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Abstract:—While defect oriented testing in digital circuits is a hard process, detecting a modeled fault more
than one time has been shown to result in high defect coverage. Previous work shows that such test sets, known
as multiple detector -detect test sets, are of increased quality for a number of common defects in deep sub-
micrometer technologies. Method for multiple detect test generation usually produce fully specified test
patterns. This limits their usage in a number of important applications such as low power test and test
compression. This work proposes a systematic methodology for identifying a large number of bits that can be
unspecified in a multiple detect test set, while preserving the original fault coverage. The experimental results
demonstrate that the number of specified bits in, even compact, -detect test sets can be significantly reduced
without any impact on the -detect property. Additionally, in many cases, the size of the test set is reduced.

Current ATPG methods treat all faults independently from each other which limits the test compaction
capability. We propose a new optimization SAT-based ATPG for compact test set generation with high fault
coverage as well as a new retargeting stage for test set reduction. The ATPG is based on a novel Multiple-
Target Test Generation (MTTG) formulation using optimization techniques. Robust SAT-based solving
algorithms are leveraged to determine compatible fault groups which can be detected by the same test. The
proposed technique can be used during initial compact test generation as well as a post-process to increase the
compactness of existing test sets, e.g. generated by commercial tools, in an iterative manner.

Keywords—ATPG, SAT, Optimization, Formal Methods, Compaction.

l. Introduction test their product in an efficient and cost effective
Generation  of  test patterns  for manner.

combinational logic is a search through the set of all

input values to find one that causes the output of a ot e

good circuit to differ from that of one containing a : —

fault. Much research has gone into increasing the [ } » k_ | } -

efficiency of algorithms for ATPG. However, the e ] T
overall gains achieved through these improvements 4

have not kept pace with increasing circuit size, and
computation times are still excessive. This report
surveys techniques now being explored to map the
ATPG to parallel processing machines. As the size
and complexity of IC’s continue to grow, the need
for fast and effective testing methods for these
devices becomes even more important. A
significant portion of design time for IC’s and
digital systems in general, is spent in generating test
patterns that distinguish a faulty IC from a fault free
one. In order to keep defective products from
reaching the market, manufacturers must be able to

Figure 1: Components of ATPG.

Technology shrinking in the integrated circuit
manufacturing process allowed the implementation
of multiple processing units (cores) on a single chip
as well as large amounts of on chip memory. These
developments offer extensive processing power that
can be used in various computationally intensive
problems including popular electronic design
automation processes. However, the distributed
fashion of this processing power guides towards the
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development of parallel methodologies that scale
well as the number of cores per chip are expected to
increase beyond two dozens to hundreds. Automatic
Test Pattern Generation (ATPG), a well-known NP-
hard problem, becomes more demanding as devices
under test are becoming larger and more
complicated and as emerging defects require new
fault models of higher complexity.

As a means to increase the testability of the
circuits and also to reduce the Automatic Test
Pattern Generation (ATPG) complexity, Design-
For-Test (DFT) methods are employed. Two main
parameters that determine the testability of a circuit
are the controllability and observability of its
signals. Controllability of a signal refers to its
ability or ease to be set to a particular logic value
from the primary inputs of the circuit. Observability
of a signal refers to its ability or ease to be observed
at one of the primary outputs of the circuit.
Automatic Test Pattern Generation (ATPG), a well-
known NP-hard problem, becomes more demanding
as devices under test are becoming larger and more
complicated and as emerging defects require new
fault models of higher complexity

The manufacturing test is an important step in
the production process of computer chips. A test set
is applied to each fabricated chip in order to detect
defective devices. One important factor for the test
costs is the test data volume and the size of the test
set. The growing complexity of today’s designs
leads to rapidly increasing test data and
consequently to high test costs. Therefore, much
effort is spent to reduce the test data. Two different
techniques are generally used to reduce the test
data. Test compression applies additional hardware
to compress test cubes and responses. Test
compaction techniques reduce the number of test
patterns (ideally without reducing the fault
coverage) to save test data.

ATPG tools use the notion of fault model
which is an abstraction of actual manufacturing
defects. For instance, the (single-stuck-at fault
model assumes that one circuit line is permanently
stuck at 0 or 1 due to a defect. Given a fault list
(e.q., the complete list of all stuck-at-0 and stuck-at-
1 faults in the circuit), an ATPG tool would try to
generate a compact set of test patterns (test set)
which detects the faults in the fault list. If no test
pattern is found for a fault, an ATPG tool attempts
to prove that this fault is redundant and no test

pattern could detect it. Undetected faults not proven
redundant are considered aborted or unclassified.

In this paper, we concentrate on one class of
ATPG algorithms: test generation based on Boolean
satisfiability (SAT). SAT-based ATPG transforms a
test generation instance into a SAT instance and
uses a SAT solver to generate a test pattern or prove
untestability SAT-based methods were historically
inferior to conventional structural ATPGs although
some structural ATPG approaches incorporated
techniques which have originated in SAT domain.
However, recent advances in SAT solvers allowed
SAT-based ATPGs to become competitive atleast
for selected fault classes.

I1. Conventional method

Figure 1 shows an example circuit with
three faults f1; f2; 3 for which test generation has
to be carried out. In a classical ATPG process using
dynamic compaction, each fault is targeted after
another. Assume that in our example, test
generation is started for fault f1 first. This is shown
inFigure 1(a). For a stuck-at-1 fault, the fault site
has to assume the value 0 which has to be justified.
Since 0 is the controlling value of the gate, it is
sufficient to assign one input of this gate to 0. The
gate’s input is heuristically chosen and justified so
that the input assignment i2 = 1 is made which
produces the necessary value 0 at the fault site.

Since this assignment blocks fault
propagation to the upper output, the fault effect has
to be propagated to the output below. In order to
propagate the fault effect via this path, the sideinput
of the AND gate has to be set to the non-controlling
value 1. After this value has been justified, a test is
determined: t1 = {il =X;i2=1;i3=X;i4 = X; i5
=1;i6=0}

i6 ll\{‘ L _L-';fﬂ\:.mg assignment
Fig .1(a). Test generation for f1

Unfortunately, the assignments of t1 prevent
the other faults f2; f3 from being detected since the
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wrong values are assumed at the fault sites.
Therefore, another test has to be generated to detect
these faults which obviously influences the test set
size in a negative way.

The reason for the conflicting assignment is
the decision (shown in the dashed circle) which has
been made to justify the fault site of fl. The
selection of the other input of the AND gate to
justify the value 0 would have been a better choice
since it does not block the detection of the other
faults. Figure 1(b) shows the resulting test which is
able to detect all three faults. This unfortunate
decision was made since the necessary assignments
for the detection of other faults were not known or
considered at the time of decision-making since
each fault is considered as a single-target.

. 1 (] —
i {>( 5 Y \\C \rl"]

Y
\

Fig.1.(b) Test generation for all faults f1; f2; f3
I11.Proposed method

The idea of Multiple-Target Test Generation
(MTTG) was proposed. MTTG is defined as the
problem to generate a test detecting all faults in a
given fault set F or to prove that no such test exists.
The approach uses independent fault sets to identify
potentially compatible fault sets. However, “real”
MTTG was reported to be computational too
expensive and faults are added from the
independent fault set to the compatible fault set in
an incremental way. Then, testgeneration for the
newly added fault is performed under
theassignments already made to test the compatible
fault set. Thisrestricts the search space. The work
uses local necessaryassignments of faults to
produce potentially compatible faultsets and
influences the justification heuristic of the
structural ATPG algorithm to improve compaction.

Post-processing techniques to reduce the
pattern count of a given test set T were proposed. A
method called Two-By-One (TBO) algorithm was
proposed here, two tests tl; t2 are selected and
replaced by a single test t3 without the reduction of
fault coverage. This can be generalized byan N-by-
M reduction.

The techniques introduced so far use mostly
structural techniques for test generation. Formal
methods, e.g. SAT based algorithms, have also been
applied in the field of test compaction. The formal
methods were used to generate test cubes with
maximal number of don’t cares.However, no
compaction results are given.

Optimization based test generation:

A new Optimization-based mtTG (OTG)
procedure is introduced to cope with the
computational complexity of MTTG. The proposed
method guarantees the detection of all faults of a
given fault set F if such a test exists. Instead of
proving that no such test exists, a test willbe
automatically generated which detects the
maximum number of faults in F which can be
detected together i.e. a compatible fault set.

A new iterative post-compaction process is
introduced leveraging the advantages of the new
OTG procedure. This approach does not rely on
independent fault sets and features an iterative and
scalable N-by-M reduction which could not be
achieved by previous work.

On key aspect of the robustness of SAT-
based algorithms is the problem formulation as a
Boolean formula in Conjunctive Normal Form
(CNF). A CNF is a conjunction of mclauses. A
clause is a disjunction of n literals. A literal is a
Boolean variable in its positive (1) or negative (A)
form.The problem formulated in CNF is solved by a
SAT solverwhich generates a solution to show that
the CNF is satisfiable(SAT) or proves that no such
solution exists, i.e. the formulais unsatisfiable
(UNSAT).

I

P = H {{}m

i=1
We propose to formulate the MTTG problem as an
optimization  problem that formal solving
algorithms can be applied. Given a set of faults F =
{f1.f2,....fn}, the goal is to generate one test which
detects the maximum possible number of faults out
of F. By this, the identification of a non-conflicting
fault set is inherently done by the solving algorithm
itself. The advantage of the application lies in the
integrated powerful learning techniques. Formal
(SAT-based) optimization solvers such as clasp are
able to learn correlations between signal
assignments very effectively. By this, conflicts
between faults can be internally identified and used
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by the internal solving algorithm to guide the search
towards a non-conflicting fault set.

1) A structural analysis is applied to identify the
relevant circuit part CF. The relevant circuit part
contains all signals and gates which can structurally
influence the fault activation or propagation. This
part is transformed into the CNF @, I

2) The faulty output cone of each fault (including
the fault site) f1,£2...fn F is identified and
transformed into CNF.

3) Fault detection constraints, i.e. D-chains , are
generated for each fault. These constraints are used
to establish a D-chain from the fault site to an
observation point. This is done by assigning

a D-variable to each line | in the faulty output cone.
The D-variables have the following meaning: If DI
= 1 holds, then there is a difference in the correct
and faulty circuit on line | and there is a path from |
to an observation point where all D-variables are
assigned with 1. On the other hand, if DI = 0 holds,
no implication is performed.

select secondary fault f5

Faultlist F

zelect n undetectad faults F*

R E  ed ol

(a) Additional Target (b) OTG

Fig. 2. Dynamic Compaction Flow
COMPACTION AND RETARGET STAGE:

In particular, it is shown how the fault set F
is constructed. Additionally, two different
applications are shown:

1) A dynamic compaction method is proposed in
which OTG is used to generate an initial test set.

2) An initial test set T exists and the proposed OTG
formulation is used to improve the compactness of
T by constant or improved fault coverage.

Initial Test Set Generation:

A common dynamic compaction procedure
for generating a compacted test set is shown in
Figure 1(a). First, a primary fault fp is selected and

a test cube is generated. This test cubeis then
extended by a loop over a list of secondary faults.
Typically, fault lists are structurally ordered. E.g.
based on fanout-free regions. Primary faults and
secondary faults are then processed according to the
ordering.

If a secondary fault fs can be additionally
detected by specifying X-bits, the test is updated
and the loop is continuedwith the extended test until
all secondary tests have beenprocessed. This
procedure is then continued by selecting otheryet
undetected primary faults until all faults are
classified.In contrast, the proposed procedure for
the application ofOTG is shown in Figure 1(b).
Instead of choosing primary andsecondary faults, a
set of n yet undetected faults is selected andgiven to
the OTG as targets. The selection of the faults is
basedon the fault list ordering. The effort of
determining which faultsare non-conflicting and
consequently can be detected by onetest is
completely passed to the reasoning engine. A test
will begenerated detecting the maximum number of
non-conflictingfaults. This test is fault simulated
and all faults detected bythis test will be dropped
from the fault list. Next, a set ofn undetected faults
is selected again and given to the OTG.Since this
set is based on the fault list ordering as well,
allthese faults not detected by the test from the
previous OTG call, are also included in the fault set.
Improving Existing Test Sets:

An additional application of the OTG
procedure is the improvement of existing test sets.
Typically, ATPG tools generate an initial test set,
but do not provide many possibilities to improve
this test set afterwards if the test engineer is not
satisfied with the compactness. A common method
is to truncate the test set if the test set is too large
for the tester and, by this, loose fault coverage.

The following procedure is used:

e First, an essential fault identification for the
complete fault set F is performed. This is
implicitly done by counting the number of
detections by the initial test set T.

e Next, a test subset T is heuristically
selected. Then, all set-essential faults T
detected by are identified. This fault set is
described by Fe =fel ........ fem.

e The fault set Fe is retargeted by the OTG
procedure in an iterative manner until all
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faults are detected. The resulting test set is
given by T*.

e If| T*| <|T'|holds, T  is replaced by T".
Thefault detection statistics are updated for
the furtheridentification of set-essential
faults.

e This procedure continues until all tests
havebeen processed.

This retargeting procedure can be repeatedly
applied toimprove the compactness of the test set
further. The powerfulunderlying reasoning engine
allows for a consideration ofseveral hundred faults
at once. The improved compactness isachieved
without fault coverage loss. A significant
advantageof this technique is that it is able to
process large pattern sets(independently from the
source of the test set) and that it canbe flexibly
applied depending on the resources the test
engineeris able to spent and, by this, provides a
powerful alternativeto test set truncation.

1. Simulation results
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V. Conclusion

The size of the test set is an important cost factor in
the post-production test of digital circuits. The
increasing size and complexity of the circuits lead
to increasing pattern counts and increasing test
costs. Therefore, new techniques to reduce the
pattern count and, at the same time, yield a high
fault coverage are of high importance. We have
proposed a new optimization-based test formulation
which is able to target multiple faults in a single
step. Given a subset of faults, the approach is able
to generate a test which detects the maximum
number of non-conflicting faults in this subset. The
underlying SAT-based reasoning engine is powerful
enough to target several hundred faults at once.
This OTG technique is integrated into a
dynamiccompaction scheme to initially generate a
compact test set providing a high fault coverage.
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