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Abstract—Production test suites include a large number of
redundant test patterns due to the inclusion of multiple test types
with overlapping defect detection and the use of simple fault
models for test generation. Identification and elimination of
ineffective test patterns promises a significant reduction in test
cost. This paper proposes a test framework that learns, without
extensive data collection and at no additional test time, the
effectiveness of individual test patterns during production testing
by getting defect detection feedback from a dynamic test flow.
The proposed technique is further capable of adapting to changes
in the underlying defect mechanisms by tracking the defect
detection trend of test patterns.

1. INTRODUCTION

The number of test patterns and individual test pattern
length continues to increase as the size of integrated circuits
(IC) gets larger, boosting test time and consequently test cost.
In addition to ever increasing circuit sizes, the need for new
test types constitutes one of the main drivers of test cost
increase. As the effectiveness of traditional test types such as
stuck-at and IDDQ diminishes in DSM defect detection, the
research community and industry alike are shifting their focus
to new test types. Various new fault models such as N-detect
[1] and gate-exhaustive [2], numerous flavors of delay test
methods such as timing-aware [3] and faster-than-at-speed
[4,5] and defect-oriented test methods have been proposed to
keep defective parts per million (DPPM) within acceptable
limits. As manufacturing cost continues to shrink due to higher
levels of integration and process scaling and as the test cost
continues to rise due to the increase in circuit complexity and
test types, test continues to increase its share of final
production cost. Increasingly, semiconductor manufacturers
are squeezed by the simultaneous demands of acceptable test
cost and satisfactory DPPM levels.

In structural digital logic testing, scan compression
techniques have received a tremendous amount of attention in
the last decade to reduce test cost. Numerous combinational
and sequential scan compression methods have been proposed
[6], commercialized by EDA vendors [7] and commonly used
in industry ICs. Static and dynamic test cube compaction
techniques [8] have been a standard component of ATPG tools
for a long time and new techniques [9] continue to emerge at a
slow pace. The test community has started to focus on test
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concurrency as a new dimension in test cost reduction, aiming
at lowering the average test cost per chip [10]. Although
compression levels in excess of hundredfold have been
attained in recent years, the current level of compression fails
to tame the ever increasing test cost, necessitating more
advanced test cost reduction techniques as stated in the
International Technology Roadmap for Semiconductors
(ITRS) [10].

As previously reported by industry and academic
researchers [11, 12], a significant number of redundant
patterns exist in the test sets, resulting in a substantial increase
in test time yet at no concomitant defect coverage benefit. The
use of simplistic fault models such as stuck-at for test
generation due to challenges in modeling and generating
targeted tests for all possible defects is one of the reasons for
the redundancy in the test sets. Inclusion of various test types
such as stuck-at and IDDQ in the test set is another main
driver of test pattern redundancy. Correlation models among
different test types are typically lacking, resulting in a
tremendous amount of overlap between the tests. For example,
silicon defects detected by a particular stuck-at pattern may be
alternatively detected by a combination of IDDQ tests, other
stuck-at tests or a functional test. New test types such as N-
detect and gate-exhaustive tests further exacerbate the issue by
systematically adding redundancy into the test set in order to
increase the probability of detection of actual silicon defects.
Numerous experiments (DOE) have been reported in the past
to analyze the effectiveness of various test types [13,14].
These experiments collect defect detection data for each test
type on a sample of chips and results are typically reported in
the format depicted in Fig. 1 [13]. The focus of these
experiments predominantly has been the identification of the
unique defects detected by each test type; the converse
problem of the enormous defect detection overlap between test
types has not as of yet received commensurate attention. It is
reported in [11] that redundant patterns constitute 70% to 90%
of the test set, based on studies from major semiconductor
companies. As the effectiveness of individual test types
diminishes, necessitating in turn the addition of new test types,
it can be expected that the redundancy in test sets will grow
further. Test optimization by identifying and eliminating
redundant test patterns promises a tremendous opportunity in
test cost reduction.
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Fig. 1. Test type effectiveness

The goal of testing is to provide coverage of real silicon
defects despite simple fault models being used in test pattern
generation. Since modeling and generating targeted tests
efficiently for all defects is not feasible, we argue in this paper
that actual defects should be empowered to decide on the
optimal test pattern mixture, pruning ineffective test patterns
in the process. Essentially, the silicon defect detection
behavior of individual test patterns, not the test sets of
different types, should be analyzed by collecting data during
production testing to identify the defect coverage overlaps
among all test patterns and subsequently to determine the
optimal test mixture. To be able to make statistically relevant
decisions, test pattern effectiveness analysis should be
performed over a large set of chips. The data collection should
not result in test time increase and the data should be
maintained incrementally in a compact form. Additionally,
defect mechanisms can change over the lifecycle of the
product, resulting in the optimal test set for the current lot
failing to be even a satisfactory test set for another lot of
devices; therefore, the optimal test set should dynamically
adapt to the defect mechanism shifts [12]. These goals can
only be achieved by making real time analysis and decisions
during production testing.

In this paper, we propose a technique to learn the optimal
test mixture dynamically during production test without
incurring additional test cost. The test cost is kept at least
constant by preserving the stop-at-first failure mechanism and
actually even improved as the ordering of test patterns based
on their effectiveness reduces the average test time for defect
detection. Additionally, the proposed method monitors the
defect behavior changes and adapts to the shifts in the defect
mechanisms.

Section II reviews the previously published work in this
area. Dynamic learning of individual test vector effectiveness
is presented in Section III. Ineffective test vector elimination
and adaptivity to defect behavior changes are presented in
Section IV. Section V discusses the experimental results in
detail and conclusions are drawn in Section VI.

II.  PREVIOUS WORK

Traditionally test flows are static, applying test patterns in a
predefined order, with the test application stopping at the first
failing test, thus reaping test time reductions for defective
devices. DOEs for test effectiveness analysis override stop-at-
first-failure behavior, collecting pass/fail data for the full test
set. Due to the large sample size required by individual test

effectiveness analysis, stop-at-first-failure override can be
prohibitively costly. Furthermore, defect mechanisms can
change throughout the product life cycle, requiring adaptivity
to the changes.

A number of earlier pieces of work attack the optimal test
pattern ordering problem by using complete pass/fail
information for all patterns from a sample of devices. An
efficient heuristic to determine the pattern order to reduce the
average test time for defective devices is proposed in [15]. The
effect of the ordering of test types on test cost is analyzed in
[16] by utilizing SEMATECH data. A method that enables the
prediction of the DPPM level for a test set of multiple test
types is proposed in [19]. The resulting DPPM model can
potentially be utilized to find a cost effective test set. These
methods require costly pass/fail information collection for the
full test set and, most importantly, they are not adaptive,
instead presuming that the initial order remains effective
throughout.

Initial research in adaptive test development primarily
exists in the parametric test domain [12, 17, 18]. Since
parametric tests return a measurement, not only a pass or fail
information as in digital tests, these methods perform
correlation analysis based on parametric measurements from a
sample of devices for each lot and adaptively select optimal
parametric tests per lot. A method that adaptively changes test
content based on failure mechanisms [20] was recently
proposed. It requires defect diagnosis throughout the
production lifecycle to understand defect types and change test
patterns accordingly.

III. TESTEFFECTIVENESS LEARNING THROUGH
DyNAMIC TEST FLow

In order to learn the effectiveness of individual test patterns
and adapt to the defect behavior shifts, we propose an
interactive learning framework that utilizes real time defect
detection information during production testing. To identify
the optimal test set, the proposed method dynamically alters
the test flow during test application to maximize the
information available to a subsequent learning step while still
stopping at first failure. Essentially, a dynamic test flow and a
policy that decides on the order of test vectors work together
in an interactive loop as depicted in Fig. 2. The order of test
patterns is decided by the policy and the dynamic test flow
applies the vectors in this particular order and feeds back the
detection information to the policy. The policy updates the
pattern order based on the feedback and the process is
repeated, learning in an interactive loop and converging to the
optimal test pattern order. The test flow stops at first failure
and the data is maintained incrementally in a compact form.
The benefit of this interactive learning process is twofold.
Firstly, the test patterns are ordered based on their
effectiveness, reducing the average test time for defective
chips by detecting the failures early in test application.
Secondly and most importantly, ineffective tests are
pinpointed by sieving them to the end of test pattern sequence,
introducing the possibility of eliminating these patterns as the



test flow converges, thus substantially reducing test cost for
both defective and defect-free devices.

The learning framework relies on defect detection
effectiveness information for each pattern to determine the
pattern order. This particular information is captured by
keeping track of past defect detection data by assigning scores
to the patterns and the test pattern order is determined to
maximize the information available despite the information-
gathering limitations of stopping at first failure. The details of
scoring methods are presented in Section III.A and the test
effectiveness learning algorithm is discussed in Section III.B.

Test Pattern Order

Dynamic
Test Flow

Failing Test Pattern

Fig. 2. Interactive learning loop

A. Test Pattern Defect Detection Information

The policy establishes a test pattern order by sorting the
patterns based on the scores that are collected by each pattern.
The first scoring method we propose, referred to as defection
count scoring, maintains defect detection count for each
pattern irrespective of the position in the test flow by assigning
one additional credit to the test pattern that catches the current
defective chip under test. However, since the ultimate goal is
the optimization of total test time, the run time of each test
should be taken into account, giving more credit to shorter
tests. The proposed scoring method normalizes the scores of
the patterns with respect to their test times, assigning weighted
scores to the patterns based on their run time.

If a pattern located late in the current order detects a defect
that was missed by all vectors before it in the test flow, it is
highly indicative of the fact that this particular pattern may be
targeting a unique and hard-to-detect defect. To take
advantage of this observation, the second scoring method we
propose, referred to as detection time scoring, takes the
position of the vectors into account by assigning the total test
time elapsed up to the failing pattern as the additional score to
this particular failing vector.

Given that the ith test pattern, m;, in the current test order
detects the defective device and that the test time of this
particular pattern is testtime(m;), the score of the pattern is
updated as in equations (1) and (2) for detection count and
detection time scoring, respectively.

1
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B. Test Effectiveness Identification

The proposed learning framework constitutes an
incremental optimization method, striving to converge to the
optimal order. It is well known that greedy decision based
incremental ~ optimization methods frequently display
convergence to local optimal solutions. Furthermore, the local
optimal solution converged to may display significant
sensitivity to the initial order of the vectors. Although the
detection time scoring method is designed to make more
drastic changes in the test order, the advantage some vectors
receive due to their initial position in the test flow may prove
difficult to overcome. Non-greedy decisions in addition to
greedy ones are typically used in incremental optimization
problems to surmount the stickiness of the local optimal
solution.

We adopt an approach, known as g-greedy [21], wherein
non-greedy decisions are executed with a probability of &, with
greedy decisions resorted to otherwise. In the proposed
method, completely random test pattern orders are used
initially and the scores are collected based on the scoring
methods described above. Later, the e-greedy phase starts and
random pattern orders are selected with a probability of ;
otherwise, the patterns are greedily sorted based on the current
scores. Upon termination of the e-greedy phase, the test
pattern order decisions are confined to being solely made
greedily based on the scores. It is worth stressing that the
proposed technique continues to collect scores regardless of
whether it is a greedy or a non-greedy order throughout the
production life cycle and always stops at the first failure.

e-greedy Pattern Effectiveness Learning: For a random
ordering and e-greedy phase sample sizes of N, and N,
respectively, with a non-greedy order selection probability of
&, the following steps are executed:

1. Sort the test patterns in random order for the first Ni,,
failing devices

2. For the next N, failing devices, either sort the test
patterns randomly with a probability of &, else sort
them based on scores with a probability of 1- &

3. Sort the test patterns based on the scores for all
subsequent devices

The effectiveness of the various techniques proposed in
this section is experimentally evaluated in section V and their
performance compared.

IV. ADAPTIVE TEST PATTERN OPTIMIZATION

Learning of test effectiveness through the dynamic test flow
presented in Section III not only reduces the average time to
screen out defective devices by ordering the vectors based on
their effectiveness but also enables the identification of
ineffective vectors. Criteria based on defect detection
information are needed to decide which vectors are redundant
and eliminate these particular vectors during production
testing, thus providing an opportunity for substantial test cost
reduction. However, the underlying defect mechanisms may



change throughout the production life cycle [12], making test
vector dropping a risky proposition. Therefore, the proposed
method should also detect the defect behavior changes and
take appropriate actions to keep test escape within the target
levels.

The proposed method iteratively learns to converge to the
optimal order; yet the optimality of this order is predicated on
past detection behavior. If and when the defect mechanism
starts to shift, the order will start to change so as to converge
to the new optimal test order. Based on this observation, we
propose the use of the correlation of the different pattern
orders as a method to monitor defect behavior changes and,
additionally, to decide when the order can be deemed to have
converged portending the pattern dropping phase.

The test pattern order correlation metric used in our method
is presented in Section IV.A. The utilization of the correlation
to decide on test pattern ineffectiveness and defect behavior
change is discussed in Sections IV.B.

A. Test Pattern Order Correlation

Since only the vector that detects the current faulty chip
may move at consecutive test pattern orders in the proposed
learning framework, the correlation between two consecutive
orders will not vary significantly throughout the test
application, providing inadequate information. Instead we
compute the correlation between the pattern orders at the
beginning and the end of a moving window of length, W, to
sharpen the information content. This method allows us to
track the correlation changes between the test pattern orders
within a specified time frame.

Spearman’s rank correlation coefficient as defined in (3)
is used in the proposed method to measure the correlation of
two different test pattern orders, wherein n is the number of
patterns and d; is the difference of the ranks of the jth pattern
in these two different test pattern orders. A rank correlation
coefficient of 1 indicates full correlation while -1 indicates
perfect inverse correlation.
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Rank correlation coefficient, pi, for the ith failing device:
Given that 7' is the order of test patterns for the ith failing
device and W, is the length of the correlation distance, p;
is the correlation coefficient computed by (3) between the
pattern orders, ' and ©'™" /.

B. Ineffective Test Pattern Elimination and Adaptivity to
Defect Mechanism Shifts

The rank correlation coefficient, p; is monitored
throughout the production life cycle and compared against the
two different threshold values, 7.,,, and 7y, to decide when
the pattern order converges and when the defect behavior
shifts after each failing chip.

When the pattern order converges as the rank correlation
coefficient, p;, surpasses the convergence threshold, z.,,,, the
ineffective vector elimination phase is initiated. The
ineffectiveness of vectors is determined by checking their
defect detection history for the last D, devices. A last
detection time (LDT) in addition to the score is maintained for
each vector in the proposed method. A global counter (7,,,) is
used which is increased by one for every defective device
encountered during production test. When a test pattern
detects a defective device, the last detection time of this
particular vector is updated by the value of the global counter.
When the convergence condition (i.e., p; > 7.,,) 1S satisfied,
the vectors that have not detected any defects for a specified
amount of time are dropped.

Test pattern elimination criterion: A particular pattern is
eliminated if the following condition is satisfied.

(pi > Twnv) and ((Tcur - LDD > Dinc{f) (4)

The rank correlation coefficient is continuously monitored.
If the correlation coefficient falls below the defect behavior
shift threshold () subsequent to a vector elimination, it is
interpreted as a change in the underlying defect mechanism
and all eliminated vectors are inserted to the tail end of the test
flow. The resumption of test effectiveness learning delivers
elimination of ineffective test vectors once again when the test
pattern elimination criterion is satisfied.

Defect mechanism shift detection criterion: All previously
eliminated vectors are inserted back to the test flow if the
following condition is satisfied.

(i < Tonip) (%)

Through the utilization of the techniques presented in this
section, the proposed method continues to learn throughout the
production life cycle by maintaining a small amount of data
and the production test pattern set dynamically shrinks to
eliminate ineffective vectors and expands to adapt to the shifts
in underlying defect mechanism.

V. EXPERIMENTAL RESULTS

As discussed in earlier sections, the proposed framework
explores the overlap of the patterns from multiple test types in
actual defect detection. Due to the absence of actual defect
detection data, in our experimental setup, we use a sample set
of most likely bridging faults as surrogates and stuck-at
patterns as the test set. The comparison of various techniques
we have proposed and the confirmation of the use of
correlation for test pattern order convergence constitute the
focus of the experiments. Since a single test and surrogate type
are used in our experiment, the actual test cost reduction may
vary based on real defect behavior and test types used in the
production. Consequently, we focus on the comparison of the
efficiency of various configurations instead of the level of
reduction in test cost.



An industrial design, consisting of 48,500 flip flops and 1.1
million gates, is used in the experiments. 4,000 stuck-at scan
vectors are generated by a commercial ATPG tool. The
coupling report is utilized to select the sample set of most
likely bridging candidates that are injected to the design as
defects during the test effectiveness learning process.

In the first set of experiments, the effect of ordering in the
average defect detection time is analyzed. 4 different
configurations as outlined below are compared against the
static test flow.

Configl: Detection count scoring is used. Order is consistently
greedy based on the scores ( N, =0, N,=0).
Config2: Detection time scoring is used. Order is consistently
greedy based on the scores ( Ny, =0, N.=0 ).
Config3: Detection count scoring is used. e-greedy approach is
applied with the following parameters:
Nian =10,000 , N.=10,000 and e=10%

Config4: Detection time scoring is used. e-greedy approach is
applied with the following parameters:

Npan =10,000 , N.=10,000 and e=10%
Static: Traditional static test flow with no pattern ordering.

200,000 faults that are randomly selected from the sample
set of bridging faults are injected to the design one at a time.
The experiments start with a random test order. Since the
proposed optimization framework aims at lowering the
average test time to detect the defects, the trailing average of
test time for the last 10,000 faults at each point during the
testing is reported in Fig. 3. Since each pattern has the
identical length in our experiments, the test time reported is
proportional to the number of patterns applied. As can be seen,
the test time for all 4 configurations quickly improves as the
test pattern effectiveness is learned. The test time reduction
trends for all configurations track each other quite closely,
gradually converging to a stable level and significantly
outperforming the static flow.

Configl
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Fig. 3: Average test time as test effectiveness is learned

TABLE L. TEST TIME IMPROVEMENT OVER STATIC TEST FLOW
(Tﬁ:t’i‘lgﬂe) Configl | Config2 | Config3 | Config4
(71.69) | (66.56) | (70.69) (65.44)
Static
(243.721) 3.4X 3.66X 3.45X 3.72X

The average test time for the last 10,000 faults and the
improvement over the static test flow can be observed in Table
1. A close examination of the results shows that detection time
scoring (Config2 and Config4) delivers better results than
detection count scoring (Configl and Config3). Additionally,
the e-greedy method slightly exceeds the greedy version. The
e-greedy flow with detection time scoring (Config4) delivers
the highest reduction in test time.

Since the experiment indicates that e-greedy with detection
time scoring delivers the best results, the subsequent
experimental results will only be reported for this
configuration. The test pattern order rank correlation
coefficient for this particular experiment is depicted in Fig. 4.
The correlation distance, W, is set to 1000 when calculating
the correlation. As can be seen, after the initial e-greedy phase,
the correlation between the pattern orders increases quickly
and reaches up to the full correlation level.

In the next set of experiments, the ineffective test vector
elimination flow is evaluated. The convergence threshold,
Teony, TOT the rank correlation coefficient, p; is set to 0.9999 and
the ineffectiveness limit, D, is set to 100,000. Fig. 4 depicts
the change in the number of vectors throughout the testing.
Once the test order converges and the ineffectiveness limit is
reached, dynamic vector elimination is initiated and a steady
drop in the number of vectors is observed. The number of
vectors stabilizes around 1000 patterns, delivering a more than
fourfold reduction from the original 4000 patterns in our
particular experimental setup.
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Fig. 4. Test pattern order convergence
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Fig. 5. Effect of defect behavior change

In the final set of experiments, the effect of defect behavior
shift on the correlation is analyzed. The sample set of bridging
faults is divided into two groups. Initially, faults from the first
group are injected to the design and the test pattern
effectiveness is learned based on this set of faults.
Subsequently, fault injection from the second bridging fault
set is used to model the change in the defect mechanism. The
correlation coefficient throughout this process is plotted in
Fig. 5, wherein the fault injection from the second set starts
after the initial 150,000 faults. The rapid drop in the
correlation when the defects start to change can be clearly
seen, confirming the efficacy of our use of the correlation
coefficient change to detect and adapt to the defect behavior
shifts. After the rapid drop in the correlation, the pattern order
again starts to converge for the new set of defects.

VI. CONCLUSIONS

Ever increasing test cost due to the increase in circuit
complexity and additional new test types necessitates
advanced test cost reduction techniques, going beyond the
current state of the art methods. In this paper, we propose an
adaptive test framework that learns the effectiveness of the
individual test patterns, ordering the vectors based on their
effectiveness in defect detection and eliminating the redundant
vectors to reduce the test cost significantly.

In the proposed framework, a policy that decides on test
pattern order interacts with a dynamic flow that applies the
vectors in the order provided by the policy. An algorithm that
utilizes the defect detection feedback provided by the dynamic
flow to establish the optimal test order is presented. Rank
correlation of the test pattern orders throughout production
testing is monitored to identify when the test pattern order
converges, leading to the elimination of ineffective vectors.
Additionally, the variations in the rank correlation of test
pattern orders are used as a trigger to identify the shifts in the
defect mechanisms. The stop-at-first-fail mechanism is
preserved and only a small amount of data is maintained,

accentuating the practicality of the proposed approach.
Experiments in an industry design show the effectiveness of
the proposed algorithms.

The proposed method not only reduces the average test time
to detect the defective devices by ordering vectors based on
their effectiveness but it also significantly reduces the test time
for all devices by exposing and eliminating the ineffective
vectors. The ever increasing test cost problem can be thus
significantly ameliorated, reducing test’s overall contribution
to final product cost and leading to an improved competitive
position in the marketplace.
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