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Chapter 1

Introduction

As the complexity of VLSI circuits increases at the rate predicted by Moore’s law, !
testing cost is becoming an important factor in the overall integrated circuit manu-
facturing cost. The cost of testing is incurred by test vector generation and applica-
tion procedures. In this chapter, first, some test challenges are presented. Second,
the motivations behind our work are discussed. Third, research problems and con-

tributions are described. Finally, the thesis organization is given.

1.1 Test Challenges

A circuit must be tested to guarantee that it is working and continues to work ac-

cording to specifications. Such testing detects failures due to manufacturing defects.

'Moore’s law states that transistor count per chip is doubling every eighteen months.



It can also detect many field failures due to aging, environmental changes, power
supply fluctuations, and so on.

Electronic companies spend a considerable proportion of production cost and
engineering resources on testing [3]. Therefore, although testing incurs a lot of
effort, it is finally an important means to significantly reduce the overall cost. For
example, while the actual material cost is only a negligible proportion of the product
value, the cost of repair increases by a factor of 10 with each production stage [3].
Thus, it is much cheaper to reject several dies than to locate and exchange a defective
chip in a complete system.

Currently, with the System-on-Chip (SoC) design paradigm, classical testing
problems, such as compression and compaction, are attracting more attention. A
SoC is constructed using pre-designed and pre-verified cores as building blocks (see
Figure 1.1). In fact, system integrators can purchase cores from various vendors.
This in turns creates a competitive environment where multiple vendors are trying
to sell cores with similar functionality. A challenging problem in testing SoCs is
to deal with the large amount of test data that must be loaded from the tester
memory, transferred to the SoC, and applied to the individual cores. The amount
of time required to test a chip depends on the size of the test data that needs to be
transferred and the speed of the transfer operation, i.e., channel bandwidth. The
cost, of automatic test equipment (ATE) increases significantly with the increase in

its speed, channel capacity, and memory size. Therefore, reducing the amount of
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Figure 1.1: A typical SoC.

test data and thus test time is a major challenge for the SoC industry.

The amount of test data can be reduced using compression and compaction. The
objective of compression is to compress a given test set Tp to a much smaller test
set Tp that is stored in the tester memory [4, 5, 6]. During test application, Tg is
loaded from the tester memory and decompressed on the Chip Under Test (CUT)
such that the original test set Tp is restored. Then, Tp is applied to the CUT. On
the other hand, the objective of compaction is to reduce the number of test vectors
without compromising fault coverage. In this work, we address the problem of static

test set compaction for sequential circuits.

1.2 Motivation

The complexity of Sequential ATPG is significantly higher than Combinational

ATPG [7]. For this reason, several heuristics are used in sequential ATPG to maxi-



mize fault-coverage. These heuristics result in large test sequences; for e.g., Genetic
Algorithm achieved high fault-coverage at the expense of long test sequences [8].
The length of a test set for testing System on Chip (SOC) crucially affects the
Test Application Time (TAT) and memory requirements of the tester. Test com-
paction focuses on reducing the length of a test set while maintaining its fault
coverage, thereby reducing TAT and memory requirements. Test compaction al-
gorithms can be classified into two main classes: dynamic and static compaction.
Dynamic compaction algorithms incorporate heuristics aimed at producing shorter
test length into the test generation process while static compaction algorithms are
applied as a post-processing step to the test generation process. Static compaction
is known to be more efficient for sequential circuits than dynamic compaction.
Static compaction algorithms are useful for both scan and non-scan sequential
circuits. Scan circuits benefit from these algorithms in two ways: First, in order to
reduce the number of scan operations, which require large number of clock cycles,
sequences of primary inputs can be applied between scan operations. Static com-
paction can be effective in reducing the length of such primary input sequences [9].
Second, recently an approach called transparent scan is proposed, which considers a
scan circuit as a sequential circuits with extra inputs and outputs corresponding to
scan-chain inputs, scan-select input, and the scan-chain output [10]. Under this ap-
proach, static compaction algorithms for non-scan sequential circuits can be applied

directly for scan circuits, without altering the algorithm.



The availability of efficient test relaxation algorithms opens up new areas of re-
search. For example, test relaxation can improve the effectiveness of test compaction
and compression techniques. With test relaxation, researchers can apply dynamic
compaction techniques to static compaction [11]. Furthermore, static compaction
based on merging can be greatly improved by considering components of test vec-
tors. These applications become possible because a test vector can be decomposed
into its atomic components using test relaxation [12].

Test relaxation can also help in test power reduction. The relaxed bits can be
specified in a way that reduces the number of transitions during scan and hence

reduces test power dissipation. The last two applications are not investigated here.

1.3 Research Problems and Contributions

1.3.1 Static Compaction Based on Test Relaxation Algo-

rithm

Currently the best known static compaction algorithms: Linear-Reverse-Order-
Restoration (LROR) [13], Mixed-Mode algorithm (MISC) [13], Single Fault Restora-
tion (SIFAR) [14] and LROR [15] are all based on Vector Restoration scheme [16].
Vector Restoration algorithms first omit all test vectors from the test set and re-

store them one after the other. This step is followed by fault simulation and further



vectors are restored until all the target fault(s) are detected. These algorithms, al-
though superior in terms of compaction quality still have the inherent dependency
on large number of fault simulation runs that make them slower for large industrial
circuits with huge number of test vectors. One solution to reduce the fault simu-
lation time required for restoring test sequences is by using test relaxation, which
identify self-synchronizing subsequences for synchronous sequential circuits.

The problem of test set relaxation is to extract a partially specified test set from
a fully-specified one. Recently, three test relaxation techniques for combinational,
full-scan and non-scan synchronous sequential circuits were proposed in [17, 18, 19].
The main idea of the three techniques is to determine logic values in the fully-
specified test set that are necessary to detect all faults detectable by the original
test set.

In this work, we utilize the relaxation algorithm in extracting a test sequence [19].
This is achieved by stopping the relaxation process whenever the required values on
all the flip-flops are either don’t cares (Xs) or are compatible with the states reached
by previously restored test sequence. This gives an efficient way of restoring test
sequences compared to the expensive vector-by-vector fault simulation based restora-
tion technique. The restored test sequences using this scheme have the additional
property of being relaxed, i.e., not fully specified, and therefore can be merged using
schemes similar to those proposed in [1].

In addition, we propose an efficient way to identify redundant vectors in a re-



stored test subsequence based on a technique similar to State Traversal [2].

1.3.2 Quick saturation of Static Compaction techniques

Vector restoration algorithms suffer from quick saturation; usually they can be ap-
plied a small number of times to reduce the test set and mostly reductions are found
in the first few iterations. Pomeranz et al. [20, 21] proposed a number of schemes to
help restoration algorithm move out of saturation. These algorithms rely on insert-
ing new test vectors to give the compaction algorithm a chance to further reduce
the size. Although effective in terms of reducing the size of a test set, they have
high computational complexity.

In this work, we propose three hybrid schemes, which reduce the inherent lim-
itation of Vector Restoration algorithms of quick saturation and are found useful
when these algorithms are re-iterated. The first hybrid scheme (Hybrid-I) comprise
of test relaxation and random filling to change the composition of test set, while
maintaining its fault-coverage. This helps moving the algorithm out of local min-
ima and the search space is therefore increased. Furthermore, it allows LROR. to
re-iterate far longer and partially replaces almost every test vector at a very low
cost of CPU time. Second hybrid scheme (Hybrid-II) is based on the intuition that
merging of relaxed subsequences gives another level of freedom to test compaction;

therefore it may further squeeze the size of test set.



1.3.3 Further improving the level of compaction

In addition, we have also proposed Hybrid-III to further improve the level of com-
paction, achieved by currently proposed schemes in literature. In this context, we
propose a new algorithm for static test compaction. The algorithm is based on the
fact that every subsequence is placed inside compacted test sequence only because
it detects a set of faults. We have implemented a scheme to increase the fault cov-
erage of currently restored test sequences in order to reduce the subsequences that
are otherwise needed. Hence, the algorithm restores a test sequence for a group of
faults and then it is further optimized to detect more faults, which in turn fuels

compaction.

1.4 Thesis Organization

The rest of the thesis is organized as follows. Chapter 2 reviews all static compaction
techniques for sequential circuits that have been proposed in the literature. This is
followed by Chapter 3, which details all the proposed compaction algorithms, each
with its experimental results and justification of their respective behavior. Finally,

Chapter 4 discusses the conclusions and directions for future research.



Chapter 2

Literature Review

Compaction of test sequences for Sequential Circuits is achieved by Dynamic and
Static Compaction techniques. Dynamic Compaction techniques [22], [23] incorpo-
rate heuristics aimed at producing short test sequences into the test generation pro-
cess. On the other hand Static Compaction procedure is applied as a post-processing
step to test generation process.

Static Compaction offers the following unique opportunities in sequential circuits

test generation.

e It may be applied to test vectors generated by any ATPG tool. Thus it does

not modify the test generation procedure.
e It may be applied after dynamic compaction to further reduce the test size.

e It can be applied on test sequences generated by simulation based techniques.



e The shortest test sequences for sequential circuits are generated by static com-

paction techniques.

For the above reasons, Static Compaction is more popular in sequential circuits
than Dynamic Compaction.
The following section reviews some of the known techniques for static test com-

paction for sequential circuits.

2.1 Subsequence Merging

In [1], three algorithms are given to merge self-initializing test sequences. The first
algorithm merges aligned test sequences as shown in Figure 2.1 (a). If aligning two
sequences will result in a conflict between one or more vectors, a second algorithm
is used to merge two sequences with a skew as shown in Figure 2.1 (b). The third
algorithm improves the compatibility of test sequences using stretching. A sequence
is stretched if some of its vectors are repeated several times without changing their
order. For example the sequence (101x, 1x01, 111x) can be replaced by (101x, 1x01,
1x01, 111x). This will add one more degree of freedom to the process of compaction
as shown in Figure 2.1 (c¢). Merging two test sequences using the last algorithm may
affect the fault coverage. Therefore, a fault simulation step is performed after the

merging process.

10



010 x1x 010
xx0 x00 — x00
10x ﬂ 101 101
1xx 1xx
(a) Merging of aligned test sequences
conflict
skew =1
<1 o010 x0x | > 010 010
xx0 ﬂ x00 xx0 00
10x 101 10x X0x 100
1xx 1xx ﬂ x00 101
101
(b) Merging of two sequences with a skew
skew =1
skew = 1 010 010
010 xx0 XOX x00
xx0 xOx 10x %00 100
10 ()| 0 | 101 |= 1o
1XxX 101 | 100 100
conflict stretch

Figure 2.1: Merging of Subsequences illustrated [1]

2.2 Insertion, Omission and Selection

Pomeranz et. al proposed three different techniques for Static Test Compaction
in [24] and [25] respectively. The techniques are Insertion, Omission and Selection.
Insertion reduces the test length by removing the states that repeat themselves

while detecting a single fault. Thus removing such test vectors reduces the test

(c) Merging of two sequences with a stretch

11




length without reducing the fault coverage. Insertion operation can be better un-
derstood by the following example. Consider a fault f € Fj.,; with detection time
uget(f) (faults having higher detection time are preferred). Let u; and u; be two
time units such that u; < uy < uge(f) and such that S;/S/ = S/S] (ie., S; =
S) and S’Jf = S,{) Since Sj/SJf = Sk/S,{, the time units from u; to u;y_; only serve
to take the fault-free/faulty circuit back to the states at time unit u; and the test
set T detects the fault f even if the subsequence is removed from 7. The sequence
obtained by omitting T[u;, ux_;] from T is T[ug, w;_1] o T[uk, ur_1], where uy, is
the time unit of the last test vector in the test set and o denotes the concatenation
of subsequences.

Using this approach a new test sequence is defined where the fault f is detected
earlier, as follows: The subsequence T[ug, uge(f)] is duplicated and inserted at time
unit u;. As a result, the detection time of f is reduced from wge(f) to wger(f)-
(ug-u;). The remaining part of the sequence, T[u;, ur_], is pushed to the right.
Therefore the new subsequence is as follows:

T" = Tlug, wj—1] © Tlukg,uae(f)] o Tluj, ur_1]

The above operation is known as insertion operation. The insertion operation
increases the total length of the test sequence; however, it allows us to reduce its
effective length by reducing the highest detection times. The shorter sequence T[uy,
uLeff_l] is then used instead of T'.

The above step is the basic insertion operation as applied to the fault having

12



the highest detection time. This operation is repeatedly applied to all the faults in
decreasing order of detection time, using the test sequence formed by consecutive
insertion operations. The algorithm applies the insertion operation (repeatedly)
until further compaction or increase in fault coverage is possible. However, this is
also bounded by an upper limit on the length of test set.

Experiments show that insertion reduces the test size and because of concate-
nation of subsequences, improves the fault coverage. But the drawback is the large
number of fault simulations, which increase the execution time of the algorithm.

Omission considers the removal of a test vector ¢; followed by fault simulation
(considering all the faults) of the new sequence formed by the omission of vector t;.
If fault simulation shows reduction in fault coverage, the algorithm restores the test
vector ¢; and moves to the next vector ¢;,,. Thus test vectors whose removal does
not affect the fault coverage are removed from the sequence.

The algorithm considers test vectors in original order (as generated by ATPG) of
their appearance for removal. It achieves highest level of compaction in comparison
to Insertion and Selection. Omission checks each and every vector for its possible
removal which requires prohibitively large number of fault simulations (equal to
the number of vectors in the test set), making the algorithm expensive in terms of
execution time.

In [24], binary search technique is proposed to reduce the number of fault simu-

lations, the algorithm quickly traces an inert subsequence (inert subsequence is one

13



whose removal does not reduce the fault coverage). Binary search technique is ap-
plied to locate a removable test vector and checks the removal of inert subsequence
(found by each step of binary search) thus reducing the number of fault simulations.

Selection begins by fault simulating the whole circuit without fault dropping, it
then locates those subsequences that detect maximum number of faults. It then uses
a covering procedure to determine the minimum number of test vectors that detect
all the faults in the circuit. The best subsequence is one that detects maximum
number of faults with minimum number of test vectors.

The algorithm finds the starting and ending point of a test sequence for each
fault by simulating the circuit -1 times without fault dropping, where L is the
length of test sequence. Thus each time unit is used as the starting point of fault
simulation without fault dropping. The algorithm then solves a covering problem
to return the smallest possible test set size.

Selection uses fault simulation without fault dropping which is a very expensive
step in terms of storage requirement. A large number of fault simulations makes it
slow as well.

Experiments conducted on the three algorithms show that Omission gives the
highest level of compaction followed by Selection and then Insertion. The execu-
tion time is not reported, but as discussed, all the algorithms rely heavily on fault
simulations making the procedures slow and therefore infeasible for large industrial

circuits.

14



2.3 State Traversal

The idea of Insertion is extended by Hsiao et. al. in [2] and [26]. The author
has criticized the techniques in [24] and [25] as they require large number of fault
simulations and therefore are impractical for large circuits. The proposed static
compaction technique relies on the fact that a test set generated by ATPG goes
through a small number of states, and some states are frequently revisited.

The number of states visited by a test set are small in comparison to the total
number of test vectors for most circuits. The authors concluded that many subse-
quences that start and end on same states exist within these test sets. Test sets
generated by various test generators exhibit similar phenomena. The subsequences
that start and end on the same state may be removed from a test set if certain
conditions are met. The algorithm is not effective for circuits having few repeated
states. The technique is fast as it only requires two fault simulation passes through
the test set for compaction.

Some of the important definitions stated in the work include the following:

o A State-Recurrence Subsequence T,.. is a subsequence of vectors T[v;, vit1,...,v}]
such that the fault free states reached at the end of vectors v;_; and v; are

identical.

e An Inert Subsequence, Tipery is a state-recurrence subsequence Tyec[vi, Vit1,...,05]
such that no additional faults are detected within the subsequence T.,..
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e Given a fault-free state S, the error vector Ey for a particular fault f is equal

to S @ Sy, where Sy is the corresponding faulty state for the same time frame.

e Given two identical fault-free states S, the error vector Ey for a fault f covers

another error vector E' for the same fault and state if By (J E} =FE;.

A number of criterion considered by the algorithm Inert Subsequence Re-

moval, ISR to reduce the test set size are mentioned, which are as follows:

1. For an inert subsequence T[v;, vit1,...,v;], if faulty state Sjﬁl at the end of
time frame i-1 and faulty state S} at the end of time frame j are identical for
every undetected fault f which is activated at time frames -1 and j, T},.,+ can

be removed.

2. For an inert subsequence Tjpepi[vi, Vit,...,05], if error vector E} at the end of
time frame j covers E}_l at the end of time frame ¢ - 1 for every activated
fault f and the additional fault effects propagated at time frame j do not lead

to detection, T, can be removed. The point is illustrated by figure 2.2.

3. For an inert subsequence Tj,ere[vs, Vit1,...,05], if error vector E}’l at the end of
time frame -1 covers E} at the end of time frame j for every activated fault f,
Tiners can be removed if the additional fault effects propagated at time frame
i-1 do not cause fault masking in time frames starting at frame j+1 as shown

in figure 2.3.
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Figure 2.2: Criteria 2: Inert Subsequence Removal [2]

4. For an inert subsequence Tjper[vi, Vit1,...,05], if neither error vectors Ejfl and
E} cover the other, conditions imposed on activated faults in both criteria 2
and 3 (mentioned above) need to be satisfied in order for the inert subsequence

Tinert to be removed.

Authors have identified easy faults as ones which have multiple detection times,
and require few constraints on value of input and memory elements. Since these
faults are detected multiple times, subsequences exclusively detecting such faults
(after being detected once) can be safely removed. The algorithm Recurrence
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Figure 2.3: Criterion 3 illustrated [2]

Subsequence Removal (RSR), is proposed to remove such subsequences, it first
fault simulates without fault dropping (to know exactly the number of times each
fault is detected) and then checks for the following four constraints to remove a

state-recurrence subsequence Tc.[v;, Vit1,...,v5]:

1. All faults within T,.. have detection subsequences that do not overlap with

TT‘BC‘

2. For each fault active at the end of time frame j, if error vector E} at the end
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of time frame j covers error vector E}‘l at the end of time frame i-1, and the

additional fault effects propagated at time frame j do not lead to detection.

3. For each fault active at the end of time frame ¢-1, if error vector E}_l at the
end of time frame i-1 covers the error vector E} at the end of time frame j,
the additional fault effects propagated at time frame i-7 do not cause fault-

masking in time frames starting at time frame j+1.

4. For each fault active at the end of time frame i-1 and j, if neither error vector
E}‘l nor error vector E} covers the other, conditions imposed on activated

faults in 2 and 3 (mentioned above) are satisfied.

- Test Set >
. | | | -
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i [ VA |
| - |
T Toc .I TTCU 2
(a)
- Test Set -
_________________ I R i —
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is a detection
subsequence for fault n

(b)

Figure 2.4: RSR Algorithm: Criterion 5 illustrated [2]

The last three conditions are not necessary conditions, since faults which violate
these conditions may be detected multiple times.
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The results of algorithms ISR, RSR and their combination CSR, show that the
compaction achieved is marginal as compared to Omission and other algorithms
known for producing compact sequences, but the run time is far less than those
algorithms. Amongst the three algorithms, CSR mostly produced more compact
test sequences consuming marginally higher time.

The above idea is extended in [26] by Hsiao et. al. This algorithm takes into
account the fact that State Relaxation gives even more opportunity of finding inert
and recurrent subsequences. State relaxation refers to relaxing the flip-flops of the
circuits without reducing the fault coverage. The procedures in [2] are applied after
getting the relaxed state of the circuit, which allows for even more compaction.

Experimental results show significant improvement in compaction achieved by
the algorithm as compared to that in [2] for most of the circuits. The runtime of

the algorithm is marginally higher than those in [2].

2.4 Vector Restoration

Vector Restoration based compaction procedure, proposed by Pomeranz et. al. [27,
16, 28], has given a new direction to static compaction of test vectors for sequential
circuits. Several techniques have been developed based on the idea proposed in this
work.

The main motivation behind this work came from the vector omission technique.
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For many test sequences it was observed that the test length after compaction was
less than half of the original test length. This suggested that it might be faster to
decide which test vectors must be retained in the test sequence in order to maintain
the fault coverage, instead of deciding on the test vectors that might be omitted.
This technique in principle first omits all the test vectors and then restores only
those necessary to maintain the fault coverage.

Restoration of test vectors refers to the fact that all test vectors are first removed
from the list and then are restored considering each fault one after the other, until
the fault under consideration is detected.

The algorithm (procedure 1) proceeds as follows:

e The algorithm first fault simulates the circuit and marks the detection time of

each fault together with the fault being detected.

e It then keeps the initial vectors that completely specify the state of the circuit
and omits the rest, this is also called Synchronizing Sequence. Thus the initial
vectors ensure that the circuit states are fully specified. This sequence is
used to restore test vectors for every fault, since faults are not considered in
a specific order, therefore the states of the flip-flops for each subsequence is

specified by the synchronizing sequence.

e It then omits all the test vectors from the list of compacted test vectors.

e The algorithm then restores as many test vectors as required to detect the tar-
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geted fault. Different measures to select a fault for restoration are considered,
for e.g. it could be selected: randomly, faults detected in decreasing order of
detection time; procedure 1 uses the second criteria. The algorithm restores
consecutive vectors near the test vector that detects the fault until the fault(s)

under consideration is detected.

e Once test vectors for all the faults are obtained, fault simulation is performed

to ensure that all faults are detected.

e If there are faults that were originally detected but are not detected by the
compacted sequence, then additional test vectors are restored to detect them.
It is possible that faults detected earlier by the compacted sequence may be-
come undetected at later stage. This is because of subsequence concatenation
necessary to create the final test set; the subsequence looses the synchronizing
sequence that was initially used to restore the subsequence after it is concate-

nated to other test vectors in the final test set.

e Once all the faults are detected by the compacted test set, the algorithm
physically omits all the test vectors which are no longer needed for detection

of any fault in the circuit.

Few modifications to the above procedure are also suggested in the same work [27],
by introducing algorithms 1E and 1R. Procedure 1E is the same as the above pro-
cedure, however it does not use the synchronizing sequence. Procedure 1R, on the

22



other hand selects faults (for vector restoration) in random order, however it uses
the synchronizing sequence introduced in procedure 1 (described above).

The fact that some earlier detected faults by the compacted sequence may be-
come undetectable is the motivation of procedure 2 [27]. Procedure 2 considers a
constant number of faults in one pass and restores test vectors for them. If any
of the fault detected earlier becomes undetected, the procedure restores additional
vectors right away before considering next group of faults. A group of five faults
and synchronizing sequence is used with the procedure.

Experimental results show that Procedure 1R gives the highest level of com-
paction amongst procedure 1, 1E, 1R and 2, but has the highest execution time,
however 1E has the smallest execution time. Procedure 2 gives more compaction
than procedure 1 in many cases but the time is larger than 1 and 1E.

The paper [27] has also proposed two schemes to speed up the restoration process.
In these procedures several faults having the same detection time are considered in
parallel using parallel fault simulator HOPE [29].

Two schemes are proposed REST-RO64 and REST-SO64. The first considers
64 faults in random order while the second considers 64 faults in sorted order of
decreasing time for restoration.

Experimental results show that the level of compaction is highest, even higher
than omission-based compaction. The time to execute, however, is not reported. It

is shown that the combination of REST-RO64 and REST-SO64 gives the best level
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of compaction.

Some of the advantages of restoration are:

e It is faster than vector omission technique, and some derivatives of restoration

even achieve higher level of compaction than omission.

e An undetected fault is considered and vectors are restored to detect this fault
only, which is cheaper than omission where a vector is removed and then fault

simulation is carried out considering all the faults.

e The restoration of vectors considering faults in decreasing order of their de-
tection time, depicts covering problem thus vectors for hard-to-detect faults
(hard-to-detect faults tend to have higher detection time) take easy-to-detect
faults into account. Therefore easy-to-detect faults have a good probability of

being detected during restoration of test vectors for hard-to-detect faults.

e Concatenation of vectors may allow detection of faults which were not detected

originally by the ATPG.

2.5 Hardware Reset Scheme

Hardware reset scheme is proposed by Higami et. al. [30] for sequential test set
compaction. The authors have defined reset state by moving 0 to all flip-flops in the

circuit. Two schemes are proposed i.e. High-Cost and Low-Cost approach. The first
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approach does fault simulation without fault dropping while the second approach
drop faults during fault simulation.

Both approaches categorize test vectors as removable and un-removable test vec-
tors. In the High-Cost approach the number of removable vectors found are higher
than the Low-Cost approach. A subset of removable vectors are then replaced by
a reset state by logic simulation followed by fault simulation. The level of com-
paction achieved by the high-cost approach is consequently higher than the low-cost
approach.

The two approaches classify the test vectors as First Fault Detecting vector
(FFD: the first test vector that propagates the fault to some output of the circuit)
and Fault Propagating vector (FP: the test vector that either excites the fault or
propagates it to another FP or FFD vector). The authors then define either FP or
FFD as un-removable while the rest as removable vectors.

Once the set of removable and un-removable vectors are obtained, the removable
vectors are replaced by Reset State and logic simulation is done to check the state of
un-removable vectors. The replacement is accepted only if the state of un-removable
vectors is not changed by the replacement of removable vectors with the reset state.
Thus logic simulation helps replacing removable vectors which do not affect the
current state of un-removable vector. The removable test vectors which affect the
current state of un-removable vectors are checked by fault simulation to ensure

whether they are essential or not. Fault simulation also helps validating the fault
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coverage and thus attesting the removal of test vectors after logic simulation.

In the case of high-cost approach a detection matrix is made using fault detecting
vectors and a covering problem is solved using a greedy algorithm to get a minimum
number of test vectors detecting all the faults. Since fault simulation without fault
dropping is an expensive procedure, the authors have used a threshold value to detect
a fault a certain number of times, thus the fault is dropped after the threshold value.

The compaction results are compared with Reverse Order Restoration (ROR)
technique. The compaction achieved by the low-cost approach is comparable to
ROR for most of the circuits, but with an overhead of introducing reset states. On
the other hand compaction achieved by the high-cost approach is significantly better
than ROR with an expense of introducing reset states and fault simulation without
fault dropping. The run time of the high-cost approach is more than double to that

of the low-cost approach.

2.6 Vector Replacement

Pomeranz et. al. have proposed a number of schemes in [20], [31] to take a com-
paction procedure out of saturation. Any static compaction procedure applied to a
circuit is said to be saturated when its consecutive passes do not result in any further
compaction. This procedure can be applied with any static compaction procedure

to help overcoming saturation thus allowing higher level of compaction.
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Two main schemes VERSE-C and VERSE-H are presented in this paper, each
scheme comprises of a number of sub-schemes. VERSE-C (VERSE-Combined) re-
places a vector in compacted test set T with another vector (from a set C') generated
by the scheme proposed in [32]. The vectors generated by [32] give a wider domain
of vectors together with states that may be used to replace certain test vectors in
Tc.

The vectors in T have a specific state S; on its memory elements and similarly
the vectors in C have states C; for each test vector.

The algorithm first compares and determines the distance D between the states
S; to that of states Cy;. For example, suppose that the state and input vector of
test vector from T is S; = (01x) and ¢; = (01), and C,; = (000) and C; = (00) are
the states and input vector respectively from C, then the distance D will be 2, as
the states differ from each other in two places. This is beacause un-specified state
(x) is considered different from a specified state.

The value of D has an upper limit called Dy;4x which is the maximum number
of states the algorithm allows to differ in between vectors from the two sets.

VERSE-C has many different versions, which are explained as:

e The first procedure replaces test vectors in compacted set in order one after
the other and tries to replace with vectors from C| using the value of Djy;4x in
increasing order, from zero onwards, ensuring that ¢; # C;. The two vectors
are replaced.

27



e This is followed by fault simulation, therefore it fault simulates the circuit after
replacing every test vector. A vector is restored whenever the fault coverage

is reduced due to vector replacement.

e This step is followed by the application of compaction algorithm (which has

to be taken out of saturation) and then higher values of D are also tried.

e The second version (Procedure 2) of VERSE-C is the same as the first, but
vectors are replaced in reverse order of their appearance. The test vectors
towards the end, usually detect hard-to-detect faults and thus replacing them

allows detecting easy-to-detect faults and therefore more compaction.

e The third version (Procedure 3) replaces those test vectors at which the fault
is detected i.e. propagated to one of its outputs. This reduces the number of

replacements and thus fault simulations.

e The fourth version (Procedure 4) is identical to third but the faults are con-

sidered in reverse order of detection.

Pomeranz et. al. experimented with various procedures and various values of D
indicate that procedure 2 is effective during the first few iterations since it achieved
relatively low test lengths at relatively lower run times during these iterations. Pro-
cedure 1 or 3 are typically preferred for the later iterations. Based on these conclu-

sions, procedures 1, 2 and 3 are combined. Procedure 4 did not have any advantage
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over the other procedures and is not used. The main algorithm of VERSE-C com-
bines the three algorithms and applies them in the following order: procedure 2, 1,
and then 3.

VERSE-H (VERSE-Holding) on the other hand does not make use of any test
set produced by another algorithm for replacement of test vectors but it uses the

same compacted set. VERSE-H also has two versions, which are as follows:

e The first version replaces a vector t; by t; ; for every i € the given test set.
The algorithm then restores the test vector whose replacement reduces the
fault coverage. For example the sequence (00,01,10,11) will be changed into

(00,00,10,11) and then into (00,00,00,11).

e The second version of VERSE-H replaces the vectors starting from the end
of the sequence. Therefore the sequence (00,01,10,11) will be changed into

(00,01,11,11) and then into (00,11,11,11).

The main algorithm of VERSE-H combines the two approaches and starts with
the second version and then switches to the first (in this way keeps switching between
the two algorithms). This is done until the compaction algorithm can not further
reduce the test sequence in allowable number of passes, after which the algorithm
terminates.

Results show that VERSE-C has performed better than VERSE-H in most of

the cases. However, there are few circuits for which the opposite is true.
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The authors propose the use of VERSE-C and VERSE-H together, by applying
one after the other.

These schemes use a large number of fault simulations and should be used only
when the level of compaction is highly desirable and time to reach the solution may

be sacrificed.

2.7 Sequence Re-Ordering

Sequence Re-ordering is proposed by Pomeranz et. al. in [21] as another static
compaction technique. The scheme can be applied alone or as a preprocessing step
applied before some other compaction algorithm. This can also be used to take an
algorithm out of saturation and therefore a continuation of the work proposed in [20]
and [31].

The procedure reorders the test vectors with the aim of achieving higher level
of compaction while maintaining the fault coverage of the test set generated by the
ATPG.

The procedure consists of two phases, the first phase, called Sequence Reordering,
divides the vector set into equal sized partitions called subsequences. The optimal
number of partitions, found by experiments is 7.

The partitions are then used to fault simulate the circuit starting from unknown

initial states. The faults detected by each subsequence is recorded.

30



These subsequences are then concatenated, subsequences in consecutive order
are concatenated together, to detect remaining faults which require larger number
of test vectors for detection. This step requires fault simulation without dropping,
to know which faults are detected by concatenating a unique pair of consecutive
subsequence.

The above step reduces the number of subsequences in comparison to the original
number, generated by the initial vector partitioning step.

The second phase of algorithm called Subsequence Reordering takes the subse-
quences from the previous step and then permutes them. The optimal permutation
is one which detects all the faults using minimum number of test vectors.

For example, phase 1 of the algorithm gave 3 self-initialized subsequences. The
second phase would permute, therefore giving 3! combinations of subsequences of
test vectors. It would then find the optimal arrangement such that all the faults are
detected using minimum number of test vectors. Thus compacting the test sequence.

The procedure applied alone gives little compaction. However, it gave better
results when applied as a preprocessing step before Sequence Counting [33] and
Restoration [27] based approach.

As mentioned above, the technique applied alone does not give good results and
therefore should be applied as preprocessing step or to take an algorithm out of
saturation. The run time of compaction when two or more algorithms are applied

together increase tremendously and therefore is neither shown in the paper nor is
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the objective of the scheme proposed. Therefore, the algorithm is only preferred

when the level of compaction is the only objective.

2.8 Chronological Order Enumeration

An improvement on the level of compaction achieved by vector omission technique is
shown by Pomeranz et. al. in [33], [34]. In this paper, the authors have experimented
with reordering of test vectors to achieve better level of compaction.

This approach, referred to as Chronological Order Enumeration and Sequence
Counting in [34], omits test vectors from the test sequence and reintroduces them
at a later time. Reintroduction of vectors helps reduce the compacted test sequence
length beyond the length that can be achieved if vectors are omitted permanently.

The algorithms follow the following sequence of steps:

e The basic step of the proposed procedure Chronological Order Enumeration
consists of replacing a vector ¢; at time unit ¢ by a vector ¢;, where j > 4. The

selection of ¢; is random.

e If the above step reduces the fault coverage of the test, then the original
sequence is restored, otherwise the change is accepted. In this way, each step

attempts to replace a lower indexed test vector with a higher one.

e A variation proposed to this scheme is Sequence Reduction in [34]. The main
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motivation came from the fact that replacing a vector with only higher indexed
vector gives very little opportunity for replacing test vectors existing towards
the end of the set. For e.g., there is no way to replace the last test vector, since
there is no higher indexed vector in the test set. Similarly, the first test vectors
can’t be replaced by lower indexed vectors. Finally, last few test vectors can

be replaced by very few vectors.

e Sequence Reduction allows the vectors in compacted test set to be replaced
by lower indexed vectors. This allows Chronological Order Enumeration more
chances of compacting the test sequence. Therefore, replacing a vector with a
lower indexed vector contributes to more shuffling and therefore provides more

chances of compaction.

e The above procedures are called a number of times, thus if the test length is

not reduced during a pre-selected constant, the algorithm terminates.

Results show improved level of compaction as compared to Omission and Restora-

tion but the time to execute is higher than both of them.
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2.9 Accelerated Restoration and Segment Prun-
ing

A number of algorithms are proposed on the concept of Restoration [27]. Segment
Reordering and accelerated restoration is discussed in [35]. The authors have divided
restoration in two phases i.e. Segment Validation and Segment Refinement,

which are as follows:

1. The algorithm begins with the initial fault simulation of the circuit and records

the states and time units whenever a fault is detected.

2. In the validation phase, a target fault is selected and the algorithm tries to
locate a near-accurate starting point of the subsequence detecting the fault.
The algorithm initially starts locating the starting point of the fault either
from last fault’s starting vector (in case there exists a detected fault before
the current target fault) or it simply starts from the last test vector in the test

set (if the fault under consideration is the first target fault).

3. The algorithm then jumps back by subtracting 2¢, where i = 0,1,2,..., from the

starting point until it detects the target fault.

4. Tt keeps track of the point where it last made the unsuccessful (kept as min)
and successful (kept as maz) attempt while fault simulating for the target
fault.
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5. The Validation is followed by Refinement phase, where the algorithm exactly

locates the starting point of subsequence detecting the fault.

6. The variables min and maz are used by refinement phase to fine tune its
search. The algorithm keeps moving to the middle of the two values until the
exact starting point is obtained. This is why the second phase is called Re-
finement (the algorithm refines the starting point of the subsequence detecting

the fault).

7. This scheme, also known as 2-¢ (two-phase) restoration, therefore gets the
self-initializing subsequences of each fault, which are concatenated to get the

compacted test set. Thereby accelerating the restoration process considerably.

The idea is extended by the same group of authors in [36]. This paper extends
the idea of two-phase restoration to Querlapped Restoration which is followed by
Segment Pruning procedures.

Overlapped Restoration comprises of overlapped validation and overlapped re-
finement. The idea of overlapped validation is simply to target faults together, that
have overlapping subsequences. Therefore, two faults f, being detected by subse-
quence vz to v and f3 being detected by subsequence v, to vs, have overlapping
subsequences and they may be targeted together in the validation phase of the al-
gorithm. Thus the target fault list is kept flexible and additional faults are added

to the list if they have overlapping subsequences.
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The target faults and the segments found in the previous phase are passed on
to the overlapped refinement phase (second phase of restoration). It again tries to
optimize the segment size (size of subsequence detecting the target faults) consider-
ing the target faults. However, during the refinement phase the algorithm fine tunes
the detection time of the segment, thus considering all the target faults, by similar
method as described in [35].

The overlapped restoration is followed by segment pruning procedures. Two
segment pruning procedures are defined by the authors, which are described as

follows:

e Basic Segment Pruning algorithm which takes a subsequence/segment detect-
ing a fault(s) and starts removing/clipping vectors from the beginning of the
segment. The algorithm keeps removing vectors as long as all faults are de-

tected.

e The second algorithm Advanced Pruning however, drops vectors from the seg-
ment rather than removing them only from the boundaries. For each iteration,
simulation is done starting from a known initial state, to check the detection
of fault if certain vectors are removed from the segment. This can be un-
derstood as application of Omission technique inside each segment; this gives

more compact test segments.

e Advanced Pruning results in self-initializing segments that detect a number of
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target faults. Therefore, segments considered afterwards are independent of
previous segments and thus need not to be considered during subsequent fault

simulation passes. This reduces the overall number of fault simulations.

Experiments are conducted to compare the algorithms presented in [35] and [36]
called SECO, to that of Restoration [27]. The following conclusion can be drawn

based on the results presented by the author:

e In comparison of Overlapped Restoration with Restoration, Overlapped Restora-
tion has produced similar results in terms of the level of compaction but the

execution time is significantly smaller.

e Restoration was applied to large industrial circuits and could not produce
results in 2 CPU days while SECO produced results in reasonable amount of

CPU time.

e SECO is 5 to 30 times faster than Restoration on ISCAS circuits while for

large industrial circuits it is 20 to 50 times faster than restoration.

2.10 Reverse Order Restoration

Reverse-Order-Restoration (ROR) is one of the most effective techniques known,

proposed by Guo et. al. in [13] by extending the ideas in [15], [37] and [38]. The
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main difference between earlier work on Restoration proposed in [27] and the one

discussed here include the following:

e Restoration is done in reverse order, i.e. in decreasing detection time of each
fault and restored subsequences create a new test set having vectors in reverse

order of their inclusion in the original test set.

e This helps save simulation efforts as fault simulation is done on the restored

subsequences only.

e The algorithm includes a prefix that completely specifies the fault-free circuit.

The algorithm specifies k£ which selects integer time units that are to be restored
i.e., all the faults in that time unit are targeted in single restoration phase. Different
values of k£ are used, however when k=1, the algorithm is called Linear Reverse
Order Restoration. The following paragraph together with the illustration shown in
figure 2.5 explains the algorithm.

Let’s suppose that the size of the test set T, to be compacted, is of length .
We denote the compacted test set as C, the Good and Faulty states as S, and Sy,

respectively.

e The algorithm begins with fault simulation to store the detection time of each
fault. It then restores a number of test vectors for flip-flop initialization. In

Fig. 2.5, this is shown by vector 1 in the beginning. The initial version of
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LROR [15] used 20 test vectors as synchronizing sequence in case of test size

of more than 300 vectors and [/16 otherwise.

e Fault simulation is then performed to check if there is any fault detected
by the prefix; in Fig. 2.5, fault f1 is detected. The states of the circuit are
stored, therefore subsequent vector restoration requires only to reach the S,/S;
reached by the already restored subsequence. This speeds up the restoration

process as test vectors can be appended towards the end.

e The algorithm targets all the faults in a single time frame to restore subse-
quences necessary for their detection. The targeted faults are selected in de-
creasing order of their detection time to produce a covering effect. In Fig. 2.5,

f7 is targeted as it appears in the last time frame.

e Vectors are restored for detecting the targeted faults; vectors closer to the time
of detection are restored first, followed by fault simulation. If the fault is not
detected, additional vectors are restored followed by a pass of fault simulation

until the target fault(s) is detected.

In Fig. 2.5, the vector at time unit 12 is restored first, which is followed by the
restoration of vectors at time frame 11 and then 10 that finally detected f7.

The example also shows the covering effect as faults f3 €/ f5 are also detected.

e The algorithm proceeds (moves to the next time frame having undetected
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faults) until all the faults that were detected by the original test set are de-

tected.
Time Frame 1 2 3 4 5 6 7 8 9 10 | 11 | 12
Detected f f3, t fa, t
Faults fs fe
1 Restoring Prefix to initialize the machine, fault simulation detects f1.
7 is selected as target fault
1 12 Restoring test vector that detects target fault
| 1 | | 1 | | 12 | Vectors are added in Reverse Order until Target Fault is detected
f7 is detected together with f3 and f5. Move to next target faults
1 10 1 12 f4 and 6 in this case.
1 10 1 12 10 Time Frame 10 is restored
1 10 11 12 9 10 Test Vector 9 is added and fault simulation
detects all the remaining faults
Compacted Test Set detecting all the faults

Figure 2.5: Reverse-Order-Restoration

The only difference between this basic ROR [15] scheme and the one proposed
in [37] is illustrated in Fig. 2.6. During restoration, if a time frame is reached
with still un-detected faults, then these faults are added to the target fault list and
restoration includes test vectors for these faults also. Therefore, from Fig. 2.5 as
soon as restoration for f7 reaches time frame 10, it includes f4 & f6 in the target
list and restoration will continue until time frame 9, subsequently detecting all the
faults and giving a higher level of compaction.
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1 9 10 11 12 Test Vectors restort_ed according to LROR
proposed in PROPTEST

Figure 2.6: Modified Reverse-Order-Restoration

The experiments show that the highest level of compaction is achieved with k=1
as compared to other values of £ and Restoration procedure in [27]. The algorithm
is also compared with SECO [35] & [36] and showed higher level of compaction.

To speed-up the restoration process another algorithm Radix Reverse-Order-
Restoration (RROR) is also proposed.

The algorithm has proposed Radix Search which is based on binary search tech-
nique i.e. 77!, where 1<r<2. Radix-ROR selects a target fault, restores the vector
that detects it, and then depending on the value of r it jumps to the vector located
by the values of 4, where =1,2,3,... until the target fault is detected thus reducing
the number of fault simulations and optimizing the execution time of the algorithm.

The algorithm is compared with LROR in the paper. Results show that com-
paction achieved is highest using r=1 or LROR technique, however the execution
time is reduced using higher radix values.

Mized-Mode Algorithm is also discussed in the paper. The algorithm applies
Omission after obtaining a subsequence using ROR and before appending it to the
test set (compact set). Thus trying to achieve further compaction by removing

un-necessary vectors from each subsequence.
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Experiments to compare various algorithms show that the highest level of com-
paction is achieved by MISC-ITFE i.e. Mixed Mode algorithm applied iteratively,
followed by LROR-ITE which achieves comparable compaction at significantly less

time, about 1/4" of MISC-ITE.

2.11 SIFAR

SIngle FAult Restoration (SIFAR) is proposed by Lin et. al. in [14]. It uses the
basic idea of restoration of test vectors (subsequences) to detect the fault, which are
then concatenated to the compacted test set. The algorithm uses parallel simulation
to speed up the process.

SIFAR considers a single target fault (in decreasing order of their detection time)
and restores test vectors for each fault until the fault is detected. If there is more
than one fault detected by the original test sequence at a single simulation time,
then only one of them is considered as a target fault. Test vectors that detect the
target fault are restored and concatenated to the compacted test set. SIFAR may
not restore test vectors for all the faults in a single pass i.e., some of the faults may
remain un-detected. Such faults are considered in the subsequent passes of SIFAR.
The algorithm is iterated as many times as required to restore test vectors for all
the faults, i.e., to restore the fault coverage. Most of the benchmarks required only

two passes to restore the fault coverage as most of the faults are detected at more
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than one instant during fault simulation of the test set.

Experimental results show that SIFAR produces more compact test sets than
SECO in almost all the cases with a considerable reduction in CPU time. SIFAR
when compared with REST-SO64 gave better level of compaction and CPU time.
However, it gave better level compaction as compared to ROR [15] for most of the
circuits, but its CPU time exceeded to that of ROR in most of the cases. This is
due to the fact that SIFAR is implemented using PROOFS [39], while ROR uses
HOPE [29] for fault simulation. HOPE is twice as fast as PROOFS [14]. In addition,
results of ROR and SIFAR are reported on different machines so direct comparison
is not possible. Later, Linear Reverse Order Restoration and MISC [13] performed

better than SIFAR, in terms of compaction quality.

2.12 Iterative Approach

Given a test sequence T that is composed of n self-synchronizing subsequences, iter-
ative algorithms, such as genetic, tabu search, and simulated annealing algorithms,
can be used to reorder the n subsequences such that some of them are shortened or
eliminated. The optimization problem can be formulated as follows.

Given:
1. Set of faults F',

2. Test sequence T composed of a set of n self-synchronizing subsequences, and
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Figure 2.7: Detection Matrix

3. Detection matrix for 7.
Objective:

Order the n subsequences in 7" such that the test length, i.e. the sum of the

effective test lengths of all subsequences, is minimum.

The detection matrix is an n X m integer matrix, where n is the number of
subsequences and m is the number of faults. If S; detects f;, then the entry (i,7)
corresponds to the first detection time of the fault. On the other hand, if S; does
not detect f;, the entry (4,7) is zero. The effective test length of a subsequence S; is
equal to the maximum detection time for a fault in the set of faults detected by S;.

Let us consider the following example. Let T' = {Sy, Sy, S3} and F = {f1, fo, f3,
fa}. Si, S, and S3 are composed of three, five, and four test vectors, respectively.
Figure 2.7 shows the detection matrix. The test length of T is 12.

If the new order {S3, S, S1} is considered, one can see that S; is not useful any
more. This is because all the faults it detects are already detected by S; and S,.
Furthermore, the effective length of S, is reduced to 2 since f, is already detected
by S;3. As a result, the effective length of the same test sequence in the new order
is 6.
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Genetic algorithms for static compaction of test sequences were proposed in [40,
41]. They are based on the optimization model described above. The input to the
algorithms is the detection matrix, which can be easily computed using fault simu-
lation with fault dropping enabled just during the simulation of each subsequence,
during test generation process by ATPG. The self-initializing subsequences are also
found as part of the test generation process by the ATPG. A solution is encoded
as a string of integers. Every solution is assigned a fitness value that represents
the number of test vectors eliminated with respect to the original test sequence.
The adopted operators are the uniform cross-over, selection, mutation, and heuris-
tic. The heuristic operator implements a simple local optimization procedure on the
best solution. The algorithm achieved a test length reduction that varies from 50%

to 62%.

45



Chapter 3

Proposed Static Test Compaction

Techniques

This chapter details the proposed test compaction algorithms, tabulate results and
justifies their behavior. It first begins with the discussion on the proposed tech-
niques, which is followed by the limitations of Justification algorithm.

Some of the important attributes of a test set generated by any ATPG are
summarized next. These are crucial in understanding the behavior of sequential

circuit test generation and therefore contribute to efficient compaction.

e Hard-to-Detect faults are defined as those faults that are either difficult to
excite, difficult to propagate, or both [42]. Therefore, a larger subsequence
detects such faults. These faults are distributed usually towards the end of
the test set generated by the ATPG.
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e Easy-to-Detect faults, on the other hand require relatively fewer necessary
assignments on the inputs as well as on the flip-flops, therefore can be detected
by a relatively smaller subsequence [2]. Such faults are detected a number of
times during the test generation process and are evenly distributed on the time

frames generated by the test set.

e This distribution of faults points to an important fact; the subsequences for
hard-to-detect faults may produce a covering effect, thus giving a high prob-
ability of detecting easy-to-detect faults. Therefore subsequences detecting

easy-to-detect faults may be removed.

e A subsequence detecting a set of faults having relaxed state assignments can

be further reduced by an inexpensive State Traversal step, as discussed in [26].

e A set of relaxed input vectors, provides another degree of freedom. Relaxed
test vectors may merge in each other using techniques similar to [1], thereby

contributing to reduction in test size.

e Removal of subsequences is possible by increasing the fault coverage of test
vectors that have already been included in the Compacted Test Set (i.e., pre-
viously restored test vectors). Fault coverage can be increased by a number of
techniques, one way is by relaxation of subsequences. Relaxation is done by
considering all the faults detected by fully specified test set. The un-specified
bits, found by relaxation algorithm are then randomly filled. This step is re-
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iterated a fixed number of times and may result in increasing the fault coverage

of test vectors that have (previously) been restored.

This allows for detection of yet un-detected faults while keeping the size of
the compacted test set. Therefore, test vectors required for detecting those
faults (which are detected by increasing the fault coverage) can be completely

eliminated, thereby fuelling compaction.

The proposed algorithms capitalize on an efficient test relaxation technique for
sequential circuits [19]. The relaxation algorithm returns the relaxed assignment on
inputs as well as on the flip-flops of the circuit, targeting all the (yet un-detected)
faults, in a single time frame. The relaxation technique has the advantage of CPU
time saving on simulation based techniques, when it comes to restoring the self-
initializing subsequences. As observed in all the algorithms, the self-initializing
subsequence requires a good number of fault simulations and therefore consumes a
high percentage of the overall execution time of the algorithm. The proposed tech-
niques capitalize on relaxed state assignments (produced by the algorithm in [19])
which returns the self-initializing subsequence by simply locating the time frame
having all un-specified states.

In this work, a number of algorithms are proposed. The algorithms encompass
all the attributes of Static Compaction algorithms, discussed earlier in this chapter

and are based on Test Relaxation algorithm, which is their novelty. The proposed
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algorithms include the following:

1. Linear-Reverse-Order-Restoration based on Test Relaxation (RX-LROR).

2. Merging Restoration (MR) based on Test Relaxation.

3. Linear-Reverse-Order-Restoration using State Traversal (ST) algorithm. State
Traversal has also been implemented in two ways, referred as ST and ST2.
Their implementation with RX-LROR is referred as RX-LROR-ST and RX-

LROR-ST2.

4. A hybrid scheme comprising of RX-LROR-ST and Relaxation of compacted

test set is referred as Hybrid-I.

5. A hybrid scheme comprising of Hybrid-I followed by MR. This is referred as

Hybrid-II.

6. Linear-Reverse-Order-Restoration (RX-LROR-ST) based on increasing the Fault

Coverage of subsequences is referred as SFC-LROR.

7. A hybrid scheme comprising of SFC-LROR and MR is referred as Hybrid-III.

8. Merging Restoration based on increasing the Fault Coverage of subsequences

is referred as SFC-MR.

9. The iterative versions of these algorithms are prefixed by ITE, followed by

their respective reference.
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3.1 Linear-Reverse-Order-Restoration based on Test

Relaxation (RX-LROR)

The algorithm follows the same flow as the one proposed by Guo et al. [15]. The key
difference in between the two algorithms lies in restoration of test vectors. As men-
tioned earlier, LROR, [15] uses fault simulation targeting a group of faults, and keeps
on restoring test vectors until all the faults are detected. However, the proposed
algorithm uses Test Relaxation [19] to restore test vectors.

Similar to LROR [15] implementation, the proposed algorithm doesn’t include
new faults into the target fault set during subsequence restoration, while restoring
test vectors for a group of faults in a single time frame.

Algorithm 3.1 illustrates our implementation of the Reverse-Order-Restoration
technique based on test relaxation. Let’s suppose that the size of the test set to be
compacted T, is of length I. We denote the compacted test set as C; initially C' = ().
The Good and Faulty states are S, and Sy, respectively. Given a time frame ¢, we
denote the set of faults detected at i by F;. We also denote the required flip-flop

values for justifying the faults F; by (S,/Sf)..

i

Fiarger holds all the faults detected
by T.
Let S; and S; indicate the flip-flop values (required or reached) at time frame

¢ and j, respectively. Then, the state justification requirements of S; are covered

by those of S;, if S; D S;. For e.g., let S; be 1X and S; be 10. Then, S; O 5;
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and this means that the required values on S; are satisfied by S;. Finally, & is a
concatenation operator.

Algorithm 3.1 starts by restoring a self-synchronizing sequence of length k vec-
tors, where k is user-specified. Then, it starts the restoration process from the last
time frame in the test sequence in which some faults are yet un-detected. Test
restoration is shown in Algorithm 3.2. A test subsequence for a set of faults is re-
stored by justifying the required values for detecting the faults frame-by-frame. The
restoration process of the test subsequence terminates if the required values on the
flip-flops at a time-frame are all X’s or are covered by the flip-flop values reached by
the previously restored sequence. It should be noted that (S,/S;) holds the states
for all undetected faults that reached to the flip-flops after fault simulation in step 3
of algorithm 3.1. On the other hand (S,;/Sy),, shown in Algorithm 3.2 indicates the
required good and faulty values for time frame . However, it should be observed
that the good and faulty values in (S,/Sy), and (S,/Sf) are compared only with
respect to the faults being justified i.e. F;.

Once a test subsequence is restored, an attempt to reduce its size is made by
State Traversal algorithm, which is discussed in the next subsection. Finally, the
reduced subsequence is concatenated to the previously restored sequence and only
the concatenated sequence is fault simulated, and detected faults are dropped. The

process continues until all the faults are detected.

LROR [15] used 20 test vectors as synchronizing sequence in case of test size
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Algorithm 3.1 Reverse Order Restoration (RX-LROR)

1. Fault Simulate the circuit using the given test set.
Collect the detection time of each fault.

2. Restore the first £ test vectors as a synchronizing
sequence from the given test set 7.  C={vy,v9,v3,.....0x }.

3. Fault simulate the restored sequence C' and drop all
the faults detected from Fj,,4er. Store the (S,/Sy)
values of all the flip-flops for all undetected faults.

4. if (Fiarget = 0) Return C else Go to Step 5.

5. V = Test Restoration(n, F;,), where n is the last
time frame having undetected faults.

6. C=C & V; Go To Step 3.

Algorithm 3.2 Test Restoration (n,F),)

1. Let : = n, and V = () be the sequence currently
restored.

2. (S4/Sy), = Justify(F;,i) and let j = i.

3. while(((S,/Sy); # X) and ((Sy/Sy); 2 (S4/51))) {
V=V;&V //add current time frame to V

j=j—1 //move back single time frame

(Sy/Sf); = Justify(F;, j)  //get the required
//values for all flip-flops in this time frame
} //end while

4. Return(V)
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more than 300 vectors and [/16 otherwise. In our implementation of RX-LROR,
the synchronizing sequence is kept the same for a fair comparison. During cost
function computation for flip-flops, it applies a multiplicative weight of 10.

The results of proposed RX-LROR are shown in table 3.1 and is compared with
LROR [15], on STRATEGATE [8] test sequences. It can be seen that the proposed
algorithm has performed better in terms of CPU time than LROR [15] both in
one-shot and iterative versions. The one-shot version of the proposed algorithm has
shown better results than LROR [15] on 10 out of 16 circuits. It resulted in longer
test sequences for few circuits (specifically s444, s526, s1423 and s5378), due to which
the overall savings are lesser than LROR [15]. This deviation in performance is due
to current limitations of used justification algorithm, the limitations and possible
solutions are discussed in section 3.6. The next two columns compare the iterative
versions of two algorithms. Iterative version of proposed RX-LROR keeps on re-
iterating until results are not improved in four consecutive iterations. However, the
iterative version of LROR [15] stops as soon as a single iteration is unable to reduce
the test size. From table 3.1, it can be seen that LROR [15] has performed better on
11 out of 16 circuits with higher overall savings. It can be noticed that the proposed
RX-LROR has suffered from quick saturation and is unable to reduce the test size

for many circuits.
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Table 3.1: Compaction Results of proposed RX-LROR on STRATEGATE Test
Sequences.

ITE ITE
LROR [15] RX-LROR LROR [15] RX-LROR
Ckt TS TS (sec) TS (sec) TS (sec) TS (sec)
5298 194 | 138 (0.14) 152 (0.06) 112 (0.74) 152 (0.24)
5344 86 62 (0.09) 44 (0.03) 51 (0.18) 44 (0.12)
5382 1486 | 606 (1.49) | 593 (0.26) | 545 (4.26) 593 (0.86)
sdd4 1945 | 642 (2.15) | 839(0.38) | 607 (5.48) 839 (1.26)
5526 2642 | 1269 (8.86) | 1855 (0.67) | 1269 (67.81) | 1854 (3.34)
5641 166 | 118 (0.13) 133 (0.07) 117 (0.32) 133 (0.33)
s713 176 | 139 (0.16) | 115 (0.07) | 103 (0.61) 114 (0.43)
5820 500 | 489 (0.79) | 469 (0.27) | 471 (1.94) 457 (2.44)
5832 701 543 (0.89) 534 (0.31) | 443 (4.5) 462 (2.35)
s1196 574 | 277 (0.28) 268 (0.3) 260 (1.2) 266 (1.26)
51238 625 | 285(0.31) | 268 (0.33) | 270 (1.09) 266 (1.68)
51423 3043 | 1031 (12.87) | 1287 (3.14) | 836 (50.43) | 1171 (12.26)
51488 593 501 (1.79) | 466 (0.56) | 474 (14.89) 466 (2.54)
51494 540 | 468 (1.71) | 453 (0.52) | 422 (21.92) | 445 (3.36)
s5378 | 11481 | 677 (38.71) | 760 (45.34) | 585 (71.55) | 690 (85.67)
$35932 | 257 | 137(56.93) | 131 (20.8) | 137 (119.76) | 125 (128.7)
Total (sec) | 25999 | 7382 (127.27) | 8367 (73.11) | 6702 (366.68) | 8077 (246.84)

3.2 RX-LROR with State Traversal

State traversal is implemented in two ways, we refer to it as ST and ST2. This

section discusses the two algorithms and shows experimental results.

3.2.1 State Traversal

The state traversal algorithm is called after a sequence is restored and is shown in
Algorithm 3.3. In Algorithm 3.3, it is assumed that the restored subsequence V,
consisting of n vectors, detects F;, faults. It is also assumed that 7 and j are variables

corresponding to time frames ¢ and 7, respectively.
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Initially, during restoration, the algorithm stores for each fault the S,/Sy re-
quirements that have to be justified in previous time frames. Next, for each time
frame j, the algorithm checks for the earliest possible time frame ¢ such that the
justification requirements of time frame j are satisfied by the justification require-
ments of time frame ¢. If such a time frame ¢ is found, then the vectors from i to
j — 1 are redundant and can be removed.

Algorithm 3.3 is illustrated in Fig. 3.1. As shown in Fig. 3.1, the algorithm stores
Sy/ Sy for each fault in a list. Since, (S,/Sf), 2 (S4/S¢), for fault fi, thus the state
requirements at time frame 4 are satisfied by the state requirements at time frame
2. Therefore, test vectors 2 and 3 can be removed from the restored subsequence
without affecting the fault coverage. It should be observed that algorithm 3.3 takes
into account all the faults in F,, when comparing (S,/Sf) values. Therefore, the
algorithm removes redundant vectors, just by state comparison without doing any

additional fault simulation.

Algorithm 3.3 State Traversal(V,F,,)
1. Let =2 and j=n.
2. while(j > 2) {
if((for each fault k € F,, ((S;/S¢)i € (S4/S¢)))){
Clip Vectors V; to V;_; from V

j=i-l;i=2}
else if(i < j—1) i+ +
else {j——i=2}

} // End while
3. Return (V).

The modified RX-LROR with State Traversal is shown by algorithm 3.4, which
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Figure 3.1: Compaction by State Traversal Algorithm.

refines the restored subsequence before appending it to the compacted test set.
The experimental results of proposed RX-LROR-ST are shown in table 3.2 and
are compared with LROR [15] on STRATEGATE [8] test sequences. It can be seen
that RX-LROR-ST has performed better in terms of CPU time than LROR [15],
both in one-shot and iterative versions. It should also be noticed that State Traversal
has shown significant reductions and results have improved in comparison to RX-
LROR, shown in table 3.1, at the expense of a very small penalty of CPU time.
The one-shot version of RX-LROR-ST has shown better results than LROR, [15]
on 10 out of 16 circuits. It resulted in longer test sequences for few circuits (again
due to current limitations of justification algorithm), due to which the overall savings

are lesser than LROR [15]. The next two columns compare the iterative versions of
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Algorithm 3.4 Reverse Order Restoration with State Traversal

1. Fault Simulate the circuit using the given test set.
Collect the detection time of each fault.

2. Restore the first £ test vectors as a synchronizing
sequence from the given test set T.  C={vy,v9,03,.....01 }.

3. Fault simulate the restored sequence C' and drop all
the faults detected from Fj,,4e;. Store the (S,/Sy)
values of all the flip-flops for all undetected faults.

4. if (Fiarget = 0) Return C else Go to Step 5.

5. V' = Test Restoration(n, F,), where n is the last
time frame having undetected faults.

6. V' = State Traversal(V, F},)

7. C=C & V; Go To Step 3.

the two algorithms. Similar to [ITE-RX-LROR, Iterative version of RX-LROR-ST
keeps on re-iterating until results are not improved in four consecutive iterations.
From table 3.2, it can be seen that ITE-LROR [15] has performed better on 11 out
of 16 circuits with higher overall savings. It can be noticed again that ITE-RX-
LROR-ST has also suffered from quick saturation and is unable to reduce the test

size for many circuits.

3.2.2 State Traversal-2

It can be observed from the results of RX-LROR-ST that for some of the circuits,
the algorithm increased the size of compacted test set, as compared to the test
size achieved by RX-LROR, the fact is highlighted by table 3.3. The behavior is
shown by circuits s382, s641, s713, s1423 and s1488. This points to the fact that

some of the faults have their subsequence completely or partially inside test vectors,
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Table 3.2: Compaction Results of RX-LROR-ST on STRATEGATE Test Sequences

ITE ITE
LROR [15] RX-LROR-ST LROR [15] RX-LROR-ST
Ckt TS TS sec TS sec TS sec TS sec
$298 194 138 0.14 134 0.05 112 0.74 134 0.24
s344 86 62 0.09 44 0.05 51 0.18 44 0.21
$382 1486 | 606 1.49 625 0.35 545 4.26 625 1.25
s444 1945 | 642 2.15 668 0.39 607 5.48 668 1.26
$526 2642 | 1269 886 | 1385  0.81 1269 67.81 | 1385  2.76
s641 166 118 0.13 157 0.12 117 0.32 134 0.7
s713 176 139 0.16 134 0.09 103 0.61 107 0.86
s820 590 489 0.79 466 0.41 471 1.94 447 1.84
s832 701 543 0.89 470 0.44 443 4.5 469 2.17
s1196 574 277 0.28 | 268 0.38 260 1.2 266 1.43
$1238 625 285 0.31 | 268 0.41 270 1.09 266 1.88
s1423 | 3943 | 1031 12.87 | 1327 2.75 836 50.43 | 1271 11.43
s1488 593 501 1.79 479 0.72 474 14.89 474 5.36
s1494 540 468 1.71 401 0.77 422 21.92 401 3.22
s5378 | 11481 | 677 38.71 | 710 45.02 585 71.55 659 81.84
$35932 | 257 137 56.93 | 131 22.15 137  119.76 | 125 134.85
Total | 25999 | 7382 127.3 | 7667 74.91 | 6702 366.68 | 7475 251.3

clipped by ST. Therefore, fault-simulation phase is not able to detect those faults,
hence test vectors have to be restored again. This results in redundancy of test
vectors and therefore, overall size of the test increased in comparison to RX-LROR
implementation.

This observation motivated the development of State Traversal-2 (ST-2), which
is shown in algorithm 3.5. It follows the same steps as ST with a difference that
it removes vectors if no fault is detected within those vectors. This heuristic was
found experimentally useful in reducing the overall restored test sequence by state
traversal and not resulting in longer test sequences.

The performance of different versions of RX-LROR is compared in Table 3.3. For
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Algorithm 3.5 State Traversal-2(V,F,, Fiarget)

1. Let =2 and j=n.
2. while(j > 2) {
if((for each fault k € F,, ((S,/S¢): C (S4/S¢);)) &
(No fault € Fygpger detected in Time Frames i to j — 1)){
Clip Vectors V; to V;_; from V'

j=i-1; =2}
else if(i < j—1) i+ +
else {j——i=2}

} // End while
3. Return (V).

the circuits mentioned earlier, which resulted in higher test size by RX-LROR-ST
than RX-LROR, it can be noticed that RX-LROR-ST2 has reduced the test size
of s641, s713 and s1488. However, it is unable to reduce the test size of s382 and
s1423. Tt should be noticed that the overall savings of RX-LROR-ST are highest,
which is due to 526, for which RX-LROR-ST2 increased the size significantly rather
than reducing it. In terms of CPU time, it should be noticed that different imple-
mentations of State Traversal algorithm are inexpensive and contribute to test size
reduction.

The overall performance of RX-LROR-ST2 in comparison to LROR [15] is shown
in Table 3.4. It can be noticed that one-shot RX-LROR-ST2 has performed better
than LROR [15] on 10 out of 16 circuits. However, LROR [15] performed signifi-
cantly better on s526 and s1423 (limitations of justification algorithm), due to which
it resulted in higher overall savings than RX-LROR-ST2. However, the iterative ver-

sion of LROR [15] has shown better performance on 12 out of 16 circuits with higher

59



overall savings. It can be noticed that I[TE-RX-LROR-ST2 has also suffered from

quick saturation, and for many circuits it is unable to reduce the test size.

Table 3.3: Different versions of State Traversal on STRATEGATE Test Sequences

RX-LROR | RX-LROR-ST | RX-LROR-ST2
Ckt TS TS sec TS sec TS sec
$298 194 152 0.06 134 0.05 152 0.06
s344 86 44 0.03 44 0.05 44 0.04
$382 1486 | 593  0.26 625 0.35 625 0.26
s444 1945 | 839 0.38 | 668 0.39 614 0.36
$526 2642 | 1855 0.67 | 1385 0.81 1890 0.67
s641 166 133 0.07 | 157 0.12 119 0.08
s713 176 115 0.07 | 134 0.09 112 0.08
s820 590 469  0.27 | 466 0.41 456 0.29
$832 701 534  0.31 470 0.44 498 0.36

s1196 574 268 0.3 268 0.38 268 0.31

s1238 625 268 0.33 | 268 0.41 268 0.36

s1423 | 3943 | 1287 3.14 | 1827 2.75 1528 2.72

$1488 593 466  0.56 | 479 0.72 453 0.56

s1494 540 453  0.52 | 401 0.77 434 0.57

sb378 | 11481 | 760 45.34 | 710 45.02 726 45.87

$35932 | 257 131 20.8 131 22.15 131 21.85

Total | 25999 | 8367 73.11 | 7667 74.91 | 8118 74.44

3.3 Merging Restoration

Merging Restoration (MR) follows the same flow as Algorithm 3.1 and is shown as
algorithm 3.6. It takes advantage of the unspecified assignments at the inputs of the
extracted subsequence and merges it with previously restored subsequences rather
than concatenating it.

The idea of merging is similar to the one proposed by Roy et al. [1]. The sub-
sequences can be merged in different ways i.e., from Start and End. Merging from
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Table 3.4: Performance of RX-LROR-ST2 on STRATEGATE Test Sequences

ITE ITE
LROR [15] RX-LROR-ST?2 LROR [15] RX-LROR-ST?2
Ckt TS TS sec TS sec TS sec TS sec
$298 194 138 0.14 152 0.06 112 0.74 152 0.25
s344 86 62 0.09 44 0.04 51 0.18 44 0.18
$382 1486 | 606 1.49 625 0.26 545 4.26 622 1.13
s444 1945 642 2.15 614 0.36 607 5.48 614 1.12
$526 2642 | 1269 8.86 | 1890 0.67 1269 67.81 | 1714 3.36
s641 166 118 0.13 119 0.08 117 0.32 118 0.57
s713 176 139 0.16 112 0.08 103 0.61 111 0.5
$820 590 489 0.79 456 0.29 471 1.94 428 1.98
s832 701 543 0.89 498 0.36 443 4.5 460 2.44
s1196 574 277 0.28 | 268 0.31 260 1.2 266 1.34
$1238 625 285 0.31 | 268 0.36 270 1.09 266 1.8
s1423 | 3943 | 1031 12.87 | 1328 2.72 836 50.43 | 1207 11.93
s1488 593 501 1.79 453 0.56 474 14.89 423 4.36
s1494 540 468 1.71 434 0.57 422 21.92 434 2.53
sh378 | 11481 | 677 38.71 | 726 45.87 585 71.55 651 92.97
$35932 | 257 137 56.93 | 131 21.85 137 119.76 | 125 132.9
Total | 25999 | 7382 127.3 | 8118 74.44 | 6702 366.68 | 7635 259.36

Start is shown by Algorithm 3.7. It checks the compatibility of the two test se-
quences (currently restored V' and compacted test set ('), and tries to merge the
two test sequences starting from the last test vectors of V' and C' towards the be-
ginning of the test sequences. Merging from End, on the other hand is exactly the
opposite, it checks the compatibility of the two test sequences C' and V', and tries to
merge the two sequences starting from the first test vectors towards the end of the
test sequences. The flow chart of the algorithm is shown in Fig. 3.2. Similarly, an-
other scheme uses a more greedy heuristic and decides on merging the subsequence
wherever savings are higher. However, experimental results showed that Merging

from Start gave overall best results. Therefore, our work uses Merging from Start
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only. State traversal (ST) is not applied in MR as higher compaction is achieved

without it.

Algorithm 3.6 Merging Restoration

1. Fault Simulate the circuit using the given test set.
Collect the detection time of each fault.

2. if (C' # () Fault simulate the restored sequence C' and drop all
the faults detected from Fi,; get-

3. if (Flarget = 0) Return C else Go to Step 4.

4. Let ¢ = n, where n is the last time frame having
undetected faults. Let V' = () be the sequence
currently restored.

5. (Sy/Sy), = Justify(F;,i) and let j = i.

6. while ((5,/5;); # X) {
V=V;,&V //add current time frame to C
j=j—1 //move back single time frame
(Sg/Sr); = Justify(F;, j)  //Get the states for all

//flip-flops reached in this new time frame

} //end while

7. C = MergeStart (C,V); Go To Step 2.
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Algorithm 3.7 MergeStart (C,V)

1. Let n, and n, be the number of test vectors in C
and V.
2. if (n. < n,) swap C with V" and n, with n,,.
3. Let i=last test vector in C', SM=i
4. Let j=last test vector in V'
5. if (i > 1)
while(j > 1 and i > 1) {
if (C[i] and V[j] are compatible) { j = j-1; i = i-1;
ifi =0 OR j = 0) Merge C and V, starting from
C[SM] and V[n,]
} // end if
else { SM = SM-1; i = SM
goto step 4 } //breaking the while loop
} // end-while
6. else C =V & C

7. Return(C)
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Merging from Bottom

Relaxedinputs---  “to be merged array”
FinalSS--- “Final Test set”
Start Merging  --- “Starting Point”
numSS---  “number in Relaxed|nputs’
numQriginal  --- “number in Final SS’

A4

numssS = endsim
Start Merging = 0
i =j =0 (loop counters)

IsMergingPossible
(Relaxedinputs[i], Final SS[j])

i=0
Start_Merging++
j=Start_Merging

i++
j+H+
K

Yes

j< numob

No

Failure Success

Start_Merging = numOrigina + 1

) ]
return(Start_Merging) return(Start_Merging)

Figure 3.2: Merging from End

Table 3.5 shows the performance of MR and compares it with LROR [15] and
the proposed RX-LROR algorithms. It can be seen that MR has performed better
on only 3 out of 16 circuits compared to LROR [15] and our implementations of RX-

LROR, with significantly higher CPU time. Our experimental analysis has shown
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that MR has the potential of squeezing the size of test set and significant savings are
possible if it is applied after RX-LROR, as it gives another level of freedom to the

test compaction procedures. This is discussed in the subsection on Hybrid schemes.

Table 3.5: MR on STRATEGATE test sequences

LROR [15] RX-LROR RX-LROR-ST?2 MR
Ckt TS TS sec TS sec TS sec TS sec
$298 194 138 0.14 152 0.06 152 0.06 154 0.08
s344 86 62 0.09 44 0.03 44 0.04 61 0.06
$382 1486 606 1.49 593 0.26 | 625 0.26 567 0.28
s444 1945 642 2.15 839 0.38 614 0.36 1029  0.39
$526 2642 | 1269 886 | 1855 0.67 | 1890 0.67 1669  1.07
s641 166 118 0.13 133 0.07 119 0.08 148 0.67
s713 176 139 0.16 115 0.07 | 112 0.08 140 0.59
s820 590 489 0.79 469 0.27 | 456 0.29 531 3.38
$832 701 543 0.89 534  0.31 | 498 0.36 568 3.39
s1196 574 277 0.28 268 0.3 268 0.31 242 1.86
s1238 625 285 0.31 268 0.33 268 0.36 248 2.25
s1423 | 3943 | 1031 12.87 | 1287 3.14 | 1328 2.72 1650 27.61
$1488 593 501 1.79 466 0.56 | 453 0.56 533 5.46
s1494 540 468 1.71 453 0.52 | 434 0.57 501 4.88
s5378 | 11481 | 677 38.71 | 760 45.34 | 726 45.87 1549 231.73
$35932 | 257 137 56.93 | 131  20.8 131 21.85 188  380.7
Total | 25999 | 7382 127.3 | 8367 73.11 | 8118 74.44 9778 664.4

After a single run of MR Algorithm, there is a large percentage of un-specified
bits. These bits can be randomly filled for subsequent iterations.

The large CPU time of MR can be understood by comparing the number of
subsequences restored by MR and RX-LROR-ST2, which is shown in Table 3.6. It
can be seen that MR restores higher number of subsequences than RX-LROR-ST2.
It is because of the fact that the restored subsequences are un-specified and result

in detection of lesser number of faults than a subsequence of same size but having
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specified bits. This coupled with the fact that the merged subsequences need to be
fault simulated in contrast to fault simulating only the newly restored subsequence,
which results in comparatively higher number of fault simulations (in case of MR

than RX-LROR algorithms). This in turn increases the time taken by MR.

Table 3.6: Number of Subsequences restored by MR and RX-LROR-ST2 on
STRATEGATE test sequences

MR RX-LROR-ST2

Ckts | No. of SS No. of SS
s298 8 6
s344 18 6
s641 65 9
s713 72 15
$820 87 29
s832 88 25
s1196 192 147
s1238 207 150
$1488 65 16
s1494 62 16
$5378 132 49
$35932 35 7
Total 1031 475

3.4 Hybrid Schemes

In this section we propose two hybrid schemes, which reduce the inherent limitation

of Vector Restoration algorithms of quick saturation and are found useful when these

algorithms are re-iterated.

Hybrid-I is composed of two primary steps. In the first step (step-I), the proposed

RX-LROR-ST?2 algorithm (Algorithm 3.4) is run for two iterations and if there is
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any reduction in test sequence length in any of these two iterations, the algorithm
runs for one more iteration/improvement. The algorithm re-iterates by running an
extra iteration as long as the last iteration reduces the test sequence length. This
step is followed by Test Relaxation [19] and randomly filling the un-specified bits
(using 1 as seed), which forms the second step of Hybrid-I (step-II) of Hybrid-I.
Test Relaxation and random filling (step-IT) change the composition of test set,
while maintaining its fault coverage. This helps moving the algorithm out of local
minima and the search space is therefore increased. Furthermore, it allows RX-
LROR-ST2 to re-iterate far longer and partially replaces almost every test vector
at a very low cost of CPU time. Step-II is again followed by step-I and the process
continues (step-I followed by step-II) until four consecutive iterations are unable to
reduce the test size.

Hybrid-II is based on the intuition that merging of relaxed subsequences (MR)
gives another level of freedom to test compaction, therefore it may further squeeze
the size of test set, if applied after Hybrid-I. As mentioned previously, MR requires
comparatively large number of fault-simulations than RX-LROR. This drawback
makes it vulnerable to large sized test set in terms of CPU time.

Hybrid-IT is proposed to keep the advantages offered by MR, while restricting
its limitations. It applies MR to the solution found by Hybrid-I. In this algorithm,
MR is applied once and is re-iterated until each pass of MR does not further reduce

the size of test set. Similar to Hybrid-I, it uses 1 as a seed, to randomly fill the
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un-specified bits of the test set during first iteration, and in subsequent iterations it

adds 50 to the previous value of seed.

Table 3.7: Hybrid Schemes on STRATEGATE Test Sequences

STRATEGATE Test Sequences

ITE ITE ITE ITE ITE
LROR [13] SIFAR [14] MISC [13] Hyb-I Hyb-II
Ckt TS TS sec TS sec TS sec TS sec TS sec
$298 194 125 0.6 112 0.4 98 3.2 106 1.56 89 1.83
$344 86 47 0.1 48 0.2 43 0.4 48 0.45 48 0.51
$382 1486 | 524 3.3 498 5.6 507 17.8 603 3.34 595 3.71
s444 1945 | 461 7.9 454 7.2 455 31.3 621 4.71 614 5.24
$526 2642 | 945 26.6 975 8.9 884 209.8 | 1605 14.27 | 1483 15.95
s641 166 78 0.5 87 0.4 63 1.7 68 2.14 68 2.32
s713 176 72 0.6 94 1.1 60 0.8 64 2.02 64 2.23
$820 590 394 6.4 388 6.5 335 15.2 377 22.17 376  26.24
s832 701 458 8.8 435 4.5 368 14 418 19.32 401  24.95
s1196 574 221 1.7 237 3.4 216 3.2 213 38.49 184  46.63
s1238 625 222 2.6 251 1.5 222 3.6 222 33.88 190 40.7
s1423 | 3943 | 843 108.3 | 778 113 702 469.2 | 1096 114.11 | 1096 128.98
$s1488 593 343 27.1 312 8.8 364 394 362 17.72 361  28.56
$1494 540 297 33.8 313 6.8 296 72.6 408 11.65 403  22.49
sh378 | 11481 | 711  339.4 | 597 89.5 583 2148 586  401.38 | 586 473.16
$35932 | 257 110 7523 | 152 290 101 1177 133  875.76 | 133 1002.7
Total | 25999 | 5851 1320 | 5731 547.8 | 5297 4207.2 | 6930 1562.97 | 6691 1826.2

The Hybrid schemes are compared with ITE-LROR [13], ITE-MISC [13] and

ITE-SIFAR [14] on STRATEGATE and HITEC test sequence in Table 3.7 and

Table 3.8, respectively.

Considering STRATEGATE test sequences shown in Table 3.7, it can be noticed

that ITE-Hybrid-T has performed better on 7 out of 16 circuits than ITE-LROR [13],

while 1 resulted in a draw, the CPU time of the two algorithms is comparable. When

compared to ITE-SIFAR [14], ITE-Hybrid-I has again performed better on 9 out of
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Table 3.8: Hybrid Schemes on HITEC Test Sequences

HITEC Test Sequences
ITE ITE ITE ITE
LROR [13] MISC [13] Hyb-I Hyb-II
Ckt TS TS sec TS sec TS sec TS sec
$298 322 109 0.8 97 1.1 161 1.27 143 1.43
$344 127 47 0.1 47 0.5 45 0.9 45 0.93
$382 2074 | 288 2.1 279 77.5 871 4 864 4.47
s444 2240 | 343 2.3 302 22.4 821 7.26 634 7.96
$526 2258 | 404 9.3 352 31.8 1326 20.09 | 1326  20.67
s641 209 63 1 72 1.2 66 3.07 66 3.24
s713 173 74 0.7 74 1 71 2.27 71 2.47
$820 1115 | 578 13.8 432 28.3 489 24.85 488 28.19
s832 1137 | 562 8.3 383 64 497 18.29 495 22.46
s1196 435 226 2.3 223 2.5 214 35.98 180 42.01
s1238 475 227 1.9 225 1.9 218 44.15 184 49.6
s1423 150 111 1.1 110 1.6 138 2.88 131 5.2
s1488 1170 | 571 10.4 572 354.6 | 650 41.2 648 50.52
$1494 1245 | 540 9.1 492 274 616 57.19 611 68.66
$5378 912 245 108.1 | 271 189 262 89.46 262  107.83
$35932 496 142 227.8 | 117 1158 187  1039.5 159  1879.1
$3271 709 555 24.6 443 265 682 51.77 366 95.11
$3384 161 104 11.6 92 13.1 104 16.9 75 19.4
s4863 518 302 20.5 315 25.6 272 376.45 | 140 419.1
Total (sec) | 15926 | 5491 455.8 | 4898 2513.1 | 7690 1837.48 | 6888 2828.35

16 circuits, while 1 resulted in a draw. In comparison to ITE-MISC, it has performed

better on 2 out of 16 circuits, while one circuit resulted in a draw. ITE-MISC has

achieved higher overall savings, but its CPU time is significantly higher.

Similarly, it can be noticed from Table 3.7 that ITE-Hybrid-IT has performed
better on 8 out of 16 circuits than ITE-LROR [13]. In comparison to ITE-SIFAR [14],
ITE-Hybrid-II has again performed better on 9 out of 16 circuits, while 1 resulted
in a draw. However, ITE-MISC has performed better on 12 out of 16 circuits but

the CPU time is again significantly higher than that of ITE-Hybrid-II. ITE-Hybrid-
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I and ITE-Hybrid-II resulted in longer test sequences for few circuits (specifically
s444, 526, s1423 and s1494), due to which the overall savings are lesser than the
three algorithms. This deviation in performance is due to current limitations of
used justification algorithm, the limitations and possible solutions are discussed in
section 3.6.

Next, these algorithms (other than ITE-SIFAR) are compared on HITEC test
sequences. As Table 3.8 shows, ITE-Hybrid-I has performed better than ITE-
LROR [13] on 7 out of 19 circuits while 1 circuit resulted in draw. In comparison
to ITE-MISC, it has performed better on 7 circuits. However, these results are
improved by ITE Hybrid-II. It can be seen that ITE-Hybrid-IT has shown better
results than ITE-LROR [13] on 9 out of 19 circuits and higher overall savings than
ITE-Hybrid-I. While comparing to ITE-MISC [13], it has shown better performance
on 9 out of 19 circuits. The effect of ITE-Hybrid-II is even more pronounced for
the circuits s3271, s4863 and s3384. The overall savings are lesser because of few
circuits (8382, s444, s526 and s1494), these circuits resulted in longer test size (see

section 3.6).
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3.5 Subsequence Fault Coverage Increasing based

Compaction

In this section, we propose a modification to the RX-LROR compaction algorithm
(Algorithm 3.4) to maximize its effectiveness in producing more compacted test
sequences.

In this algorithm, instead of only concatenating the restored test vectors for a
group of faults, as is done by RX-LROR class algorithms, the currently restored
subsequence is first relaxed and then the un-specified bits are randomly filled to
increase the fault coverage of restored test sequence. This leads to the complete
removal of those subsequences that are otherwise needed to detect the un-detected
faults (by increasing the fault coverage). Intuitively this approach (SFC-LROR)
seems to achieve compaction quality of RX-LROR based schemes, as a worst-case.

Fig. 3.3 illustrates the behavior of SFC-LROR in comparison to RX-LROR. RX-
LROR restores the test sequence (6, 7) to detect the faults f3 and f10, and the test
sequence (11, 12) to detect faults 5 and £6. On the other hand, SFC-LROR detects
these faults in earlier test sequences. SFC-LROR increases the fault coverage of the
test sequence (1, 2, 3) to detect f3. Similarly, the test sequence (4, 5) detects the
faults f5 and f10, and the test sequence (8, 9, 10) detects the fault {6, in addition to
previously detected faults. Hence, SFC-LROR restores lesser test sequences giving

higher level of compaction.
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Figure 3.3: Compaction by Subsequence Fault Coverage Increasing LROR (SFC-
LROR)

3.5.1 Subsequence Fault Coverage Increasing LROR

The proposed algorithm is called subsequence fault coverage increasing LROR (SFC-
LROR) and is shown as Algorithm 3.8. It follows the same steps as RX-LROR-ST2,
Algorithm 3.4, with a difference that after concatenating the newly restored test
sequence to the compacted test set, relaxation algorithm [19] is called to return
the un-specified input assignments on the currently compacted test set. This step
is followed by randomly filling the un-specified inputs. Randomly filling the un-
specified inputs is essentially used for increasing the fault coverage as more faults
can be detected, which could lead to reducing the number of restored test sequences.
These two steps, Relaxation followed by Random filling are done once each time a
test sequence is restored and if the fault coverage of the compacted test sequence
increases, the process is repeated.

The performance of SFC-LROR is shown in tables 3.9 to 3.12. Table 3.9 shows
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Algorithm 3.8 Subsequence Fault Coverage Increasing LROR

1. Fault Simulate the circuit using the given test set.
Collect the detection time of each fault.
2. Restore the first £ test vectors as a synchronizing
sequence from the given test set T.  C={vy,v9,03,.....01 }.
3. Fault simulate the restored sequence C' and drop all
the faults detected from Fj,,4e;. Store the (S,/Sy)
values of all the flip-flops for all undetected faults.
4. if (Fiarget = 0) Return C else Go to Step 5.
5. V' = Test Restoration(n, F,), where n is the last
time frame having undetected faults.
6. V = State Traversal(V, F,, Fiarget)
7.C0=C&V;
8. while(fault coverage of C' increases & Fjgpger 7 0) {
C=Relaxation(C')
RandomFill(C) }
9. Go To Step 3.

the one-shot version of all the best known compaction schemes on STRATEGATE
test sequences [8]. In addition it shows the improvement made by SFC-LROR on
our RX-LROR-ST2 implementation. It can be seen that SFC-LROR has made
significant improvement on our implementation of RX-LROR-ST2. It has shown
improvements on 12 out of 16 circuits and overall savings are also significantly
higher. This trend is even more pronounced on HITEC [43] test sequences, shown
in Table 3.10. On HITEC test sequences, SFC-LROR has again performed better
than RX-LROR-ST2 on 15 out of 16 circuits and achieved much higher overall
savings. It is worth mentioning that this fault coverage increasing scheme is generic
and can be applied on top of any static compaction scheme. These results basically

show very strong potential that any scheme can benefit from it and may achieve
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higher level of compaction.

Table 3.9 also shows the overall performance of SFC-LROR in comparison to
the best known compaction algorithms. In comparison to LROR [15], it has shown
better results on 11 out of 16 circuits, while one resulted in a draw. In comparison to
LROR [13], it performed better on 8 out of 16 circuits. In comparison to SIFAR [14],
it performed better on 6 out of 16 circuits. MISC [13] applies vector omission on the
restored subsequences found by LROR, [13], before appending those to the compacted
test set. MISC has performed better than SFC-LROR on 10 out of 16 circuits with
higher overall savings.

Next, Table 3.10 shows the performance of various compaction schemes on
HITEC [43] test sequences. In comparison to SECO [36], SFC-LROR has performed
better on all 16 circuits with savings well over 1700 test vectors. In comparison to
SIFAR [14], it has performed better on 8 out of 16 circuits. In comparison to
LROR [13], it has performed better on 9 out of 16 circuits. Finally, MISC has again
shown better results than SFC-LROR on 10 out of 16 circuits with higher overall
savings.

Hybrid-III is another powerful compaction scheme, which combines SFC-LROR
and MR. The algorithm re-iterates SFC-LROR until 4 consecutive iterations are
unable to reduce the test size. This step is followed by MR, which is reiterated
until one iteration of MR does not reduce the test size. MR is again followed by

SFC-LROR and the process continues as long as each pass (SFC-LROR followed by
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Table 3.9:

Comparison of the best known Static Compaction algorithms on
STRATEGATE Test Sequences

STRATEGATE Test Sequences

LROR [15] LROR [13] SIFAR [14] MISC [13] RX-LROR-ST2 SFC-LROR
Ckt TS TS sec TS sec TS sec TS sec TS sec TS sec
5298 194 138 0.14 125 0.2 116 0.1 123 0.2 152 0.06 150 0.19
s344 86 62 0.09 47 0 48 0.1 44 0.1 44 0.04 52 0.25
8382 1486 606 1.49 536 1.2 559 1.2 555 2.1 625 0.26 606 2.26
sd44 1945 642 2.15 577 1.3 596 1.7 459 2.4 614 0.36 677 4.1
$526 2642 1269 8.86 1069 3.7 1171 3.1 1004 6.3 1890 0.67 1445 15.22
8641 166 118 0.13 91 0.1 87 0.2 74 0.2 119 0.08 80 0.37
s713 176 139 0.16 112 0.2 125 0.2 92 0.2 112 0.08 85 0.77
8820 590 489 0.79 401 0.9 423 0.9 356 1.5 456 0.29 449 15.86
s832 701 543 0.89 475 1.4 511 1.1 375 2.9 498 0.36 444 23.19
s1196 574 277 0.28 234 0.5 251 0.6 234 0.6 268 0.31 225 16.23
s1238 625 285 0.31 244 0.5 251 0.7 244 0.8 268 0.36 228 17.17
s1423 3943 1031  12.87 964 13.5 1082 17.2 763 19.7 1328 2.72 1155 88.8
51488 593 501 1.79 363 1.6 390 1.7 370 2.7 453 0.56 456 41.92
s1494 540 468 1.71 417 5.4 408 1.7 417 9.5 434 0.57 415 34.13
s5378 11481 677 38.71 734 50.1 597 64.3 704 81.6 726 45.87 615 226.1
835932 257 137 56.93 148 195.4 186 95.9 174 159.4 131 21.85 133 105.9
Total 25999 | 7382 127.3 | 6537 276 6801 190.7 | 5988 290.2 | 8118 74.44 7215  592.46

MR) reduces the test size. The idea is illustrated by Fig. 3.4.

Hybrid-Ill

1+

Figure 3.4: Hybrid-III

Table 3.11 and 3.12 compare the iterative versions of the best reported schemes

in literature with iterative version of SFC-LROR and Hybrid-III. ITE-SFC-LROR

re-iterates until 4 consecutive iterations are unable to reduce the test size.

Table 3.11 compares the iterative versions of best known compaction algorithms
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Table 3.10: Comparison of the best known Static Compaction algorithms on HITEC
Test Sequences.

HITEC Test Sequences

SECO [36] SIFAR [14] LROR [13] MISC [13] RX-LROR-ST2 SFC-LROR
Ckt TS TS sec TS sec TS sec TS sec TS sec TS sec
5298 322 216 0.8 129 0.2 169 0.1 139 0.2 187 0.05 157 0.3
8344 127 61 0.3 50 0.1 47 0 48 0.1 54 0.06 55 0.31
8382 2074 878 6 353 1.6 430 0.8 387 1.7 890 0.44 689 3.11

s444 2240 1005 7.5 480 2 349 0.8 315 1.4 842 0.43 820 6.04

5526 2258 1526 12 649 3.2 607 1.2 370 3.3 1544 0.71 1525 15.68

s641 209 125 0.8 112 0.2 105 0.1 102 0.2 135 0.1 87 0.91
s713 173 106 0.8 93 0.2 89 0.1 88 0.1 105 0.07 68 0.91
s820 1115 790 5.9 599 1.4 598 0.7 496 1.3 631 0.5 541 24.2

5832 1137 779 6.5 597 1.5 605 0.7 484 1.4 636 0.46 548 26.98

51196 435 281 2.2 256 0.6 251 0.5 252 0.6 291 0.29 236 16.85
51238 475 303 2.7 272 0.7 266 0.5 267 0.7 302 0.29 245 19.54
51423 150 134 4.2 160 1.3 111 0.5 110 0.9 142 0.25 109 3.2

51488 1170 828 10 613 2.8 647 1.5 643 3.8 774 1 698 54.81
51494 1245 855 11 640 3 630 1.6 605 3.6 815 1.1 763 56.77
s5378 912 653 39 456 8 300 9 292 13.2 451 4.5 287 63.11

535932 496 202 487 183 59.3 161 48.1 160 65.7 249 34.31 198 1072.5

Total 14538 | 8742 596.7 | 5642 86.1 | 5365 66.2 | 4758 98.2 | 8048 44.56 7026  1365.22

on STRATEGATE [8] test sequences. It can be noticed that ITE-SFC-LROR has
achieved better results than ITE-RX-LROR-ST2, which are further improved by
ITE-Hybrid-III. ITE-Hybrid-IIT performed better than I'TE-SFC-LROR, on 14 cir-
cuits, while 1 resulted in a draw. In comparison to ITE-LROR [13], ITE-Hybrid-III
has performed better on 8 out of 16 circuits. In comparison to ITE-SIFAR [14], it
has again performed better on 8 circuits. Finally in comparison to ITE-MISC [13],
it has performed better on 5 out of 16 circuits.

Table 3.12 shows the compaction results on HITEC [43] test sequences. It can
be seen that ITE-Hybrid-III has performed better than ITE-LROR [13] on 13 out
of 19 circuits, while 1 resulted in a draw. In comparison to ITE-MISC [13], it has

again performed better in 14 out of 19 circuits. The performance of I'TE-Hybrid-III
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is even more noticeable in circuits s713, s820, s1196, s1238, s1488, s1494, s5378,

s3271, s3384 and s4863.

Table 3.11: Comparison of the Iterative Versions of the best known Static Com-
paction algorithms on STRATEGATE Test Sequences.

STRATEGATE Test Sequences

ITE ITE ITE ITE ITE ITE
LROR [13] SIFAR [14] MISC [13] RX-LROR-ST2 SFC-LROR Hyb-IIT
Ckt TS TS sec TS sec TS sec TS sec TS sec TS sec
5298 194 125 0.6 112 0.4 98 3.2 152 0.25 116 3.47 101 5.1
8344 86 47 0.1 48 0.2 43 0.4 44 0.18 52 1.31 49 2.46
8382 1486 524 3.3 498 5.6 507 17.8 622 1.13 604 18.33 595 32.58
s444 1945 461 7.9 454 7.2 455 31.3 614 1.12 546 19.35 540 34.26
5526 2642 945 26.6 975 8.9 884 209.8 1714 3.36 1356 87.56 1350 202.23
$641 166 78 0.5 87 0.4 63 1.7 118 0.57 62 6.19 59 13.76
s713 176 72 0.6 94 1.1 60 0.8 111 0.5 61 7.5 57 11
5820 590 394 6.4 388 6.5 335 15.2 428 1.98 391 98.8 374 204.9
5832 701 458 8.8 435 4.5 368 14 460 2.44 402 118.27 374 377.24
51196 574 221 1.7 237 3.4 216 3.2 266 1.34 215 157.6 180 273.31
51238 625 222 2.6 251 1.5 222 3.6 266 1.8 202 155.64 185 285.54
$1423 3943 843 108.3 778 113 702 469.2 1207 11.93 1082 868.3 1082 2105.2
51488 593 343 27.1 312 8.8 364 39.4 423 4.36 402 249.84 396 492.22
$1494 540 297 33.8 313 6.8 296 72.6 434 2.53 385 111.9 359 234.67
sh378 11481 711 339.4 597 89.5 583 2148 651 92.97 490 1333.61 490 1985.6
$35932 257 110 752.3 152 290 101 1177 125 132.9 125 526.8 125 680.8
Total 25999 | 5851 1320 | 5731 547.8 | 5297 4207.2 | 7635 259.36 6491 3764.5 6316 6940.9

It should be noticed from tables 3.9 to 3.12 that the overall savings of proposed

algorithms are lesser than other algorithms primarily because of the following cir-

cuits: s382, s444, s526, and s1423. This is due to current limitations of justification

algorithms, which are discussed in the next section.

3.5.2 Subsequence Fault Coverage Increasing MR

This is similar to SFC-LROR, with the only difference that subsequences are merged

rather than concatenating them into one another. Algorithm 3.9 shows the imple-
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Table 3.12: Comparison of the Iterative Versions of the best known Static Com-
paction algorithms on HITEC Test Sequences.

HITEC Test Sequences

ITE ITE ITE ITE ITE
LROR [13] MISC [13] RX-LROR-ST2 SFC-LROR Hyb-I1T
Ckt TS TS sec TS sec TS sec TS sec TS sec
$298 322 109 0.8 97 1.1 148 0.37 157 0.92 153 2.55
s344 127 47 0.1 47 0.5 54 0.17 55 1.45 46 10
$382 2074 | 288 2.1 279 775 890 1.32 689 15.41 683 28.55
s444 2240 | 343 2.3 302 22.4 842 1.58 820 31.17 815 59.16
$526 2258 | 404 9.3 352 31.8 | 1544 2.97 1327 1014 | 1321 160.75
s641 209 63 1 72 1.2 123 0.5 63 4.77 63 7.41
s713 173 74 0.7 74 1 105 0.34 53 4.76 53 8.34
$820 1115 | 578 13.8 | 432 28.3 600 3.78 380 243.1 359 394.74
s832 1137 | 562 8.3 383 64 581 3 397 216.28 | 381 475.52
s1196 435 226 2.3 223 2.5 281 2.34 212 150 187 221.35
s1238 475 227 1.9 225 1.9 288 2 215 189.36 | 190 252.48
s1423 150 111 1.1 110 1.6 142 0.94 109 15.52 | 109 36.14
s1488 | 1170 | 571 104 | 572  354.6 | 765 4.8 457 796.4 451 902.9
s1494 | 1245 | 540 9.1 492 274 758 4.9 489 655.9 331 2156.8
s5378 912 245 108.1 | 271 189 327 35.26 212 561.36 | 212 912.72
$35932 | 496 142 2278 | 117 1158 | 225 199.1 159  2547.6 | 159 2879.6
$3271 709 555  24.6 | 443 265 683 13.26 537 2304.5 | 332 3441.43
$3384 161 104 11.6 92 13.1 131 3.5 95 216.68 81 456.86
s4863 518 302 20.5 | 315 25.6 366 23.9 221 797 139 1299.1
Total | 15926 | 5491 455.8 | 4898 2513.1 | 8853  304.03 | 6647 8853.6 | 6065 13706.4

mentation details of the algorithm. It should be noted that unlike normal MR algo-

rithm, V' holds the specified input assignments rather than relaxed assignments.

The

restored subsequence V' is then relaxed considering only the un-detected faults. The

relaxed subsequence is then merged from start, in previously restored subsequence

C. The subsequence C' is then randomly filled and an attempt is made to increase

its fault coverage, using relaxation and random filling. The process is re-iterated n

times such that there is no further increase in the fault coverage of the subsequence
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C. It should be noticed that after last pass of relaxation, the un-specified bits are
not random filled. This is done to allow Merging algorithm to merge subsequences
in C after restoring them for other faults. The algorithm continues until all target

faults are detected.

Algorithm 3.9 Subsequence Merging Restoration based on increasing the Fault
Coverage

1. Fault Simulate the circuit using the given test set.
Collect the detection time of each fault.
2. if (C' # () Fault simulate the restored sequence C' and drop all
the faults detected from Fi,; get-
3. if (Fiarget = 0) Return C else Go to Step 4.
4. Let ¢ = n, where n is the last time frame having
undetected faults. Let V' = () be the sequence
currently restored.
5. (Sy/Sy), = Justify(F;,i) and let j = .
6. while ((S,/5y); # X) {
V=V;&V //add current time frame to C
j=j—1 //move back single time frame
(Sy/Sr); = Justify(F;, j)  //Get the states for all
//flip-flops reached in this new time frame
} //end while
7. V = Relazation(V, Fun_detected)
C = MergeStart (C,V)
9. for(k=1ton) {
RandomFill(V) // 1 is used as a seed
// to the random number generator.
C' = Relazxation(C)

}
10. Go To Step 2.

*

The performance of FC-MR is shown in tables 3.13 and 3.14. Table 3.13 compares
the performance of SFC-MR with other best known compaction schemes. It can be

noticed that SFC-MR has made significant improvement on MR; saving of more
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than 1000 vectors is achieved. In comparison to SFC-LROR it has performed better

on only 5 out of 11 circuits with significantly lower overall savings. In comparison

to all other best known techniques, SFC-MR has shown best results on only 2 out

of 11 circuits.

Table 3.13: Performance of SFC-MR on STRATEGATE Test Sequences.

Ckt TS LROR [15] | SIFAR [14] | LROR [13] | MR | SFC-MR | SFC-LROR | MISC [13]
5298 194 138 116 125 154 141 150 123
s344 86 62 48 47 61 50 52 44
s641 166 118 87 91 148 79 80 74
s713 176 139 125 112 140 87 85 92
5820 590 489 423 401 931 497 449 356
5832 701 543 511 475 968 509 444 375
s1196 | 574 277 251 234 242 199 225 234
s1238 | 625 285 251 244 248 212 228 244
s1488 | 593 501 390 363 933 991 456 370
s1494 | 540 468 408 417 501 460 415 417
s5378 | 11481 677 597 734 1549 809 615 704
Total | 15726 3697 3207 3243 4675 3634 3199 3033

Table 3.14 compares the performance on HITEC [43] test sequences. SFC-MR

has again shown significant improvement on MR, it has performed better on all 11

circuits, with overall savings of more than 1,300 test vectors. In comparison to SFC-

LROR, it has performed better on only 3 out of 11 circuits with lesser overall savings.

Finally, in comparison to all other best known techniques, SFC-MR has shown best

results on 3 out of 11 circuits and overall savings are higher than SECO [36] only.

SFC-MR could not show promising results in terms of compaction quality, in

comparison to SFC-LROR. Therefore, the scheme is implemented as a prototype
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only and this is why timing is not shown in the tables.

Table 3.14: Performance of SFC-MR, on HITEC Test Sequences.

Ckt | TS | SECO [36] | SIFAR [14] | LROR [13] | MR | SFC-MR | SFC-LROR | MISC [13]
s208 | 322 216 129 169 207 75 157 139
s344 | 127 61 50 47 69 59 55 48
s641 | 209 125 112 105 158 81 87 102
s713 | 173 106 03 89 129 72 68 88
s820 | 1115 790 599 598 863 709 541 496
s832 | 1137 779 597 605 879 694 548 484
s1196 | 435 281 256 251 255 | 213 236 252
51238 | 475 303 272 266 260 | 228 245 267
51488 | 1170 828 613 647 011 711 698 643
s1494 | 1245 855 640 630 974 781 763 605
s5378 | 912 653 456 300 706 357 287 202
Total | 7320 | 4997 3817 3707 | 5420 | 4080 3685 3416

3.6 Limitations of Justification Algorithm

The proposed compaction scheme is based on the test relaxation algorithm in [19],

which involves justification of the required values to detect a fault. The justification

algorithm has limitations that may lead to the restoration of longer test sequences

than necessary.

The justification algorithm is guided by cost functions in case of having several

choices for justifying a value.

In order to minimize the length of the extracted

sequence, a multiplicative weight of 10 or 100 is applied to flip-flop cost functions

whenever a flip-flop is reached during cost function computation. The approximate

nature of the computed cost functions may guide the justification algorithm to a
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choice that leads to the extraction of a longer test sequence.

Another limitation is during justification of faulty values. Since the justification
algorithm is based on the cost of good values only, it may lead to the selection of
inferior choices. For instance, to justify 1/0 at the output of a gate, the algorithm
considers the cost of justifying 0 as a very high number, as the good value of the
gate is 1; it may choose this path only when there is no cheaper choice available or
it is the only choice.

This is illustrated in Fig. 3.5. Suppose that it is required to restore a test
subsequence for the fault & s-a-0 from the given test sequence (10, 11, 11, 11).

The fault is detected in the last time frame and justifying the value 1/0 on the
output leads to the requirement of 1/0 on line m and X/0 on line n. The faulty
value on line m is justified through the fault site and this leads to the requirement
of 1/X on input A. There are no justification requirements on input B and hence it
can be relaxed.

The value X/0 on line n has to be justified in the previous time frame (i.e., time
frame 3). This will lead to the justification requirement X/0 on line o in time frame
3. Notice that this value could be justified through line p from the fault site leading
to the test sequence (XX, 1X). However, the algorithm uses cost functions based
on good values only; the cost of having a 0 on line p is a very high number. Thus,
line p is not selected and line ¢ is selected as it has lesser cost. This causes the

algorithm to go back until the first time frame, where the value is justified through
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input B. Thus, the algorithm will return the test sequence (X0, 1X, 1X, 1X), which
has redundant vectors.

One way to address this limitation is by computing the cost of faulty values
(in addition to good values) for a single time frame. This could be computed by
injecting the faulty values at the fault site and processing the circuit level-by-level.
These two cost functions would better guide the justification process for good and
faulty values separately, using respective cost functions.

Second and more exact method to address this limitation is by setting an upper
limit to the size of restored subsequence. During the justification process, if the
restored subsequence reaches that upper limit, it could then be fault simulated using
the target fault list. In case of failure in fault detection, the justification algorithm
would continue until it justifies the fault or it reaches the upper limit again. In either
case a pass of fault simulation would restrict the size of subsequence. This scheme
is a compromise between large test size due to in-exact nature of cost functions and
expensive vector-by-vector fault simulation to find the exact starting point of the
subsequence as used by LROR.

The second limitation of current implementation is the memory requirement.
Currently, our technique stores all faults that get excited and propagated, even if
they are not detected. The memory usage can be significantly reduced by storing
only information about propagated faults from the time of their excitation to de-

tection. A two pass fault simulations scheme, as proposed by Hsiao et al. [2] can
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be used to find exactly those time frames where the faults are excited, propagated
and reach to the primary output. For faults that require large test sequence, the
algorithm can be altered to run in phases to store only the good and faulty values
in a predetermined number of frames to reduce the memory requirements. This will
require running the fault simulator in phases to determine the required good and
faulty values for the set of frames across which the faults are going to be justified.

These ideas will be investigated in future work.
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Limitation of Justification Algorithm

Figure 3.5: Extraction of longer test sequence.
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Chapter 4

Conclusions and Future Research

In this thesis, we have presented a detailed literature review of almost all static
compaction algorithms for sequential circuits. In addition, we have proposed several
static compaction algorithms for synchronous sequential circuits based on an efficient
test relaxation scheme. The proposed work has the advantage of quickly finding
a self-initializing test sequence for a set of faults compared to simulation based
technique, which rely on fault simulations. The restored subsequence can be further
compacted by state traversal algorithm, which allows the removal of redundant
vectors without additional fault simulations. These restored subsequences can be
either concatenated (having fully specified bits; making RX-LROR) or they can
be merged (relaxed input assignments, Merging Restoration). Merging Restoration
is found to be more effective after applying RX-LROR as demonstrated by ITE-

Hybrid-1I and ITE-Hybrid-III. We have proposed a new class of static compaction
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algorithms based on increasing the fault-coverage of restored subsequences, which
have shown the potential of reducing the test set size significantly. Finally, we have
also proposed an efficient way of taking any compaction algorithm out of saturation.
This is achieved by using test relaxation and randomly filling the unspecified bits
before re-iterating the algorithm.

In future, we plan to address the following issues: The results of the proposed
algorithms can be improved in terms of test sequence length, CPU time and memory
requirement by addressing the limitations of the justification algorithm. Further-
more, the technique used to increase the fault coverage of subsequences is not the
best known, for this purpose. In future we plan to use better techniques for in-
creasing the fault coverage and intuitively that should further improve the level of

compaction.
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