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Abstract: In order to solve the problem that the testing cost of
the three-dimensional integrated circuit (3D IC) is too high,
an optimal stacking order scheme is proposed to reduce the
mid-bond test cost. A new testing model is built with the
general consideration of both the test time for automatic test
equipment ( ATE) and manufacturing failure factors. An
algorithm for testing cost and testing order optimization is
proposed, and the minimum testing cost and optimized
stacking order can be carried out by taking testing bandwidth
and testing power as constraints. To prove the influence of the
optimal stacking order on testing costs, two baselines stacked
in sequential either in pyramid type or in inverted pyramid type
are compared. Based on the benchmarks from ITC’02,
experimental results show that for a 5-layer 3D IC, under
different constraints, the optimal stacking order can reduce the
test costs on average by 13% and 62%, respectively,
compared to the pyramid type and inverted pyramid type.
Furthermore, with the increase of the stack size, the test costs
of the optimized stack order can be decreased.
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he advent of the three-dimensional integrated circuit

(3D IC) technology has opened up the potential of
highly improved circuit designs. Through-silicon vias
(TSVs) enable the vertical integration of separate dies to
form a single 3D chip. The TSV-based 3D stacking tech-
nology promises better performance, including a smaller
footprint, higher bandwidth, lower power and higher in-
terconnect density''™' .

However, the concern about the 3D IC test cost consti-
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tutes one of the key showstoppers before the widespread
industry adoption of 3D integration technology''™ . Com-
pared with 2D ICs, 3D stacking has a more complex
process and test flows, such as pre-bond, post-bond, and
partial stack (mid-bond) testing. Obviously, the choice
of test flow (what to test and when to test) greatly affects

test costs'' .

Much research has been done on the 3D test cost'™'.
Taouil et al. ™ analyzed the test cost modeling and the
stacking order impact on overall 3D IC cost. Agrawal et
al. "' established a systematic and comprehensive 3D IC
test cost model considering optimal test flow selections.
These studies all assumed that dies were stacked from bot-
tom to up sequentially, and the impact of stacking order
on testing cost was not clearly discussed. During the 3D
stacking process, new types of defects were introduced
due to wafer thinning, handling, alignment and bonding,
which consequently brought about bonding failure. Faults
introduced in later stacking stages impact the cost severe-
ly, since larger partial stacks have to be discarded if there
is one defect in a die or TSV. Changing the order of stac-
king may reduce the overall cost. The stacking order dur-
ing mid-bond testing was first proposed in Ref. [4].
However, the method does not discuss the failed bonding
problem. In Ref. [5], we considered the failed bonding
case and discussed the optimized mid-bond stacking order
for failed area reduction. It decided the order in which the
dies should be stacked, so as to increase the probability
that a failed bonding will occur as early as possible in the
mid-bond test, and it can save the unnecessary cost of
processing the subsequent testing steps. However, it only
takes into account the cost of bonding failure instead of
the total testing costs, which includes test times for the
ATE machine and cost for several discarded partial
stacks. It may not be effective when it comes to total test
cost reduction, since the bottom dies will be tested re-
peatedly many times, whose test cost cannot be ignored.
In addition, it only considered a fixed size of layer stac-
king and stack yield, a systematic analysis of stacking or-
der affects test cost was not explored.

Motivated by this, in this paper, the impact of differ-
ent stacking orders on the 3D IC test cost for several stack
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sizes and various conditions are investigated.

1 Models and Motivation
1.1 Yield modeling

The manufacturing yield of a single silicon die based
on the compound Poisson model'” is

D die -
Ydie=l+(—) % (1)
04

where D is the defect density; A, is the die area; and «

is the clustering parameter related to the technology and

the design itself (e. g., circuit density and mask steps).
During die stacking, the assembly yield Y, ., for each

assembly (or stacking) step can be calculated as follows:

Y

assembly

=Y

bonding

Yrsy (2)

is the bonding yield, and Y., is the TSV
yield. Currently,
Yyonane that takes device failure caused by bonding into ac-
count and it is typically assumed to be a constant value of
95%'".
of defects introduced during the fabrication and stacking

process. Without redundancy, Y., is

YTSV =(1 _fTsv)Nm (3)

where f., is the TSV failure rate and N, is the total
number of TSVs.

According to the cumulative yield property ~, the yield
of the i-th partial stack Y, can be formulated as fol-

where Y,

bonding

there is still no concrete model for

For Y., TSVs are vulnerable to various kinds

[8]

lows:
Yps( i) = ng(,', 1) Yassembly(i) Ydie(i) (4)
Yps(l) :Ydie(l) (5)
where N is the number of layers in the 3D IC; Y, , is
the yield of partial stack PS(i —-1); and Y, ., is the

assembly yield for the i-th assembly process.
1.2 Test cost modeling

To evaluate the impact of different stack orders on the
3D IC test cost during bonding, an appropriate cost model
is built. It considers the following three major parts.

Test time: Whether the dies in the stack are tested in
parallel or sequentially may greatly affect the total test
time of the whole stack.

Discarded die cost: If there is one defect in a die or
TSV inside a partial stack, then the larger remaining par-
tial stacks have to be discarded, resulting in discarded die
loss.

Discarded TSV cost: Similar to the discarded die loss,
once a defect occurs in a stack, then the stack has to be
discarded, leading to die loss as well as TSV loss.

As mentioned above, the mid-bond testing cost of a 3D
IC can be formulated as follows:

C=aT +bA,, +cNy, (6)

where T is the test time for a stack; A, is the area of the
dies discarded; N, is the number of TSV discarded due
to failed bonding. The parameters a, b, and c are defined
as

1
a= CATE7 (7)
b=C,, (8)
¢ = CroyArgy 9

where C,,; is the tester usage cost per second; fis the test
frequency; C,._ is the die cost per unit die area; C., is
the cost of TSV per unit area; and A, is the area of a
TSV.

1.3 Motivation

Most of the recent stacking operations use sequential
methodology. Die 1 and die 2 are stacked and merged in-
to a partial stack PS(1,2), and then die 3 is stacked on
top of PS(1,2) to exert an incremental partial stack PS
(1,2,3) and so forth. However, this stacking method
may result in relatively high test costs, since if a defect
occurs in the previous partial stack, and then larger latter
partial stacks will be discarded. In addition, the dies in
bottom layers have to be tested repeatedly many times.
Clearly, if the dies with lower test costs are bonded in
bottom layers, then appropriate dies are selected for stac-
king on top of bottom layers successively, and in this
way, the cost of discarded dies and TSVs may decrease.
Moreover, a reasonable test schedule will also reduce the
test time. Motivated by this idea, in this paper, the stac-
king order and the reasonable test schedule are analyzed
and optimized to achieve the maximum test cost reduc-
tion.

2 Problem Statement

In this section, we formulate the optimization of test
cost for mid-bond testing by selecting optimal stacking or-
der. To make the problem more succinct, we assume that
each layer only contains one hard core, which supplies
the corresponding parameters, including test time, test
pins, test power, die area and the number of TSVs nee-
ded for stacking. Now, we formulate the optimization
problem for mid-bond testing as follows.

Problem 1 Test time optimization in mid-bond tes-
ting

® Given a stack of 3D IC containing N layers. For each
layer i e N, the layer’s number corresponds to its stacking
order in the chip (Layer 1 is the bottom layer; Layer 2 is
on top of Layer 1 and so forth).

® Given a set of dies in a stack and each die’ s parame-
ters, including the test length, test pin, test power, area
and the number of TSVs needed.
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® Given tsv_max, tam_max and power_max as maxi-
mum available test elevators for each layer, test channels
and power limits for mid-bond testing, respectively.

In order to minimize the total test time for mid-bond
testing, an optimal test schedule is determined.

Note that during stacking, new defects may be in-
volved, resulting in failed bonding, thus the partial stack
may be discarded. As described before, different stack
orders may consume different discarded costs due to failed
bonding. Now, we consider the probability of failed
bonding into optimization problem, since this factor influ-
ences the test cost of 3D ICs. On the other hand, the test
cost may vary depending on different stacking orders, and
the optimal stacking order will be determined by optimi-
zing the test cost. We formulate the test cost optimization
problem in mid-bond testing while considering the failed
bonding case in the processes.

Problem 2 Test cost optimization in mid-bond testing

® Given a stack of 3D IC containing N layers. For each
layer i e N, the layer’s number corresponds to its stacking
order in the chip.

® Given a set of dies in a stack and each die’s parame-
ters, including the test length, test pin, test power, area
and the number of TSVs required.

e Given tsv_max, tam_max and power_max as the
maximum available test elevators for each layer, test
channels and power limits for mid-bond testing, respec-
tively.

® Given a set of partial stack’s yield Y, after each stac-
king step.

An optimal stacking order is determined so as to mini-
mize the total test cost for mid-bond testing. Note that
Problem 2 needs to consider the effect of stacking yield.

3 Optimization Scheme for Mid-Bond Test Cost

In this section, we propose our stacking order selection
scheme to solve the problems described in the previous
section. To figure out our scheme, we first give the mean-
ing of the data type used in our algorithm, and then the
detailed solutions for the above problems will be given.

3.1 Data type in our optimization algorithms

The parameters of each die or each partial stack will be
stored in the data type as illustrated in Tab. 1. The first 6
parameters reflect the information of each die, and they
will be used in Algorithm 1 for test time optimization.
The latter 3 parameters, respectively, describe the test
time, discarded die area, and the number of discarded
TSVs of each partial stack, which will be used in Algo-
rithm 2 for test cost optimization.

3.2 Algorithm 1 for test time optimization in mid-
bond testing

Algorithm 1 is used to calculate the optimal test time of

Tab.1 The data type for algorithm

Data Meaning
die_i. pin The TAM width of die i
die_i. time The test time (length) of die i

die_i. power The power of die i under test

die_i. area The area of die i
die_i. tsv The number of TSVs needed for die i
die i use =0, if die i is not under test;
- =1, if die i is under test
time_j The test time of partial stack j
area_j The discarded die area of partial stack j
tsv_j The number of discarded TSVs of partial stack j

partial stack PS(j) for mid-bond testing. For a partial
stack PS(j) containing j layers, each layer is a die with
its parameters including test length, test pin, test power,
area and the number of TSVs needed, etc. In addition,
the constraints of the maximum test elevators, TAM
width and power available are also given. Note that the
status of die under test is reflected by the variable die_i.
use, which equals 1 when die i is under testing. Moreo-
ver, the optimal test schedule for a partial stack will be
achieved by optimizing the test time.
Algorithm 1 Test time()

Input: Given a partial stack PS(j) containing j layers,
total TAM width available tam_max, upper limit for test
power power_max, maximum test elevators between each
two layers tsv_max, the parameters of each die;

Output: Optimal test time time_j for partial stack j.

t = 0;
tam = tam_max;
power = power_max;
tsv = tsv_max;
Fori: =1toj Do
if (die_i. pin < =tam && die_i. power && die_i.
use =0) Do
tam = tam-die_i. pin;
power = power-die_i. power;
tsv =tsv — die_i. tsv;
die_i.use =1;
if t < die_i. time Do
t =die_i. time
End if
End if
time_j =time_j + t;
End for
For i: 1 to j Do
die_i. use =0;
End for;
Return time_j;

3.3 Algorithm 2 for test cost optimization in mid-

bond testing

For a 3D IC containing N layers, there are various
combinations of partial stacks. Due to failed bonding,
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each partial stack may be faulty. If a fault occurs in par-
tial stack PS(j), the latter partial stacks by stacking dies
on top of PS(j) will also be faulty and should be discar-
ded, leading to an increase of test cost. In this subsec-
tion, we solve the problem of test cost optimization in
mid-bond testing. The optimal stacking order can be re-
ceived by optimizing the test cost. Note that the yield
Ynﬂ(/‘)
to the yield modeling in Section 2, and the failed bonding
possibility f; for the j-th assembly process is equal to
=Y

First, we initialize the parameters of the yield model
and cost model according to Section 2. Then, the cost as-
cending order of dies will be sorted by calculating the test
cost of each die. Note that the bottom layer will be tested
multiple times, and the latter partial stack testing will
contain the testing for Layer 1, thus the lower cost for
testing bottom layer means the lower cost for the entail
stack. The die with the minimum test cost will be select-
ed as the bottom-most one (Layer 1). After determining
Layer 1 (also the partial stack PS(1) in our scheme), the
die stacking on top of Layer 1 will be selected by calcu-
lating the minimum test cost, and the cost for discarded
dies due to failed bonding is considered. Note that Algo-

of a partial stack PS(j) can be determined according

rithm 1 for test time optimization is called for when calcu-
lating the test cost for a partial stack. Then, Layer 2 to-
gether with Layer 1 will form partial stack PS(2) with its
stack yield Y, . Layer 3 is determined by calculating
the test cost of PS(3) in each combination and so forth.
The test cost calculation is detailed in the pseudo code.
Finally, the optimal stacking order is achieved with the
minimum test costs.

Algorithm 2  Test cost()

Input: Given a 3D IC containing N layers, failed bond-
ing possibility f,( =1 - Y,
the parameters of each die;

Output: Optimal test cost C,,.

Initialize the parameters of the yield model and cost
model; sorting dies in an ascending order of test cost and
determine the bottom layer.

For stack j: =1 to N Do
Test time()
For i: =1 to j Do
area_j = die_i. area + fjarea _J

) for the j-th stacking step,

tsv_j = die_i. tsv +fjtsv_j;
End for
For j: =1 to N Do
T: =T + time_j;
Ayt =Ay, +area_j;
Nisy: =Nygy +1t8V_J;
End for
C,, =aT +bA,, +cNygy;
Obtain the optimal stacking order of each layer;
Return Cup;

4 Experiments

In this section, we present the experimental results of
the proposed optimal stacking order selection methods for
test cost reduction. First of all, the experimental setup is
presented. Then, the comparison of proposed stacking or-
der and baselines are given, considering several con-

straints.
4.1 Experimental setup

We develop our experimental program via C + + and
run the benchmarks on a 3. 40 GHz Intel i7 processor with
16 GB RAM. All the programs are finished within only a
few seconds. In order to demonstrate our optimization
scheme, we use ITC’ 02 benchmark SoCs'' to realize our
experiments as depicted in Tab.2. As most of the bench-
mark circuits only have the test length information, we
assume other information such as area and power. We use
the estimation method proposed in Ref. [ 10]. The area of
each core is computed by the summation of input pins,
output pins, and scan cells, multiplied by an area density
of 3. 18 x 10 * mm’/number, which is obtained by the
average synthesis results of TSMC 180 nm technology.
The test power is computed by the power density of 1.4
mW/mm’, multiplied by the core area.

Tab.2 Parameters for ITC’02 benchmarks

Die Die  Test length /  TAM Die area/ Test power/
number  name cycle width mm? mW
1 d69s 106 391 15 2.62 3.66
2 2126 700 665 20 4.96 6.94
3 p22810 1333 098 25 9.22 12.91
4 p93791 2 608 870 30 30.82 43.15
5 p34392 2743 317 25 7.32 10.24

We assume a defect density of D =0.5 defects/cm’and
a defect clustering parameter « =0.5. Since there is still
no concrete model for Y, .. that takes device failure
caused by bonding into account and it is typically as-
sumed to be a constant value, then for sake of simplicity,
we can assume Y. to be 95% """ We further assume
that there are 1 000 TSVs with 200 x 10 ~° defects imple-
mented in this 3D IC, and then we can obtain the assem-
bly yield of 77.8% """ in Eq. (2).

The frequency of the test clock is set to be a typical val-
ue of 10 MHz. Tab.3 also lists the parameter values used
in our test cost model, which are based on the published

Tab.3 Parameters used in proposed test cost model

Parameters Values
f/MHz 10
Care/($ 571 0.23
Crsy/( $ pm™?) 1.4x107°
Arsy/ Mmz 10 000
Cye/($- pm~?) 4.24 %1078
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data in Refs. [12 — 13]. The parameter C,,; is set to be
0.23 $ /s for a typical ATE usage. The parameter C,, is
set to be 4.24 x 10 $ /pum’ and C,q, is set to be 1.4 x
10°7°$/ Mmz for the manufacturing costs. In addition, the
parameter A, is set to be 10 000 wm® for a typical TSV
pitch of 100 pwm. To better prove the effectiveness of our
proposed scheme in reducing test cost, we try to run our
experiments under various conditions and circuits ( see
Fig. 1). Baseline 1 is in pyramid type with the stacking
order in original sequence (die 1 is the bottom layer,
namely Layer 1; die 2 is on top of die 1, namely Layer 2,
and so forth). Baseline 2 is the reverse order of baseline
1. Then, we will vary the total number of TAM width,
test power and the test elevators between each two layers
for mid-bond testing. In addition, we will discuss the test
cost of our proposed scheme, compared with the base-
lines. Some substitution words in these tables need to be
explained. Baseline means the original stacking order in

1:d695

2:f2126

3:p22810

I 4:p93791 I

| 5:p34392 |

(a)

| 5:p34392 |

| 4:p93791 |

3:p22810

(b)
Fig.1 Baselines. (a) Baseline 1 in pyramid type; (b)Baseline 2 in
reverse pyramid type

sequence ( die i represents the i-th layer). Proposed repre-
sents the optimal stacking order for test cost reduction
proposed in this paper. tsv_max, tam_max and power_
max represent the maximum test elevators between each
two layers, the maximum TAM width and test power a-
vailable during mid-bond testing. Besides, Ratio, is the re-
duction percentage of total test costs, which can be ob-
tained as follows:

Ratio, = (Baseline, - Proposed)/ Baseline, (10)

4.2 Impact of TAM width

Tab. 4 presents our experimental results of the impact
of TAM width on test cost compared with the baseline
schemes in sequentially stacking. In order to analyze the
impact of TAM width on total test cost, the variable tam_
max , which means the maximum TAM width available,
is set to be 35 to 105, the maximum number of test eleva-
tors (test TSVs) between each two layers tsv_max is set
to be 100, and the maximum test power available power_
max is set to be 80. Tab.4 illustrates that compared with
baseline 1, our proposed stack reordering scheme can re-
duce the test costs by around 13.33% at maximum and
12.92% more or less on average. Compared with base-
line 2, the optimal order can save test costs by around
65.71% at maximum and 61.66% on average.

4.3 Impact of test TSV

Tab. 5 presents our experimental results of the impact
of test TSV on testing costs compared with the baseline
scheme in sequential stacking. In order to analyze the im-
pact of test TSVs on total test costs, the variable tsv_
max, which means the maximum test TSVs between each

Tab.4 Comparisons between the optimized order and baselines by varying TAM width

Constraint Baseline 1 Baseline 2 Proposed Ratio/ %
tsv_max  power_max tam_max Order Cost Order Cost Order Cost 1 2
100 80 35 1-2-34-5 1.84376  54-3-2-1 2.625 39 12-354 1.620 50 12. 11 62.01
100 80 45 1-2-34-5 1.797 87 54-3-2-1 2.609 27 1-2-3-54 1.574 60 12.42 65.71
100 80 55 1-2-34-5 1.725 76 54-32-1 2.427 94 1-2-3-54 1.502 50 12.94 61.59
100 80 65 1-2-34-5 1.720 87 54-3-2-1 2.382 48 1-2-3-54 1.497 60 12.97 59.09
100 80 75 1-2-34-5 1.70720  54-3-2-1 2.382 48 12354 1.483 93 13.08 60.55
100 80 85 12-34-5 1.692 65 54-3-2-1 2.381 16 12354 1.466 94 13.33 62.32
100 80 95 1-2-34-5 1.690 21 54-3-2-1 2.381 16 1-2-3-54 1.466 94 13.21 62.32
100 80 105 1-2-34-5 1.676 54 54-32-1 2.321 16 1-2-3-54 1.453 27 13.32 59.72
Tab.5 Comparisons between the optimized order and baselines by varying test TSVs
Constraint Baseline 1 Baseline 2 Proposed Ratio/ %
tsv_max  power_max tam_max Order Cost Order Cost Order Cost 1 2
50 80 105 1-2-34-5 1.769 65 54-3-2-1 2.547 95 1-2-3-54 1.531 84 13.44 66.33
60 80 105 1-2-34-5 1.720 87 54-3-2-1 2.411 82 12354 1.497 60 12.97 61.05
70 80 105 12-34-5 1.720 87 54-3-2-1 2.411 82 1-2-3-54 1.483 93 13.77 62.53
80 80 105 1-2-34-5 1.692 65 54-32-1 2.351 82 1-2-3-54 1.469 39 13.19 60.05
90 80 105 1-2-34-5 1.690 21 54-32-1 2.381 16 1-2-3-54 1.466 94 13.21 62.32
100 80 105 1-2-34-5 1.676 54  54-3-2-1 2.321 16 12-354 1.453 27 13.32 59.72
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two layers available, is set to be 50 to 100. The maxi-
mum TAM width available tam_max is set to be 105, and
the maximum test power available power_max is set to be
80. Tab.5 illustrates that compared with baseline 1, our
proposed stack reordering scheme can reduce test costs by
around 13.77% at maximum and 13.32% more or less
on average. Compared with baseline 2, the optimal order
can save the test costs by around 66. 33% at maximum
and 62% on average.

4.4 Impact of test power

Tab. 6 presents our experimental results of the impact of

test power on test cost compared with the baseline scheme
in sequentially stacking. In order to analyze the impact of
test TSVs on total test costs, the variable power _max
which means the maximum test power available, the maxi-
mum TAM width available tam_max, and the maximum
number of test elevators (test TSVs) between every two
layers tsv_max are set to be 50 to 80, 105, and 100. Tab.
6 illustrates that compared with baseline 1, our proposed
stack reordering scheme can reduce test costs by around
14.63% in maximum and 13.71% more or less on aver-
age. Compared with baseline 2, the optimal order can save
test costs by around 65.55% and 63.09% on average.

Tab.6 Comparisons between the optimized order and baselines by varying test power

Constraint Baseline 1 Baseline 2 Proposed Ratio/ %
tsv_max  power_max tam_max Order Cost Order Cost Order Cost 1 2
100 50 105 1-2-34-5 1.764 76  54-3-2-1 2.501 17 12354 1.510 83 14.39 65.55
100 55 105 1-2-34-5 1.735 41 54-3-2-1 2.441 17 1-2-3-54 1.481 49 14.63 64.78
100 60 105 1-2-34-5 1.720 87 54-32-1 2.441 17 1-2-3-54 1.481 49 13.91 64.78
100 65 105 1-2-34-5 1.707 20 54-32-1 2.441 17 1-2-3-54 1.481 49 13.22 64.78
100 70 105 1-2-34-5 1.690 21 54-3-2-1 2.381 16 12-354 1.466 94 13.21 62.32
100 75 105 1-2-34-5 1.676 54 54-32-1 2.321 16 12354 1.453 27 13.32 59.72
100 80 105 1-2-34-5 1.676 54 54-32-1 2.321 16 1-2-3-54 1.453 27 13.32 59.72

4.5 Impact of stack size

Fig.2 depicts the mid-bond test costs of different stack
orders under various stack sizes. We can see that test cost
increases as the stack size increases. Furthermore, with
the increase of the stack size, the optimized stack order
can save much more test cost, which also proves the ef-
fectiveness and significance of the proposed stacking order
for test cost reduction.

By [JOptimized
5© ESlBaseline 1
?\_,: 4 EBaseline 2
S 3|
2 °
&2 E s o
L
oLome HE‘; s . X
3 4 5 6 7

Stack size/layer
Fig.2 Test costs of different stack orders under various stack
sizes

5 Conclusion

In this paper, we propose an optimal stacking order
scheme of 3D IC for mid-bond testing to reduce test
costs. Due to failed bonding, if one defect occurs in a
partial stack, then larger latter partial stacks will be faulty
and discarded. In addition, the bottom dies will be tested
repeatedly many times, thus the lower cost of testing the
bottom dies helps to save the overall test cost during mid-
bonding. To prove the effectiveness of the proposed stac-
king order, we compare two baselines stacked sequential-
ly either in pyramid type or in inverted pyramid type.

Based on the benchmarks from ITC’02, experimental re-
sults show that for a 5-layer 3D IC, the optimal stacking
order can significantly save total test costs. Furthermore,
with the increase of the stack size, the optimized stack or-
der can save much more test cost, which also proves the
effectiveness and significance of the proposed stacking or-
der on test cost reduction.
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