit. These new faults are due to
the fan-out branch created by implication insertion. So every time
an implication is added to the checker logic, rows corresponding
to the new faults are added to the Checker Matrix associated with
that implication. Once the Checker Matrices are generated, they
are passed to a procedure that uses a greedy algorithm to find an
optimal combination of implications that give the best reduction in
the number of test patterns, for a specific hardware overhead. The
procedure, called ComputeBestMatrix, is outlined in Figure 3.

procedure ComputeBestMatrix()

1: bestMatrix < OriginalMatrix

2: #minPatterns < Fforiginal vectors

3: for i = 1 to #O0verheadImplications do

4:  forj=1tondo

5: testMatrix < bestMatrix OR (Checker Matrix n)
6: FtestPatterns < CountMinPat(testMatrix)

7. if #minPatterns > #£testPatterns then

8: #minPatterns < FttestPatterns

9: bestMatrix «— testMatrix

10: end if

11:  end for

12: end for

Figure 3: Procedure ComputeBestMatrix

In essence, the procedure cycles through all the Checker Matrix
files until the user specified hardware overhead of the checker logic
(i.e. the implication budget) is reached. On each iteration, the al-
gorithm searches for the implication that gives the best reduction
in the test pattern count, and once found, the implication is added
to the circuit’s checker logic. The corresponding fault dictionary
is then stored in bestMatrix. Following iterations are guaranteed to
build upon this updated circuit as the algorithm performs an OR op-
eration between each individual implication’s Checker Matrix with
the bestMatrix.

The procedure ComputeBestMatrix makes a call to another pro-
cedure, CountMinPat, which determines the minimum number of
possible patterns for each Checker Matrix. The procedure Count-
MinPat is outlined in Figure 4. This procedure cycles sequentially
through every single pattern, deleting those that are not required to
maintain a minimum of 15 detections.

If the addition of implications brings an overall fault observabil-
ity increase, then one may intuitively think that selecting the impli-
cations that cover the hardest-to-detect faults and running a state-
of-the-art pattern generation algorithm will achieve the same ef-
fect as our proposed algorithms. Unfortunately, the Mentor Graph-
ics FastScan pattern generator, while highly optimized for perfor-
mance, occasionally generates a higher number of patterns upon the
addition of extra checker logic. By using our proposed algorithm,
we guarantee full experimental control and can therefore guarantee
that all pattern count reductions are only due to the effect of the
checker logic.

3. RESULTS

In this section, we evaluate the effectiveness of our approach by
conducting several experiments using a number of circuits from the
MCNC and ISCAS combinational benchmark suites. Specifically,
we evaluate compaction rates, impact on delay, and effectiveness
when combined with online error detection.

3.1 Impact of Implication Checker on N-Detect
Test Patterns

In this section, we measure the effectiveness of our approach
in terms of the number of n-detect test patterns required for cir-

procedure CountMinPat(matrix)

1: #reduced Patterns < #£patterns

2: for k =1 to #patterns do

delete pattern k

if #Detects < 15 then
restore pattern k

else
# reduced Pattern——

end if

9: end for

10: return #reduced Patterns

Figure 4: Procedure CountMinPat

A A

cuits synthesized with and without the use of additional implication
checker logic. In our experiments, we focused on the generation of
a 15-detect test set to cover all detectable stuck-at faults in the cir-
cuit at least 15 times. As described in Section 2 and illustrated in
the flow-chart of Figure 2, we used the FastScan tool from the Men-
tor Graphics suite to generate a list of uncollapsed faults for each of
the circuits and to obtain the initial 15-detect test set to fully cover
those faults. FastScan used standard compaction techniques when
creating this test set. The number of test patterns required to cover
the faults is shown in column 2 of Table 2. Using this test set as our
starting point, we then ran experiments to measure how the addition
of extra implications limited to a particular user-specified hardware
overhead would impact the number of test-patterns required for the
15-detect test. The number of test patterns for different amounts of
hardware overhead is shown in columns 3—7 of Table 2.

Table 2: Number of required patterns for a 15-detect test set as
a function of checker overhead.

Circuit Original Circuit With Added Implications
Netlist % 1 2% [ 3% | 4% | 5%
c432 537 495 477 469 457 452
c499 793 793 793 793 793 793
c880 320 284 278 274 274 274
c1908 1699 1612 | 1582 | 1564 | 1564 | 1564
bl2 375 362 349 342 336 331
clip 755 674 648 601 586 574
misex2 1220 1173 | 1144 | 1116 | 1086 | 1065
rd73 1057 938 896 862 829 800
Z5xpl 679 622 603 570 543 531
Z9sym 1115 1015 | 995 976 960 937

The average percent reduction in the number of test patterns is
8% across all benchmarks when checker logic corresponding to a
1% area overhead is added. With an area overhead of only 5%,
an average reduction of 17% can be achieved. As can be seen
in Figure 5 the reduction varies across different circuits. Circuits
clip, rd73 and Z5xp 1 show the most improvement while (aside from
¢499) c1908 shows the least improvement with an overhead of 5%.
A close analysis of the internal structure of the circuits gives a good
indication as to why there was no reduction in test patterns for c499
. The circuit ¢499 is a single-error-correcting circuit with 41 inputs
and 32 outputs [10]. Of the 202 gates comprising the circuit, 52%
(104 gates) are two-input XOR gates. In a two-input XOR gate,
any meaningful invariant relationship between the input and output
nodes cannot be deduced by a simple pairwise comparison of the
output node with one of the input nodes. If an output is at logic 0,
it is possible to say that both the input nodes are at the same logic
value but it is not possible to say if either input node is at a logic
0 or a logic 1 without referring to the second input node. Since all
implication relationships used in this paper are simple pairwise re-
lationships, such implications do not exist in a significant portion of
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Figure 5: Vector count reduction for 1% and 5% hardware
overheads.

the ¢499 circuit. Unfortunately, the implications that do exist do not
appear to be conducive to detecting the hardest to detect faults, and
thus we see no benefit in terms of test pattern reduction for this cir-
cuit. Similarly, c/908 is another 16-bit single-error-correcting and
double-error-detecting (SEC/DED) circuit with 33 inputs and 25
outputs. The circuit contains a syndrome generator, and a large par-
ity tree consisting of XOR structures. However, the circuit netlist
we used for ¢/908 was a flattened netlist with the XOR gates im-
plemented with other logic gates. This alternate implementation
appears to be at least somewhat more amenable to test pattern re-
duction. Finally, in some of the circuits of Table 2 (¢880 and ¢1908)
we also see that after a certain hardware overhead, we stop seeing
additional benefits from adding any extra implication checkers to
the circuit. This suggests that there is no implication, that was not
already added to the circuit, that is able to provide additional cov-
erage of faults that were hard-to-detect with the generated pattern
set.

3.2 Impact of Implication Checker on Critical
Path Delay

In our approach discussed above, we did not re-synthesize the
original logic of the circuit and tried to preserve the critical path.
Thus, the checker logic is added to the original circuit and runs
in parallel with the regular logic. However, the addition of extra
fanout at nodes where implications are added can increase the delay
of a critical path or can even alter which path is most critical. Given
this observation, we next measured the impact of adding checker
logic corresponding to a 5% area overhead on the critical path delay
of the circuit. The original circuit netlist was analyzed with Mentor
Graphics software, and the delay of the top four critical paths was
reported. In Table 3 we show the original critical path and its asso-
ciated delay computed using Mentor’s static timing analysis tool.
The implication checker hardware was then synthesized and added
to the original circuit netlist. The critical paths of the new netlist
were then analyzed. In all the circuits tested, the critical path of the
original circuit was preserved although an average of 2% increase
in delay was seen. The results are summarized in the Table 3.

The second column of Table 3 lists the critical path of the circuit
before the addition of the checker logic. The delay results for the
original circuit and the one with an additional checker logic with a
5% overhead are shown in columns 3 and 4 respectively. Note that
the delay of the critical path in some circuits remains unchanged
(e.g. b2, clip, mixex2). In the case of b12, the added implications
increased the delay of the third most critical path (from input X00
to output Z6) from 0.45 to 0.47 but left the delay of the first and the
second most critical paths intact. This increase in the delay was still
not able to make the third path the most critical because the orig-

Table 3: Change in critical path delay when using checker logic.

Circuit || Critical Path || Ori&: Delay | New Delay 1 oo
(ns) (ns)
<432 || N102 — N421 321 325 12
499 || N125 — N731 2.49 2.51 0.8
880 || N51— N878 2.15 2.22 3.3
1908 || N43 — N2899 3.29 3.44 45
b12 X03 — 76 0.53 0.53 0.0
clip X4 — 71 0.89 0.89 0.0
misex2 B—11 0.69 0.69 0.0
rd73 X6 — 70 0.97 1.02 5.1
Z5xpl X2 — 72 1.05 1.08 28
Z9sym X2 — 20 1.02 1.04 2.0

inal critical path had a delay of 0.53. These results regarding the
addition of 5% implication overhead are encouraging because they
show that the critical path delay for the circuits remains relatively
unchanged.

3.3 Online Error Detection and Test-Pattern
Reduction

The results presented so far have been obtained using implica-
tions with a certain area overhead derived from the original com-
pressed implication set to aid in the manufacturing test step of the
integrated circuit design flow. The implications that we have used
have been selected based on their ability to increase the observation
of previously hard-to-detect faults. Unfortunately, the compaction
results obtained for the circuits studied did not achieve the same re-
ductions reported for some of the other methods listed in Section 1,
including test point insertion on large circuits. However, an im-
portant advantage of the proposed method is that implications may
not only contribute to test reduction, but to online error detection
as well. Our previous work presented in [19] originally proposed
using implications for online error detection. Implications were
added in increments of 10% area overhead allowing the runtime
error coverage to be improved. We now investigate whether impli-
cations that were optimized for online error detection can also be
used effectively to reduce the number of patterns required for a 15-
detect stuck-at fault test set during the manufacturing test process.
Table 4 summarizes the results obtained for an overhead of 10%
and 20%.

The second column of Table 4 lists the number of patterns in the

Table 4: Number of required patterns for a 15-detect test set
as a function of checker overhead using implications optimized
for online error detection. The probability of undetected faults
(Prob(undetected)) were obtained from [19].

Circuit With Added Implications

Circuit Number of Probability
Test Patterns Undetected [19]

Original | 10% [ 20% 10% [ 20%

c432 537 492 462 7.2 4.5

c499 793 793 793 16.9 13.7

c880 320 297 297 22.6 19.1

c1908 1699 1581 | 1581 14.3 13.1

bl2 375 363 362 12.3 9.7

clip 755 736 712 11 10.2

misex2 1220 1216 | 1216 12.8 9.5

rd73 1057 1007 | 947 72 6.3

Z5xpl 679 661 624 14.5 11.5

Z9sym 1115 1016 | 1010 5.6 52




15-detect test set generated for the original circuit netlist. These
are the same as those reported in Table 2. The number of patterns
required using implications optimized for online error detection are
presented in columns 3 and 4 for an area overhead of 10% and 20%
respectively. These implications were directly obtained from [19].
Notice that the reduction in patterns obtained for the 20% case is
not as good as the 5% overhead case from Table 2 since these im-
plications were optimized for runtime error detection and not for
pattern reduction. The most encouraging results come from 10%
hardware overhead, where our greedy algorithm reported around
8% pattern count reduction for c¢432, Z9sym and c1908. Also en-
couraging is that some of the lowest performing circuits, clip and
Z5xpl still managed to get around 2.5% pattern count reduction.
Obviously circuit ¢499 did not see any reduction in the number of
patterns, since there was no optimal combination of pattern reduc-
ing implications, as discussed in Section 3.1. The work presented
in [19] used these implications for runtime error detection and had
used the probability of undetected online faults as a metric to mea-
sure the effectiveness of their checker hardware. Columns 5 and 6
present the probability that an error at runtime will go undetected
by the same set of implications. Despite increased hardware over-
head, the reductions in test patterns are very encouraging consid-
ering that the implications used in this particular experiment were
not selected based on their propensity to reduce the number of vec-
tors. This indicates that we may be able to optimize our implication
set based on these two parameters (error detection at runtime and
pattern count reduction) jointly.

4. CONCLUSIONS

In this paper we have investigated the use of logic implications
for test set reduction. We have presented a method for finding and
choosing a set of implications to be incorporated in checker logic
based upon its ability to make the hardest-to-detect faults within
a circuit more observable. While the exact amount of reduction
varies, for a 15-detect test set, our analysis has shown that with only
a 1% area overhead we can obtain test set size reduction of approx-
imately 8% on average. Furthermore, with a 5% area overhead,
more than a 25% reduction is possible. We also investigated the
impact of the addition of implication logic on circuit delay. While
an average estimated increase in the delay of the longest path of
2% was observed, in several cases, no change in the length of the
longest path occurred.

Although this work focused on choosing implications for test set
compaction, previous work has chosen implications for online error
detection. The faults ideally targeted in each instance are different.
In the case of manufacturing test, hard-to-detect faults should be
covered, while in the case of online error detection, errors that are
likely to propagate to an output are generally targeted. As a re-
sult of these differences in focus, we also investigated the ability
of implications chosen for online error detection to reduce test set
size. Although the reduction was not as great as could be achieved
with implications targeted toward manufacturing test, encouraging
reduction in test lengths did occur for many circuits. This suggests
that implication hardware in general may perform a dual role of
both reducing test set lengths and subsequently detecting defects
that escape test or transient faults that appear in the field.

Indeed, we expect that by better balancing both manufacturing
test and online error detection when selecting implications to in-
clude in the checker logic, overall better results can be obtained.
Also, in addition to area overhead, the estimated increase in circuit
delay could be used as an additional constraint for the creation of
the checker logic. In fact, a multi-focused analysis is possible—
constraining the type and number of implications chosen to reduce

power, delay, and area while targeting both manufacturing test and
online error detection with different degrees of importance.

We also believe that sequential circuits may benefit significantly
from the approach presented in this paper. In particular, cross-cycle
implications that were used in [2] to improve error detection rates,
can also be used to reduce test set lengths by providing multiple
new observations points in the circuit. Future work will focus on
evaluating this approach more thoroughly for sequential circuits.
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