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After the intensive study on input-stimulus
compression,  test-response  compaction  gradually
becomes the bottleneck of the overall test-data reduction
in scan-based testing. The key barrier to effective
test-response compaction is the presence of unknown
values in the simulation result. In this project, we propose
a hybrid, unknown-tolerated scheme for test-responses
compaction, which comprises a space compactor and an
unknown-blocking MISR (Multiple Input Shift Register).
First, the proposed hybrid scheme is ATPG-independent,
taking any test set generated by any ATPG tool as input
for compaction. Second, the proposed hybrid scheme can
guarantee no coverage loss for the target fault model
without requiring any extra pattern. Third, the proposed
hybrid scheme can be tuned to observe any user-specified
percentage of responses for controlling the coverage of
un-modeled faults. In order to determine the fraction of
responses that should be made observable, a quantitative
approach will be developed to identify the threshold of
this observable percentage that can ensure an acceptable
level of coverage loss. Last, a diagnosis method will be
proposed based on the proposed hybrid compaction
scheme. A series of experiments will be conducted to
justify the effectiveness of the hybrid scheme in terms of
the compaction ratio, the area overhead, the coverage loss
for various fault models, and the diagnosis resolution. We
will also compare the experimental results with those of
using a space compactor or an unknown-blocking MISR
alone.

S i PR

1. Introduction

The increasing number of scan cells in modern
designs challenges the scan-based testing on both test data
volume and test application time. In order to reduce the
test data volume as well as the number of required
channels on the ATE, researchers have been actively
pursuing new solutions to input stimulus compression and
output response compaction. For output response
compaction, the presence of unknown values (or
unknowns) among the good-circuit test responses has
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been the greatest barrier to effective the compaction. If no
unknowns exist in the good-circuit responses, a time
compactor, such as Multiple Input Signature Registers
(MISR), can be used to compact an infinitely long output
sequence into a fixed-length signature and guarantee a
negligible aliasing probability [1]. Due to feedback loops
present in the MISR, however, unknowns in the responses
will create an unpredictable good-circuit signature, from
which no faulty-circuit signature could be differentiated.

One class of unknown-tolerant compaction schemes is
selective compactors [2] [3], which selects a small subset
of responses for observation on the ATE channels. Based
on the fault simulation results with respect to the target
fault model, the selective compactor chooses only those
responses containing a D or D value for observation. All
other responses are discarded. (In this project, a response
specifically refers to the captured value of a scan cell.)
Therefore, the presence of unknowns in the responses
would not cause problems for the selective compactor.
However, an important assumption typically made in
structural testing is that the patterns for the target
modeled faults often detect many un-modeled faults as
well. Also, selective compactors, such as [2] and [3],
require a customized ATPG.

Another class of unknown-tolerant compaction
schemes is the unknown-blocking MISR [4] [5] [6] [7],
which adds a blocking logic between the scan chains and
the MISR. By assigning proper control signals in the
blocking logic, an unknown-blocking MISR could block
all unknowns from reaching the MISR while guaranteeing
no coverage loss for the modeled faults. The method in [4]
focuses on blocking the unknowns and uses a customized
ATPG to maintain fault coverage. The test set generated
by this customized ATPG may be larger than the test set
without applying compaction because the method in [4]
also over-blocks some known responses other than
unknowns. The methods in [5] [6] and [7] maintain the
fault coverage by observing those responses necessary for
fault detection while blocking the unknowns. The method
proposed in [5] uses an LFSR-reseeding scheme [8] to
encode the control signals, which contain many
don’t-cares, and achieves high encoding efficiency. Due
to the LFSR’s random-fill nature for the don’t-cares, half
of the responses would be blocked in addition to the
unknowns. The methods proposed in [6] and [7]
synthesize a combinational circuit to generate the control
signals; however, the values generated for those
don’t-cares control signals are still uncontrollable. This
loss of observability due to the over-blocking of known
responses may result in a coverage loss for the
un-modeled faults.

Instead of blocking the unknowns, space compactors
allow unknowns to be processed by the compactor while
using an XOR matrix to reduce the probability of a
response being masked by the unknowns [9] [10] [11].
The methods proposed in [12] and [13] use storage
elements along with an XOR matrix to further improve
the compaction ratio and unknown tolerance. The
methods proposed in [9], [10], [12] and [13] can
guarantee a certain degree of error detection in the
presence of one unknown in a scan-shift cycle; however,
for high-ratio response compaction, multiple unknowns
may arrive at the compactor in the same cycle, which
results in some known responses being masked. This
observability loss of responses may either decrease the
coverage of the modeled faults or require extra patterns to
maintain the same level of coverage.

In this project, we propose a hybrid compaction
scheme, which consists of a space compactor and an
unknown-blocking MISR. This compaction scheme can
take any test set generated by any ATPG tool as input for
compaction. The space compactor, in this scheme,
observes majority of the responses and detects most of the
modeled faults. For those modeled faults missed by the
space compactor, the unknown-blocking MISR is
designed to detect them, by proper value assignments to
its control signals. Therefore, the proposed scheme
guarantees no coverage loss for the modeled faults
without requiring extra patterns. Also, the hybrid scheme
can be tuned to observe any user-specified percentage of
responses for controlling the coverage loss of the
un-modeled faults. The experimental results show that,
for the same test set, the coverage loss of the hybrid
compaction scheme is always less than that of the scheme
when either an unknown-blocking MISR or a space
compactor is used alone. Besides, the hybrid scheme does
not necessarily require higher test-data volume. To
determine the fraction of responses that should be made
observable, we further develop a quantitative approach
for identifying the threshold of this observable percentage
that can ensure an acceptable level of un-modeled-fault
coverage loss. In this work, we choose BCE [16] as the
coverage metric for un-modeled faults.

2. POTENTIAL COVERAGE LOSS OF
UNKNOWN-BLOCKING MISRS AND SPACE
COMPACTORS

In this section, we show the potential coverage loss
for un-modeled faults of an unknown-blocking MISR,
which can guarantee no coverage loss for the modeled
faults. Figure 1(a) shows an example of an
unknown-blocking MISR supporting three scan chains,
where the response from chain; is controlled by the



control signal Si. If S; = 0, the response from chain;
propagates to the MISR. If S; = 1, the response is blocked
and a 1 will be applied to the MISR. With this blocking
logic, we can block all unknowns and observe responses
critical to fault-detection by assigning proper values to
the control signals (0 for observing, 1 for blocking). Here,
we define those critical responses with guaranteed
observation by a 0 at the control signal as must-observe
responses. For responses other than unknowns and
must-observe responses, the value at the control signal is
a “don’t-care”. In [5], [6], [7], and this project, the
must-observe responses are chosen to insure there is no
coverage loss for the modeled faults.

u: unknown value  m: must-observe response

chaln1 :,
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(@ (b)
Fig 1. An example of the unknown-blocking MISR.
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In practice, only a very small fraction of the responses
have an unknown value or must be observed for fault
detection. As a result, most control signals of the blocking
logic are “don’t cares”. [5], [6], and [7] utilize these
don’t-cares for optimization to achieve high encoding
efficiency. However, after decoding, some of the
don’t-cares will be specified as 1; thus, a fraction of the
non-critical responses with a known value will be
blocked.

We conducted the following experiments to evaluate
the potential coverage loss for the un-modeled faults due
to the loss of observability for non-critical responses. We
used the stuck-at test patterns for this experiment. Two
metrics are used to measure the coverage for the
un-modeled faults: the transition fault coverage and the
BCE [16], which quantifies the effect of multiple
detection on a stuck-at fault and approximates the
coverage of pair-wise bridging faults. The BCE proposed
in [16] is defined as:

- Y —T )
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BCE = |
where Nt is the number of detecting patterns for each
fault f and |F| is the total number of faults.

Four larger ISCAS and ITC benchmark circuits, each
of which contains more than 1,000 flip-flops, are used for
the experiment. We first generate ATPG patterns for the
stuck-at faults. From these patterns, we identify a minimal

set of must-observe responses. For responses other than
those identified must-observe responses, we observe them
randomly according to a specified percentage (which is
called observable percentage and is denoted as obs_p).
Based on the selected observation of responses, we then
simulate the same stuck-at- fault patterns for the transition
faults and for the BCE calculation.

Table I shows the statistics of each circuit. Columns 2
and 3 list the total number of stuck-at-fault patterns and
the total number of flip-flops, respectively. Column 4 lists
the ratio of the must-observe responses to the total
responses. Column 5 lists the number of transition faults.
Columns 6 and 7 list the number of detected transition
faults and the BCE, respectively, assuming all responses
are observed. Table Il and Table Il shows the coverage
loss for the transition faults and for the BCE, respectively,
according to each obs_p.

circuit | # of s.a. | # of | % of must-obs. total detected | BCE
pttn FF responses trans. flt | trans. fit
335932 27 2048 15.70 66316 46971 | 85.95
$38417 189 1742 2.44 53014 43071 | 95.42
338584 191 1730 3.81 64162 48485 | 92.04
b17 536 1512 2.23 117998 85466 | 86.84
Table I: % of must-observe responses, transition-fault

coverage, and BCE for stuck-at-fault patterns.

circuit must-obs. obs_p
only 50% | 60% | 70% | 80% | 90% | 95%
535932 22.77 737 | 523 | 346 | 2.06 | 092 | 0.44
538417 27.14 176 | 122 | 075 | 043 | 02 | 0.1
538584 20.66 246 | 1.6 | 1.01 | 0.63 | 0.28 | 0.13
b17 2011 317 | 223 | 154 | 094 | 043 | 0.18
avg. 22.67 360 | 261 | 1.69 | 1.02 | 046 | 0.22
Table Il:  Transition-fault coverage loss for different obs_p

circuit must-obs. obs_p
only 50% | 60% | 70% | 80% | 90% | 95%
$35932 18.58 533 | 275 | 254 | 1.15 | 0.69 | 0.33
$38417 22.55 0.71 | 044 | 0.27 | 0.14 | 0.07 | 0.03
$38584 20.12 2.00 | 145 | 095 | 057 | 027 | 0.13
b17 15.15 1.82 | 1.29 | 0.86 | 053 | 0.24 [ 0.10
ave. 19.10 249 | 148 | 1.16 | 0.60 | 032 | 0.15

Table I11:  BCE loss (in %) with respect to different obs_p

The results in Table Il and Table Il indicate that
observing a large percentage of responses is necessary for
maintaining a high test quality. On average, observing
only the must-observe responses results in a 22.67% loss
of the original transition-fault coverage and a 19.10% loss
of the original BCE, even though the stuck-at-fault
coverage is not compromised. This implies a potential
test-quality loss of using selective compactors [2] [3],
which basically observe only the must-observe responses.
For an encoding scheme like LFSR reseeding [8], roughly
50% of the responses cannot be observed due to the



random assignment of the don’t-cares. Therefore, it
results in average losses of 3.69% and 2.49% in the
transition-fault coverage and the BCE, respectively. Note
that coverage losses for other un-modeled faults — such as
stuck-open, bridging, path delay, and other faults — were
not considered in this experiment. It is likely that these
losses would be non-trivial as well. Therefore, the test
quality loss due to a low observable percentage is
significant.

If only a space compactor is applied for response
compaction, some responses may not be observed due to
unknown-induced  masking.  These  unobservable
responses caused by unknown-induced masking tend to
be randomly distributed, and hence lead to the coverage
losses among both modeled and un-modeled faults. The
percentage of observable responses is determined both by
the configuration of the space compactor and by the
fraction of the responses having an unknown value [14]
[15]. The coverage loss caused by a space compactor is
inversely proportional to the observable percentage [15].

3. Hybrid Compaction Using Unknown-Blocking
MISR AND Space Compactor

3.1 Basic Concept

Figure 2 illustrates the basic concept of the proposed
hybrid scheme. The responses from the scan chains
concurrently propagate to a space compactor and an
unknown-blocking MISR. Through the space compactor,
we observe most responses and detect most of the
modeled faults. For those modeled faults that may not
have been detected by the space compactor, we assign
proper values at the control signals of the
unknown-blocking MISR to detect them. The value
assignments at the control signals also ensure that all
unknowns are blocked from reaching the MISR. For the
unknown-blocking MISR part, we use an LFSR to encode
the control signals [8]. For the space compactor part, we
use a single-weight space compactor, for which every
column of the XOR matrix has the same number of XOR
gates.

unknown-blocking
MISR

e ‘ \ 7777

scan chains

CT T slosking [ e
. Logic

compacted
results

Space
Compactor

Figure 2. Proposed compaction scheme using space
compactor and unknown-blocking MISR

The overhead of the test data volume for the
unknown-blocking MISR part depends upon the size of
the LFSR seed for each pattern as well as upon the size of
the good-circuit signature of the MISR, which is used for
signature comparison after all patterns are applied. For
the space-compactor part, we need to store each pattern’s
compacted good-circuit responses. Therefore, for this
compaction scheme, the total storage required on ATE is
mainly determined by the LFSR seeds and the compacted
good-circuit responses of the space compactor. The
good-circuit signature of the MISR is a single signature
for the entire pattern set. Hence its data size is negligible,
in comparison with the other test data sources.

As discussed in Section II, an unknown-blocking
MISR can guarantee no coverage loss for the modeled
faults, but about half of the responses would be blocked.
A space compactor might incur fault coverage loss, yet
observe a majority of the responses. Therefore, by using
both techniques concurrently, we can achieve the goals of
no loss of the modeled-fault coverage and observe most
responses. Using the unknown-tolerance analysis
proposed in [15], we construct a space compactor which
can achieve a user-specified level of observable
percentage with a maximal compaction ratio. Because
most modeled faults are already detected by the space
compactor, the number of must-observe responses for the
unknown-blocking MISR is significantly reduced. The
length of the required LFSR stages would also be much
smaller than those that might wuse only an
unknown-blocking MISR. Hence, the overall test data
volume of the hybrid scheme might be even less than that
required by the unknown-blocking- MISR-only scheme.

Furthermore, this hybrid scheme is
ATPG-independent. The test patterns used for this
compaction scheme are exactly the same as those patterns
without compaction — no extra patterns are needed.
Therefore, any ATPG tool can be directly used without
modification

3.2 Design Flow of the Hybrid Compaction Scheme
The input parameters of our hybrid compaction
scheme include: (1) the target fault model, (2) the target
observable percentage (denoted as hybrid_obs_p), and (3)
the number of ATE channels available for observing the
outputs of the space compactor (M). The design
procedure for a hybrid compactor is summarized as
follows:
Step 1: Based on the given hybrid_obs p, compute
the target observable percentage for the space compactor



(denoted by space_obs_p) using the following equation:
space_obs p=2-hybrid obs p-1 (2)

The rationale behind Equation 2 is that the LFSR for
the unknown-blocking MISR generates the control signals
which results in roughly 50% observable responses. For
example, if hybrid_obs_p = 0.9, we should design a space
compactor to observe 80% of the responses and an
unknown-blocking MISR to observe half of the remaining
20%. Jointly, the overall observable percentage would be
90%.

Step 2: Generate ATPG patterns for the modeled
faults and run logic simulation with these pattern to
derive the percentage of unknowns among all responses

(xp).

Step 3: Based on space obs_p, M, and xp, design a
space compactor that supports a maximal number of scan
chains (S) while achieving space obs_p.

Step 4: Divide the scan cells into S scan chains whose
outputs are connected to the inputs of the space
compactor.

Step 5: Run fault simulation for the modeled faults
using the ATPG patterns. The circuit model used for fault
simulation includes both the circuit-under-test (CUT) and
the space compactor. That is, a fault is considered
detected only if its fault effect appears at an output of the
space compactor. Because the space compactor only
observes space_obs_p of the responses, some faults
detected at the CUT outputs become undetected at the
space compactor outputs. Record those undetected faults.

Step 6: Identify the must-observe responses based on
the simulation results of those undetected faults. Generate
LFSR seeds for supplying the control signals of the
unknown-blocking MISR, which will be used to observe
those must-observe responses and to block all unknowns.
In our experiment, we apply the method proposed in [17]
to minimize the number of LFSR stages LS required.

Step 7: Build the blocking logic and the LFSR with
LS stages. In the above procedure, Steps 3 and 6 are two
keys to maximizing the compaction ratio and achieving
the target observable percentage. Regarding Step 3, a
single-weight space compactor is chosen in our hybrid
compaction  scheme.  X-Compactor [9] is the
representative of single-weight space compactors.
However, the construction rules for our XOR matrix are
different from those of the X-Compactor, for which each

column has an unique combination of output connection
and the weight (i.e. the number of XOR gates in each
XOR-matrix’s column) has to be an odd number. These
two rules, while minimizing the error masking probability
(a.k.a. aliasing probability), do not necessarily reduce the
probability of unknown-induced masking. For a space
compactor, the unknown-induced masking impacts more
on the fault detection than the error masking does [15].
Therefore, to minimize the unknown-induced masking
probability, we allow the use of identical columns and an
even weight.

When applying a single-weight space compactor, its
corresponding observable percentage depends upon the
values of the following four parameters: (1) S, the number
of scan chains connecting to the compactor, (2) M, the
number of outputs of the compactor, (3) W, the number of
XOR gates in each XOR-matrix’s column, and (4) xp, the
probability that a response has an unknown value. Among
these four parameters, S, M, and W relate to the
configuration of the space compactor. xp relates to the
given CUT and test patterns. Figure 3 uses a 20-t0-6
single-weight space compactor to illustrate these
parameters. In this example, S =20, M =6, and W = 3.

W # of Xor gate per column

M # of
outputs

xp : unknown %
among responses S': # of scan chains

Figure 3. An Example single-weight space compactor.

To construct a space compactor supporting a maximal
number of scan chains while achieving space _obs p
(Step 3), we rely on Equation 3 (derived in [15]) to
predict its observable percentage. The equation of this
predicted observable percentage (OP) is:

w )

(w)

Using this equation for fast prediction, we can
efficiently list the predicted observable percentage with
respect to each unique combination of both the weight
and the number of scan chains for the given M and xp.
We then search for the configuration with the largest
number of scan chains (S) that achieves the target
observable percentage space_obs_p. This search is

+1-xp)° (3)

OP=1-Y (-1)! (1) (xp



straight forward and fast.

For minimizing the must-observe responses (Step 6),
we employ the two-pass, fault-simulation-based method
proposed in [17]. It runs fault simulation twice for a given
fault set — in this case, the faults not detected by the space
compactor — with respect to two different pattern orders.
In the first pass, the patterns are fault-simulated, with
fault dropping, according to the original pattern order,
that is, from T, to Ty for an N-pattern test set. The list of
detected faults, FL;, for each pattern T; is recorded. In the
second pass, fault simulation is performed again, but in
reverse order, from Ty to T;. For each pattern T; in this
reversed-ordered simulation, we attempt to identify those
responses which should be observed so that, in addition to
the faults in the detected fault list of the current pattern
FLi, some faults in the detected fault lists of prior patterns
(FLi-4, FLi—,, , FL,) can be detected. Those detected faults
in the FL;_;, FL,_,, , FL;, can then be removed. This will
result in a smaller or even empty fault list when we

subsequently fault-simulate these prior patterns T; for j <.

With this method, the number of must-observe responses
can be reduced.

4. Experimental Results

4.1 Hybrid vs. Unknown-Blocking MISR alone

We first conducted experiments on the four larger
ISCAS and ITC circuits shown in Table 1. This
experiment randomly assigned 0.5% of clustered
unknowns in the responses — specifically, 90% of
unknowns from 10% of the scan chains. The number of
outputs for the space compactor is four. Row 2 of Table
IV reports the test data volume required by the hybrid
scheme for circuit $35932. The target observable
percentages of the hybrid scheme is set at 90%. Columns
3 (# of chains) and 4 (weight) show the number of
supported scan chains and the weight of the identified
optimal configuration of the space compactor. Column 5
(chain depth) lists the depth of the scan chains. Column 6
(space) lists the number of bits that need to be stored in
ATE for the space compactor for each pattern, which is
the number of outputs times the chain depth. Column 7
(Ifsr) lists the length of an LFSR seed, which is used for
encoding the control signals. Column 8 (total) is the sum
of Columns 6 and 7, which indicates the total number of
storage bits of the hybrid scheme for each pattern.
Column 9 (comp. ratio) reports the compaction ratio,
which is the total number of scan cells divided by Column
8. In Table IV, we compare our results with those using
only the unknown-blocking MISR [17] (denoted as
x-block in Row 3). Table V reports the results for s38417,
s38584, and bl7 with respect to the same unknown
percentage, number of outputs, and target observable

percentage.
desired | # of | # of | weight | chain | storage bits per pttn | comp.
obs. % | output | chain depth | space | Ifsr | total | ratio
90% 4 180 2 12 48 | 45 93 22.0
x-block (unknown-blocking MISR only) [ 0 |248| 248 8.3

Table 1V. Data Volume of the hybrid compaction scheme
and x-block for circuit s35932 with 0.5% unknowns

circuit method | chain | storage bits per pttn | comp.
depth | space | Ifsr | total ratio

s38417 | hybrid-90% | 10 40 | 30 70 249
x-block _ 0 [32 32 544

$38584 90% 10 40 |22 62 27.9
x-block _ 0 |78 78 22.2

b17 90% 9 36 |29 65 233
x-block _ 0 |58 58 26.1

Table V. Data Volume of the hybrid compaction scheme
and x-block for circuit s38417, s38584, and bl7 with 0.5%
unknowns

Table VI shows the actual observable percentage, the
coverage loss for the transition faults, and the BCE loss
corresponding to the hybrid scheme and the x-block,
considered in Tables IV and V.

circuit method actual tran. flt BCE
obs. % | cov. loss (%) | loss (%)

$35932 | hybrid-90% | 90.67 1.45 0.96
x-block 56.58 6.83 5.00

$38417 | hybrid-90% | 90.14 0.28 0.10
x-block 50.46 1.78 0.81

$38584 | hybrid-90% | 90.10 0.33 0.38
x-block 53.26 2.60 2.45

b17s hybrid-90% | 90.39 0.51 0.28

x-block 52.78 2.87 1.75

average | hybrid-90% _ 0.64 0.43
x-block _ 3.52 2.50

Table VI. Actual observable percentage,

transition-fault-coverage loss, and BCE loss (in %) with 0.5%
unknowns

The results in Table VI indicate that the hybrid
compaction scheme can meet the target observable
percentage, which verifies the accuracy of our
construction procedure. Also, the coverage loss of the
hybrid scheme is much less than that of the
unknown-blocking-MISR-alone scheme, which we will
refer to as x-block. The average loss of the transition-fault
coverage is 0.64% for the hybrid scheme, but 3.52% for
the x-block. The average loss of BCE is 0.43% for the
hybrid scheme, but 2.50% for the x-block. These results
confirm the advantage of observing the majority of
responses.

The results shown in Tables IV and V also indicate



that observing a higher percentage of the responses does
not necessarily require more test data. The hybrid scheme
achieves an even greater compaction ratio than when
using the unknown-blocking-MISR-only scheme for
circuits s35932 and s38584. This is because the use of a
space compactor reduces the number of must-observe
responses for the unknown-blocking MISR, and in turn
reduce the number of specified bits for the LFSR control
signals. This reduction in the number of specified bits for
the unknown-blocking MISR could be more than the
number of additional storage bits required for the added
space compactor.

This phenomenon of achieving a better compaction
ratio will become more significant if the unknown
percentage decreases. This is because a space compactor
cannot reduce the number of specified bits for blocking
unknowns. If the majority of the specified bits of the
LFSR control signals are for blocking the unknowns,
adding a space compactor could only modestly help
improve the compaction ratio. In Table XII, we apply
different unknown percentages and observe the changes
in compaction ratios for both the hybrid scheme and
x-block. Take $35932, for example. When the unknown
percentage drops from 0.5% to 0.1%, the compaction
ratio for the hybrid scheme increases from 22.0 to 41.8;
however, for x-block, the increase of the compaction ratio
is modest - from 8.3 to 9.2. For the other three circuits, a
similar trend is observed.

circuit method unknown %
0.5 0.3 0.1
$35932 hybrid-90% 22.0 36.6 41.8
x-block 8.3 8.4 9.2
s38417 hybrid-90% 24.9 39.6 60.1
x-block 54.4 62.2 72.6
$38584 hybrid-90% 27.9 40.2 64.1
x-block 22.2 22.5 26.6
bl7s hybrid-90% 233 28.0 39.8
x-block 26.1 27.5 28.5

Table VII. Compaction ratio with respect to different
unknown %s.

4.2 Hybrid vs. Space Compactor alone

Table VIII compares the hybrid compaction scheme
with X-Compact [9]. For a fair comparison, we designed
an X-compactor for each circuit that achieves the same
compaction ratio as that of the hybrid scheme. Column 4
lists the number of required ATE channels. We attempted
to design the X-compactor by using the same number of
ATE channels as that of the hybrid scheme; however, no
such X-Compact can achieve the target compaction ratio.
Thus, Table VIII reports the results of X-Compact that
uses the fewest number of ATE channels to achieve the

same compaction ratio as that of the hybrid scheme.

Columns 5, 6, and 7 in Table VIII list the coverage
loss for the stuck-at faults, the transition faults, and the
BCE, respectively. The results show that the X-Compact
incurs some coverage loss for the stuck-at faults while the
hybrid scheme has no loss at all. The hybrid scheme also
achieves less coverage loss for the transition faults and
the BCE for most circuits, save for s35932. Note that
X-Compact uses more ATE channels than the hybrid
scheme. This experiment demonstrates that the hybrid
scheme can provide better test quality than when a space
compactor alone is used, given the same test data volume
and the same number of ATE channels.

4.3 Industrial Design

We conducted further experiments on two industrial
designs. Table IX lists the statistics for these two designs.
For this experiment, we used a space compactor with
eight outputs. The target observable percentage is set at
90% and the unknown percentage is 0.3%.

circuit [comp.| method # of [s.a. flt cov.[tran. fit cov.| BCE
ratio channel | loss (%) loss (%) |loss (%)

hybrid-90% 8 0 0.96 1.45

$35932| 22.0 | X-Compact| 10 0.29 0.93 1.17
8,9 no available configuration

hybrid-90% 7 0 0.10 0.28

s38417| 24.9 | X-Compact| 10 0.17 0.24 0.41
78,9 no available configuration

hybrid-90% 7 0 0.38 0.33

s38584| 27.9 | X-Compact| 11 0.40 0.73 0.90
8.,9,10 no available configuration

hybrid-90% 7 0 0.28 0.51

bl7s | 23.3 [ X-Compact 10 0.40 0.60 0.98
7,8,9 no available configuration

Table VIII. Coverage loss of the hybrid compaction
scheme and X-compact with 0.5% unknowns.

Table X lists the actual observable percentage
(Column 3), the coverage loss for the transition faults
(Column 4), the BCE loss (Column 5), the number of
supported scan chains (Column 6), and the compaction
ratio (Column 7). Again, the results validate that our
hybrid scheme can meet the target observable percentage
and can thus limit the loss of test quality for large
industrial designs.

bench | gate # of # of ATPG | # of ATPG-
count | scan cell pattern detected flt
DI 722K 4990 542 985234
D2 870K 65560 1514 1835582

Table IX. Characteristics of two industrial designs.



circuit | desired | actual tran. flt BCE #of | comp.
obs. % | obs. % | cov. loss (%) | loss (%) | chains | ratio

D1 90% 91.92 0.06 0.05 710 39.3
D2 90% 90.41 0.53 0.33 710 63.1

Table X. The observable percentage, coverage loss, and
compaction ratios for two industrial designs.

Table XI reports the area overhead and runtime of the
proposed hybrid scheme. The figures for area are reported
by Synopsys DesignCompiler [18]. The unit for the area
is the gate equivalent area. Column 2 lists the area of the
original design. Columns 3 and 4 list the area of the space
compactor and the unknown-blocking MISR, respectively,
in the hybrid scheme. Column 5 lists the total area of the
hybrid compaction scheme (sum of Columns 3 and 4).
Column 6 lists the area overhead in percentages with
respect to the original area. Column 7 lists the runtime of
the construction flow in seconds. The total area overhead
is 0.92% and 1.14% respectively for these two designs. In
the experiment, the hybrid scheme supports 710 scan
chains for both designs. Note that a larger number of scan
chains would result in a higher area overhead while a
shorter test application time, compared to the same design
with fewer scan chains. With this large number of scan
chains, the overhead is still quite low, which indicates
that the area overhead should not be a concern for the
proposed scheme. The reported runtime also shows that
the construction flow of the hybrid scheme is scalable for
industrial designs.

The runtime reported in Table XI was mainly spent on the
stuck-at-fault simulation (Step 5 in Section 111-B) and the
identification of a minimal set of must-observe responses
(Step 6 in Section Ill- B). The sizes of the stuck-at-fault
set are about 1 million and 2 million respectively for D1
and D2. The reported runtime shows that the construction
flow of this hybrid scheme is scalable for industrial
designs.

original hybrid compaction scheme
circuit | design | space | x-blocking | total | total area |runtime
area comp. MISR area |overhead % | (sec)
D1 |3086752|12166| 16119 | 28285 0.92 3633
D2 |3710920 | 12166 | 30017 |42183 1.14 24350

Table XI. Area and runtime overhead for two industrial
designs.

5. Determine Observable Percentage Based On
Un-Modeled-Fault Coverage

The results in Table 1l and Ill have shown that, even
for a fixed observable percentage of a compaction scheme,
the coverage loss for the un-modeled faults is both circuit
and test-set dependent. An observable percentage may
result in an acceptable coverage loss for some circuits

while an unacceptably high loss for other circuits. In this
section, we describe a quantitative approach for
identifying a proper threshold for the observable
percentage to ensure an acceptable level of coverage loss.

The BCE is chosen as the metric of un-modeled-fault
coverage for finding this threshold. We use a
fault-simulation-based method to predict the BCE for
different observable percentages. The inputs for this
prediction method include the circuit under test, a test set,
and a list of observable percentages. The output is a
predicted BCE for each of the observable percentages in
the list. In this prediction method, we first fault-simulate
the given pattern set assuming all responses are
observable. During the fault simulation, we collect two
additional statistics for each fault f. The first statistic is
DN : the number of patterns in the test set detecting f.
The second statistic is ONy: the total number of faulty
responses (denoted as observation outputs) in all scan
cells that fault f produces for the entire test set. After fault
simulation, we calculate the BCE for each observable
percentage op based on the DNf and ONf statistics. The
BCE proposed in [16] is defined as:

1 1
BCD ==Y (1-—), 4
|F feF( 2Nf) ( )

where N; is the number of detecting patterns for each
fault f and |F| is the total number of faults. N is equal to
DN if all responses can be observed. In the following
section, we attempt to calculate the expectation of the
BCE function for fault f (denoted as BCE; = 1- 0.5M ), for
a given observable percentage op, DN;, and ONs .

For each detecting pattern pn of fault f, the probability
that f remains detected under the observable percentage
op (denoted as detecting probability) depends on the
number of faulty responses that pattern pn produces in the
scan cells (denoted as observation outputs).

We first make an approximation that the number of
observation outputs for each detecting pattern pn is the
same for a given fault f, which is close to the real case
based on our experimental results. Then we use as to
represent the detecting probability of each detecting
pattern pn for fault f:

ON;

a, =1-(1-op)"" ©)

If the responses are observed randomly, we could
model N; in Equation 4 using the following binomial



function:
ProbfN =n}=(;")-@)"-@-a)™" @

In the proposed hybrid compaction scheme, however,
the responses are not observed pure-randomly. For a fault
not detected by the space compactor, we will specify a

control signal for the unknown-blocking MISR to detect it.

This implies that the number of detecting patterns for any
fault can never be 0. Thus, we need to move the
probability of Nt = 0 in Equation V to the probability of
Nt = 1. Therefore, the probability density function
Prob{N; = n} becomes:

(™")-(@,)-@-a,)™" :2<n<DN,

{DNf a,-(l-a,)™" +(@1-a,)” :n=1

The above probability density function represents a
lesser estimation of the N¢ because observing a response
for detecting a previously undetected fault may detect
some other detected faults as well. A lower bound of the
expectation of the BCE function (denoted as BCE_L; ) is
obtained based on the above density function:

DN; 1

E[BCE_L,|= Z(l—z—n) -Prob{N, =n}

a
—1-@-H™M s 2e-a)™ 0

Then, we derive an upper bound of the BCE function
by moving the probability of N = n to the probability of
N =n + 1 for each n. The expectation of the BCE_Uk is:

DN; +1 1

EBCE_L, |- % (1-7)-Prob{N, =n}

1 DN;
:1_5(1_3-1‘) (8)

This upper bound BCE_Us is too loose, however,
because N; = DN + 1 can never happen — even if all
responses are observed. So we set the probability of N¢ =
DN; + 1 to 0 and normalize the probabilities of other
values of N; such that the summation of this probability
density function is 1. The revised probability density
function becomes (for 1 < n <DN):

(1_ af )DNf—n+1

Prob{N, =n}=(,,') (a;)"™ 'W

)

With this density function, we obtain a tighter upper
bound for the BCE function (denoted as BCE_EUs ) as
follows:

DN; 1

E[BCE_U, |= Z(l—z—n)-Prob{Nf =n}

Sl AT O™ o)
2-2.(a,)"™ " 2 2

Our experimental results show that the actual BCE is
closer to the BCE_EU, rather than the BCE_L. We use an
empirical weighted function (denoted as BCE_W) to
approximate the BCE:

BCE=%BCE_EU +%BCE_L (11)

Figure 4 shows the values of BCE_L, BCE_EU,
BCE _W, and the actual BCE for different observable
percentages for circuit $s35932. The results indicate that
the actual BCE is well-bounded by BCE L and BCE EU,
and can be roughly approximated by BCE_W. Also,
BCE _U is a much looser upper bound than BCE_EU.
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Fig 4. BCE prediction for s35932.



circuit BCE observable %

50% | 60% | 70% | 80% | 90% | 95%
BCE_L [94.02{94.52]94.87|95.12 | 95.30 | 95.37
$38417 | BOE_FEU [94.81195.05]95.2195.32[95.40 | 95.41
BCE_W [94.6194.92(95.13(95.27[95.38[95.40

actual BCE [ 94.71 | 94.98 | 95.15 [ 95.28 | 95.35 | 95.39

BCE_L |88.57|89.62|90.44 [ 91.10 | 91.64 | 91.86
$38584 | BCE_EU [90.46 | 91.03 [91.43[91.71 [ 91.92 | 92.00
BCE_W [89.99|90.68|91.18 [91.56|91.85]91.97
actual BCE [ 89.97 [ 90.61 | 91.11 | 91.49 | 91.79 [ 91.93
BCE_L [84.09|84.89 | 85.53 [ 86.06 | 86.49 | 86.68
bl7 | BCE_EU [85.61|86.04]86.36 | 86.58 | 86.76 | 86.80
BCE_W [85.23]85.75[86.15[86.45[86.69 | 86.77
actual BCE [ 85.26 | 85.72 | 86.09 | 86.38 | 86.63 | 86.75

Table XII. BCE prediction for s38417, s38584, and b17.

Simulation for the BCE calculation takes longer than
the simulation for the stuck-at-fault coverage calculation.
For the BCE calculation, a fault cannot be dropped until
the number of detections exceeds a threshold when the
change of BCE resulting from any more detections of the
fault can be ignored. In the proposed prediction scheme,
we drop a fault with more stringent constraints because
we need to consider the accuracy of the BCE’s for all
op’s in the given list. In this case, the threshold of the
number of detections for fault-dropping depends on the
predicted BCE of the lowest op (50% at least). Note that
the most time-consuming part of the proposed prediction
scheme is fault simulation. Calculating the predicted BCE
for each op based on the above equations takes only a
very small faction of the total runtime.

Table XIII lists the runtime of the original BCE
calculation (a) and our prediction scheme for 20 op’s (b),
and for 40 op’s (c). The results show that the extra
runtime required for the proposed prediction scheme is
quite low, in comparison with the original BCE
calculation. Also, adding more op’s in the list requires
little extra runtime.

ckt original | 20-op prd. | 40-op prd. | (b)-(a) | (c)-(b)
(a) (b) (©
835932 6.2 7.8 9.8 1.6 2.0
$38417 22.5 24.2 24.7 1.7 0.5
$38584 18.2 20.9 21.6 2.7 0.7
bl7 115.7 120.9 121.9 5.2 1.0

Table XI11. Runtime comparison (in seconds) between
original BCE simulation and prediction scheme.

We proposed a hybrid compaction scheme that can
guarantee no coverage loss for the modeled faults and that
can achieve any target observable percentage. The
experimental results show that the proposed hybrid
scheme can significantly reduce the coverage loss for the

un-modeled faults with respect to a stuck-at-fault test set
when compared with the unknown-blocking-MISR-alone
scheme or the space-compactor-alone scheme. In addition,
the required test data volume might also be reduced,
especially if the percentage of responses having an
unknown value is low. We also developed a quantitative
approach to determine the threshold for the required
observable percentage directly based on a test-quality
metric for the un-modeled faults.
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