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Abstract
In this paper, a novel diagnosis method is proposed. The

proposed technique uses machine learning techniques instead
of traditional cause-effect and/or effect-cause analysis. The
proposed technique has several advantages over traditional di-
agnosis methods, especially for volume diagnosis. In the pro-
posed method, since the time consuming diagnosis process is
reduced to merely evaluating several decision functions, run
time complexity is much lower than traditional diagnosis meth-
ods. The proposed technique can provide not only high reso-
lution diagnosis but also statistical data by classifying defec-
tive chips according to locations of their defects. Even with
highly compressed output responses, the proposed diagnosis
technique can correctly locate defect locations for most defec-
tive chips. The proposed technique correctly located defects
for more than 90 % (86 %) defective chips at 50x (100x) out-
put compaction. Run time for diagnosing a single simulated
defect chip was only tens of milli-seconds.

1 Introduction

Reducing time to ramp up yield is crucial for profitability
of semiconductor companies. Even after the process has been
stabilized, process excursion can also reduce yield. Feature-
related systematic defects are increasing fast. At 45nm tech-
nology and below, traditional yield learning techniques such
as in-line inspection and memory bitmapping become less ef-
fective due to small features and large number of metal layers.
Scan-based volume diagnosis methods have attracted great at-
tentions recently [14, 7, 6] as alternative yield learning tech-
niques. Volume diagnosis uses manufacturing test data to lo-
cate defects. Hence, for successful volume diagnosis, the ca-
pability to process large volume of data in reasonable time is
a key requirement. Another required feature is obtaining accu-
rate statistical data from failing data. Volume diagnosis should
quickly provide defect pareto prior to conducting physical fail-
ure analysis.

The volume of data that should be processed for volume
diagnosis can be huge, especially during the ramp-up period.
Hence, only part of output responses are sampled for diagno-
sis or output responses should be compressed by output com-
paction. Since the volume of output responses for a large SoC
(system-on-chip) often exceeds memory capacity of the tester,
output compaction is widely used to reduce output test data
volume [10, 13, 12]. Almost all output compression techniques
employ lossy compression. Hence diagnostic resolution can be
severely affected by loss of information when output responses
are highly compressed.

Most scan diagnosis techniques [14, 5, 12] that support
compressed output responses consist of three steps. The first
step is to find scan cells that capture errors. If output responses
are compressed, it is difficult to accurately find error captur-
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Figure 1. Candidate Sizes for Different Compression Ratios
ing scan cells. In the second step, a set of candidate faults are
identified from error capturing scan cells, which are identified
in the first step. Due to ambiguity of the first step, sets of candi-
date faults for compressed output responses are larger. Finally,
the collected candidate faults are ranked from the most likely
one to the least likely one.

We have conducted extensive experiments to understand re-
lationship between candidate sizes and compression ratios. To
achieve desired compression ratio Cx, we inserted a simple
XOR tree after outputs of C scan chains, i.e., C scan chains
are connected to an XOR tree. For diagnosis, we have im-
plemented the SLAT algorithm [2]. Results of the experiments
are summarized for 5 different industrial designs, D�� � � � � D�,
in Figure 1. The X-axis represents the compression ratio and
the Y-axis represents the number of candidate defects, which
is normalized to the number of candidate defects for the no-
compression case, i.e., observing output responses directly
without any compactor. Roughly, the number of candidate de-
fects increases linearly as the compression ratio increases for
all circuits while the slope varies circuit by circuit. For all cir-
cuits except D�, numbers of candidate defects for 100x com-
pression are more than 50 times (up to 120 times) larger than
those of candidate defects for no-compression. Although Ra-
jski et al. [12] show that high resolution diagnosis is possible
with data produced by their 1000x output compactor, these re-
sults are obtained under the assumption that all defects mani-
fest themselves as single stuck-at faults. It has been observed
that there exist many defects that do not manifest themselves as
single stuck-at faults. The SLAT algorithm [2] employs fault
model independent diagnosis to address this issue.

Built-in self-test (BIST) typically employs multiple input
signature registers (MISRs) to achieve very high compression.
Techniques proposed in [9, 11, 16] improve diagnostic reso-
lutions by collecting multiple signatures for a test sequence;
multiple signatures are obtained by applying the same test se-
quence multiple times, each with a different polynomial of the
MISR or using multiple MISRs with different polynomials.
For high resolution, a large number of signatures are required.
The technique proposed in [8] generates parity data in addi-
tion to MISR signatures. Since this technique requires addi-
tional parity data and a separate signature for each test pattern,
achieving high compression is difficult with this technique.
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Software-based self-diagnosis techniques proposed in [3, 4]
enable defective chips to diagnose themselves. The critical
problem with these techniques is that diagnostic results are not
credible because diagnostic software is run on defective chips.
If the defect(s) is activated by the diagnosis routine, then the
diagnostic result becomes garbage. This situation is analogous
to obtaining a diagnostic opinion from a mentally ill doctor.
Using complex hardware to improve diagnosis resolution can
also face the mentally-ill-doctor dilemma. If hardware addi-
tionally inserted to improve diagnostic resolution takes 10 %
of chip area, then there are 10 % of chances that diagnosis re-
sults are corrupted by defects in the inserted hardware.

As discussed above, pinpointing the defect location from
highly compressed output responses is extremely difficult.
This paper proposes an entirely different diagnosis approach,
which is based on machine learning. Machine learning has
been used to diagnose human diseases, machinery faults, pow-
erline faults, etc. Unlike traditional methods, the proposed
method does not require the procedure to identify failing scan
cells, which is in nature very inaccurate with highly com-
pressed output data. The proposed technique can provide not
only high resolution diagnosis but also statistical data by clas-
sifying defective chips according to locations of their defects
(a standard formulation of machine learning is the classifica-
tion problem). The classification data can be used to identify
systematic yield problems and guide the sampling step to se-
lect a few defective chips for failure analysis. The proposed
diagnosis technique is fault model independent and hence can
locate defects that do not manifest themselves as single stuck-
at faults. The proposed technique requires no additional hard-
ware. Since a diagnosis process of the proposed method is
merely evaluating several decision functions, run time com-
plexity of the proposed method is several orders of magnitude
lower than traditional diagnosis methods.

The rest of this paper is organized as follows: Section 2
presents the key ideas and motivation of the proposed tech-
nique. Section 3 describes the training procedure. The pro-
cedure for diagnosis is described in Section 4. Experimental
results are presented in Section 5. Section 6 gives conclusions.

2 Motivation and Key Ideas

Consider the stuck-at-1 (s-a-1) and the stuck-at-0 (s-a-0)
fault at circuit line l. Although test patterns that detect the s-a-
1 fault never detect the s-a-0 fault and vice versa, there will be
several common scan cells that capture errors of both the s-a-1
and the s-a-0 fault. Likewise, some of scan cells that capture
errors of the stuck-at faults at l will capture errors of bridging
defects at l. Even if conditions to activate defects are differ-
ent, once activated, fault effects of defects at the same circuit
line will propagate through similar paths and be captured into
some common scan cells. This commonality in failing scan
cells among defects at the same circuit line can be extended to
defects in the same fanout free region.

In Figure 2, assume that test pattern pi detects the s-a-1 fault
fa at circuit line la, which is the output of fanout free region
FFRx. The activated fault effect at la propagates to scan out-
puts so��, so��, and so�� through internal circuit lines. As-
sume that pi sensitizes the path from lb to la (the output of
FFRx), i.e., the fault effect at lb propagates to la. If a defect
at lb, no matter what type of defect it is, is activated by pi,
then the fault effect of the defect at lb propagates to exactly the
same scan cells in which the fault effects of fa are captured.
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Figure 2. Faults Belonging to the Same Fanout Free Region
In Figure 2, assume that defect fc is not activated by pi. How-
ever, if there are other test patterns that activate fc and sensi-
tize the path from lc to la, then many of scan cells that capture
the fault effect of fa when pi is applied will also capture the
fault effect of fc. When output responses are compressed by
space compaction, most fault effects of defects that are located
in the same fanout free region will propagate to same output
compactors and observed at same scan cycles.

As described in the above paragraph, defects that are lo-
cated in the same fanout free region will have strong corre-
lations in scan cells that capture errors. This property allows
machine learning algorithms to classify defective chips accord-
ing to their defect fanout free regions. Training is performed
with compressed output responses that are produced by dif-
ferent faulty circuits, which are made by injecting faults into
each class (fanout free region) in the circuit, and fault simu-
lating them with a given set of test patterns. Sizes of classes
determine diagnostic resolution of the proposed method. Ac-
cording to our extensive experiments, most fanout free regions
are small (include only 2-4 gates). Large fanout free regions
can be split into smaller areas to enhance diagnosis resolution.

Even though the proposed method locates defect areas
rather than defect circuit lines, since defined areas are small,
we can easily pinpoint defects with scanning electro mi-
croscopy (SEM), E-beam inspection, or other inspection
equipment. Even with traditional diagnosis methods, it is nec-
essary to inspect candidate defects to verify if a defect really
exists at one of candidate circuit lines (unless the diagnosis re-
turns only one candidate defect with very high certainty). Lo-
cating one highly suspicious area is more useful than locating
several suspicious circuit lines. If the number of candidate cir-
cuit lines is large and these circuit lines are at a distance to each
other, then inspection task will be very time consuming.

Statistical information can be obtained from the classifica-
tion results without further processing data. Statistical infor-
mation can be used to tentatively quantify systematic defects
and random defects prior to detailed inspection such as SEM,
e.g., classes (fanout free regions) that have large populations
will contain systematic defects while classes that have small
populations will contain random defects. Since defect inspec-
tion is time consuming, the number of dies that can be in-
spected should be limited. Classification data can be used to
guide the sampling process such that defective chips that best
represent other chips in each class are selected for inspection.

3 SVM Training

In this paper, defective chips are classified using an pub-
licly available machine learning software package called
MiLDe [1]. MiLDe is an integrated development environment
with a suite of machine learning tools. However, in this pa-
per we use only the Support Vector Machine (SVM) tool of
MiLDe. The SVM is a training algorithm for classification
and regression [15]. In the proposed diagnosis method, train-
ing data are prepared from output responses generated from



faulty versions of the design, which are created by injecting
stuck-at faults into each of fanout free regions.

Note that target objects of the proposed diagnosis technique
are defect fanout free regions (see Section 2). Since most
fanout free regions are small, a typical million gate design can
have hundreds of thousands of fanout free regions. The total
memory usage of an SVM tool is determined by the number of
decision functions. Hence, building decision functions for all
fanout free regions for a million gate design at once can blow
up memory. To avoid memory blow-up and also reduce run
time complexity of diagnosis, we divide the entire design into
many sub-circuits (partitions), each of which is much larger
than even the largest fanout out free region, according to the
output compaction structure of the design and conduct training
for each sub-circuit separately. Then fanout free regions are
identified for each partition.

Each fanout free region is defined as a class for training; all
faulty versions of the design that have faults in the same fanout
free region belong to the same class. A faulty version of the
design is created by injecting a single stuck-at fault. Note that
faults that are injected to make training data are independent
of defects that occur in real defective chips. Several faulty ver-
sions of the design are created for each class. Output responses
of each faulty version are collected by fault simulating it with
test patterns to be applied during test application.

4 Volume Diagnosis

If a chip fails during test application, output responses pro-
duced by the failed chip are transferred for diagnosis. First,
scan slices that capture errors are identified. Then the parti-
tions that produced any error are identified from those scan
slices. Assume that there exits only one defect (fanout free re-
gion). Since there is only one defect fanout free region, any
partition that produced errors contains the defect fanout free
region. Hence, we can arbitrarily select one partition among
the partitions that produced errors to locate the defect fanout
region. The training results of the partition, which was identi-
fied from the error scan slices, is loaded along with the output
responses of the failed chip. The defect fanout free region is lo-
cated by simply finding the fanout free region (class) for which
decision function gives the largest value.

If there are multiple defects, there can be more than one de-
fect fanout free region and these defect fanout free regions may
distribute across multiple partitions. Hence, selecting one par-
tition arbitrarily may not locate all defect fanout free regions.
A straightforward solution is to repeat the procedure described
in the above paragraph for every partition that produced errors.
If there are a large number of partitions that produce errors,
this can be very time consuming. We are currently investigat-
ing efficient algorithms to select best partitions to extend the
proposed diagnosis technique to multiple defect cases.

5 Experimental Results

We conducted experiments to verify the feasibility of the
proposed volume diagnosis method with the 2 largest ITC’99
benchmark circuits and 4 industrial designs. Experimental re-
sults are shown in Table 1. Since defective silicon chips were
not available to us, we instead used simulation in the experi-
ments. To simulate defective silicon chips, which fail tests, we
made faulty designs by injecting faults into original designs
like we made faulty versions of designs for training. To pre-

Table 1. Experimental Results

50x 100x
CKT time (sec) diag success % time (sec) diag success %
name train diag 1st 2nd +3rd train diag 1st 2nd +3rd

b18 185 1.4 89.5 2.1 93.7 160 1.2 84.7 3.1 88.8
#FF=3308 210 1.5 83.0 4.3 89.4 175 1.4 90.3 3.2 94.6
#pat=1459 175 1.1 91.7 4.2 96.9 181 0.6 85.3 4.2 90.5

b19 196 0.6 90.1 0 94.6 152 1.0 91.0 4.5 95.5
#FF=6618 148 0.6 88.2 5.4 93.5 205 0.7 93.1 2.3 95.4
#pat=1579 159 0.6 86.0 3.2 89.2 134 0.7 87.1 1.1 89.2

D1 181 2.4 90.2 4.3 94.6 45.8 5.3 79.0 4.9 85.2
#FF=2455 273 2.8 87.8 3.3 91.1 936 2.6 84.3 1.1 86.5
#pat=2156 554 5.0 81.8 4.5 87.5 1300 4.4 77.3 4.0 82.7

D2 119 1.4 78.4 14.6 92.5 1427 3.4 70.9 2.3 73.3
#FF=6796 2100 4.4 79.6 3.2 82.8 4613 8.5 75.4 5.4 80.4
#pat=976 1608 2.3 77.2 2.2 79.3 2014 8.0 78.5 1.1 82.8

D3 934 3.8 84.4 5.2 89.6 2731 2.4 75.5 3.1 79.6
#FF=5014 1603 7.8 83.0 5.3 89.4 3547 5.5 84.9 5.4 91.4
#pat=545 1264 3.9 88.3 5.3 94.7 4311 10.8 82.5 5.2 88.7

D5 95.9 1.1 84.2 3.2 89.5 4122 6.8 85.6 2.1 87.6
#FF=64K 1042 8.3 80.6 5.1 85.7 4122 6.8 84.2 3.2 89.5
#pat=1510 987 3.6 89.7 1.0 90.7 5408 13.9 70.1 2.1 73.2

Average 657 2.9 85.2 4.2 90.3 1977 4.7 82.2 3.2 86.4

vent confusion between faulty versions of designs we made for
training and faulty versions of designs that we made to simu-
late defective silicon chips, we call the former faulty designs
for training and the latter simulated defect chips in the rest of
the paper. In contrast to faulty designs for training where only
single stuck-at faults are injected, bridging faults as well as
stuck-at faults were injected into simulated defect chips. For
each design, we selected three circuit partitions randomly for
the experiments. Then we made up to 20 (many fanout free
regions were too small to inject 20 different single stuck-at
faults) different faulty designs for training for each fanout free
region in the three randomly selected partitions. To make sim-
ulated defect chips, 100 randomly selected faults were injected
into each of the three selected partitions, i.e., we made 100 sim-
ulated defect chips for each of the selected partitions. We in-
jected 50 single stuck-at faults and 50 AND/OR bridging faults
(a few of them were bridged across two different fanout free
regions). We avoided inserting any fault into the circuit lines
where stuck-at faults are already inserted in the corresponding
faulty design for training.

We used only the radial basis function (RBF) kernel with the
same parameter values (� � �� ��

�� and C � ��) for all cir-
cuits [1]. The parameter values that gave the highest diagnosis
success rate were different for different circuits (different par-
titions even in the same circuit). However, perfectively tuning
parameter values for each partition will be unrealistic due to its
prohibitive run time. Hence, we selected parameter values that
gave generally good results for most partitions and used them
for all different partitions and circuits.

In the column labeled CKT name, #FF shows the number
of scan cells in the circuit and #pat shows the number of test
patterns applied. For all cases, we used simple XOR trees to
compress output responses. The columns under the heading
50x (100x) shows results obtained by using 50x (100x) space
compaction, i.e., inputs of a simple XOR tree are connected
to outputs of 50 (100) scan chains. The columns under the



heading diag success % show the percent of simulated defect
chips for which the proposed diagnosis technique correctly lo-
cated defect fanout free regions; the column 1st (the column
2nd) shows the percentage of the fanout free regions for which
decision functions gave the (second) largest value. For on av-
erage 85.2 % (82.2 %) simulated defect chips, the fanout free
region for which decision function gave the largest value was
the defect fanout free region at 50x (100x) compaction, i.e., di-
agnosis success. The column +3rd shows the sum of the first
(the column 1st), the second (the column 2nd), and the third
(the column 3rd) match. When the third match is considered as
well, success rates of the proposed method are 90 % or higher
for most circuits except D2. Although there are some excep-
tions (e.g., b19), diagnosis success rates are higher for most
cases with 50x compaction than 100x. The reason that diagno-
sis success rates for 100x compaction are higher than those for
50x compaction for b19 is merely a coincidence (note that we
randomly selected three partitions for each circuit).

Experiments for every case shown in Table 1 was run on
a 3.2 GHz Intel Xeon processor running Linux. For most
cases, time taken for diagnosing 100 simulated defect chips
(the columns diag under the heading time (sec)) is only a few
seconds. In other words, average diagnosis time per a single
simulated defect chip is only tens of milli-seconds (consider-
ing that a typical test session can last tens of seconds, this is
several orders of magnitude shorter than typical test applica-
tion time). This means that the proposed volume diagnosis
technique requires virtually no extra time. Training time is
generally determined by the size of the partition being trained.
Since sizes of partitions vary, training time also varies greatly
among different cases from 45.8 to 4613 seconds.

Another advantage of the proposed technique is that even
failed diagnoses do not corrupt defect statistics. In almost all
cases where diagnosis failed, i.e., the fanout free regions for
which the decision function returned the largest value was not
the defect fanout free region, even that largest value was much
smaller than 1. In other words, even in a case where we were
not able to correctly locate the defect fanout free region, we
were informed that the diagnosis failed. Therefore, we can
avoid mixing wrong diagnosis results with correct diagnosis
results. Even if we discard 15 % failed diagnosis results, since
defect statistics can be built with 85 % of correct diagnosis
results, it will give enough information for yield learning.

6 Conclusions

In this paper, a novel volume diagnosis method is proposed.
The proposed technique uses machine learning techniques in-
stead of traditional cause-effect and/or effect-cause analysis.
The proposed diagnosis technique exploits the fact that errors
of faults in the same fanout free regions propagate through
common paths and observed at common scan cells. The pro-
posed technique has several advantages over traditional cause-
effect and effect-cause diagnosis methods, especially for vol-
ume diagnosis. In the proposed method, since the time con-
suming diagnosis process is reduced to merely evaluating sev-
eral decision functions, run time complexity is much lower
than traditional cause-effect and effect-cause diagnosis meth-
ods. Diagnosis time for the proposed method is negligible
compared to typical test application time. The proposed tech-
nique can provide not only high resolution diagnosis but also
statistical data by classifying defective chips according to lo-
cations of their defects. Even with highly compressed output

responses, the proposed diagnosis technique can correctly lo-
cate defect locations for most defective chips. Since success
or failure of each diagnosis is clearly known, even failed di-
agnoses do not corrupt defect statistics. Hence, more reliable
statistical data can be obtained.

Experimental results clearly demonstrate feasibility. The
proposed technique correctly located defects for more than 90
% defective chips when 50x output compaction was employed.
Even with 100x compaction, the proposed diagnosis technique
was able to locate defects correctly for more than 86 % defec-
tive chips. Run time for diagnosing a single simulated defect
chip was only a few milli-seconds for most cases.
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