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Accurate cycle time is an essential planning basis required for many production applications, especially on
due date commitments, performance metrics analysing, capacity planning, and scheduling. The re-entrant
final testing process is the final stage of the complicated semiconductor manufacturing process. To enhance
the ability of quick responses and to achieve better on-time delivery in final testing factories, it is essential to
develop an accurate cycle time estimation method. In this paper, we provide a statistical approach to calculate
the cycle time for multi-layer semiconductor final testing involving the sum of multiple Weibull-distributed
waiting times. In addition, percentiles of the cycle time are obtained which are useful to industrial practitioners
for due date commitments satisfying the targeted on-time delivery rate. To demonstrate the applicability of the
proposed cycle time estimation model, a real example in a semiconductor final testing factory which is located
on the Science-based Industrial Park in Hsinchu, Taiwan, is presented.

Keywords: cycle time estimation; semiconductor final testing; Weibull distribution

1. Introduction

Semiconductor final testing process is the final stage of the complicated semiconductor manufacturing process.
The main purposes of the final testing process are to verify the actual performance of IC (integrated circuit) chips
and determine whether they can be accepted by customers or not. Recently, enhancing the ability of quick response
in final testing factories has become more and more important due to fierce competition in the semiconductor
industry. It is noted that cycle time estimation is an essential planning basis and tool on the due date commitments
and the performance metrics analyses. An accurate cycle time calculation can achieve better on-time delivery. In this
paper, we present a statistical cycle time estimation model for a re-entrant semiconductor final testing process flow.
The model is useful to the due date commitments and can be used to enhance the ability of quick responses in the
semiconductor final testing process flow.

In semiconductor final testing factories, there are two major types of products, namely logic and memory IC.
The logic IC has to integrate multiple functions, thus the complex system-on-chip (SoC) has wide applications such
as LAN, AUDIO, and VEDIO. In addition, there have been a number of applications of the memory IC involving
FLASH, SRAM, and DRAM. Due to the large increasing demand in memory IC products, some semiconductor
final testing factories allocate machine capacities to the memory IC products. Therefore, we concentrate on the cycle
time estimation of memory products in the paper. Generally, the memory IC final testing process involves
nine operations: (1) FT-1 (final test 1), (2) Cycling, (3) FT-2, (4) Burn-in, (5) FT-3 (6) Laser mark, (7) VM (virtual
measurement)/scan, (8) Bake/package, and (9) Shipping, as shown in Figure 1. It should be noted that jobs re-enter
the same critical work centre multiple times (FT-1, FT-2, and FT-3), and jobs of different product types share with
each other for critical resources (the testers). Consequently, the re-entrance is an essential characteristic of the
semiconductor final testing process flow.

The FT-1 (final test 1) is the first operation of the whole final testing process flow and its process equipment
involves testers, handlers, and assorted handling accessories. Since a tester is the most expensive equipment, it is a
typical bottleneck in an IC final testing facility (Freed et al. 2007, Chien and Wu 2003, Liow and Lendermann 2008).
In the FT-1 operation, the tester is the main processing engine to test the basic functions, speed, and conductivity of
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IC chips at room temperature, 25� 3�C. Through specific handler and handling accessories, the IC chips are picked
and placed in the tester to test their functions. Comparing to the process temperature of FT-1 operation, the testing
temperature of FT-2 is set to a high temperature (100� 3�C) and that of FT-3 goes down to a low temperature
(0� 3�C). Through the three re-entrant FT processing steps, the IC reliability can be enhanced. For other detailed
semiconductor final testing process steps, we refer the interested readers to Pearn et al. (2004) and Chien and Wu
(2003). In the semiconductor final testing process, the bottleneck machine (tester) should be utilised efficiently.
Consequently, FT-1, FT-2, and FT-3 are critical operations where jobs compete with each other and wait in the
queue before they are processed. It is noted that the waiting time of the three FT operations are significantly longer
than other operations in the flow.

In semiconductor final testing shop floors, there is a great proliferation of product types. Due to various sizes
and shapes of IC chips, the job processing times may vary in the FT operations, depending on the product type
of the job processed on. To prevent the critical resources from starvation (idle), the CONWIP (constant work in
process) control policy (Spearman et al. 1990) is applied. Nadarajah and Kotz (2008) defined total cycle time as the
sum of processing time and waiting time. In this paper, we consider a probabilistic model of waiting time and
assume that the job processing time is predetermined, depending on its product type. In some final testing factories,
waiting time data collected from shop floor can be better described by Weibull than by normal distribution. Weibull
distribution, which is a generalisation of exponential distribution, is a very flexible distribution and can easily be
fit to many data sets. Consequently, in the paper, we provide a cycle time estimation model considering
Weibull-distributed waiting times. The statistical cycle time estimation model can be used to obtain the cycle time
efficiently and to quickly respond to customers for various on-time delivery rates.

This paper is organised as follows. Section 2 presents a comprehensive review of existing cycle time estimation
literature. Section 3 presents the cycle time estimation model for single operation and single-layer process
flow. Subsequently, Section 4 shows the combined distribution for multi-layer process flow. The combined
distribution adopting the sum of multiple Weibull distributions for multi-layer final testing process flow is shown.
To demonstrate the applicability of the cycle time estimation model with the combined distribution, Section 5 gives
a real-world example which is taken from a semiconductor final testing factory located on the Science-based
Industrial Park in Hsinchu, Taiwan. Finally, Section 6 provides the conclusions.

2. Existing methods for cycle time estimation

Recent years have seen increased attention being given to cycle time estimation in the literature since the issue is
an essential planning basis and an interesting research field for industrial practitioners and academic researchers.
Chung and Huang (2002) classified the existing methods for cycle time estimation into four categories, including
simulation, analytical, statistical analysis, and hybrid methods. In addition, the soft computing methods have been
widely applied to the cycle time estimation recently and can be considered as the fifth category.

For the simulation methods, Vig and Dooley (1991) presented two methods for flow-time estimation. The
relationships between several shop factors and effects on the due-date performance using a simulation tool were
evaluated in their investigation. Raghu and Rajendran (1995) showed a simulation method to select the best rule for
shop floor dispatching and developed a due-date assignment policy for a job shop. Sivakumar and Chong (2001)
investigated the relationships between the selected input and output variables using a data driven discrete event
simulation model. However, Backus et al. (2006) and De Ron and Rooda (2006) indicated that the simulation

CyclingFT-1

Burn in

Laser mark VM/Scan Bake/
package Shipping

FT-2

FT-3

Figure 1. The IC final testing process with re-entry.
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method is time consuming for complicated manufacturing factories due to heavy computation loadings. To further
explore the relationships between cycle time and throughput, some essential investigations have been done on
cycle time-throughput (CT-TH) curves using simulation-based statistical methods (see, for instance, Park et al.
2002). The developed CT-TH curves graphically illustrated the trade-off relationships among their interested
indicators. Recently, Yang et al. (2007) provided a nonlinear regression metamodel and simulation to generate their
CT-TH curves efficiently. Subsequently, Yang et al. (2008) incorporated the generalised Gamma distribution to
represent the underlying distribution of cycle time. They applied a factory simulation to fit metamodels and showed
CT-TH percentile curves. Bekki et al. (2010) considered a technique, based on the Cornish-Fisher expansion,
for estimating steady-state quantiles from discrete-event simulation models. The developed CT-TH curves play an
essential role in strategic planning for manufacturing.

Considerable concern has also arisen over the analytical methods in cycle time estimation research. Chung and
Huang (2002) provided an analytical approach to estimate cycle times for engineering lots in a wafer fab.
Shanthikumar et al. (2007) presented an extensive survey regarding applications of queuing theory for
semiconductor manufacturing systems. They also proposed a novel solution by relaxing an essential assumption
in the classical queuing theory. Morrison and Martin (2007) conducted a comprehensive review regarding the
queuing theory applied in cycle time estimation and provided some extensions to cycle time approximations for the
G/G/m-queue. In addition, De Ron and Rooda (2006) showed a lumped parameter model for manufacturing lines.
The Kingman’s equation was applied and basic characteristics of real lines were considered in their model.
Huang et al. (2001) employed analytic approximations for semiconductor wafer fabrications. However, the accuracy
of classical queuing models is less satisfactory than that of simulation, since the complex operational behaviour of
semiconductor fabs cannot be represented by one single queuing model.

For statistical analysis methods, Backus et al. (2006) applied a statistical method, the data-mining approach, and
provided nonlinear predictor variables to estimate factory cycle time. They considered the ability of the regeneration
of models to be an essential element. Consequently, they noted that the models can be updated as necessary since
such models have the ability to quickly re-analyse the statistical data. Nadarajah and Kots (2008) and Nadarajah
(2007) discussed the cycle time distribution and waiting time distribution, respectively. They mentioned the results
could be used for cycle time reduction. Pearn et al. (2007) considered a due-date assignment model for the
semiconductor wafer fabrication under a demand variant environment. A contamination model was applied to
tackle the due-date assignment problem where the product mix changes periodically. The soft computing methods
include neural network, fuzzy, and genetic algorithm, which have been applied to estimate cycle times for
semiconductor manufacturing processes. Chang and Liao (2006) presented a flow-time prediction method, which
incorporated fuzzy rule bases with the aid of a self-organising map (SOM) and genetic algorithm (GA). Chang et al.
(2008) also showed a neural-fuzzy model to estimate flow time for a wafer foundry fabrication. Chen (2007) and
Chen and Lin (2009) applied hybrid fuzzy c-mean and fuzzy back propagation network approaches to estimate cycle
time in semiconductor manufacturing processes.

Some researchers used hybrid methods to estimate cycle time. Liao and Wang (2004) estimated delivery time
using the hybrid method incorporating neural networks and analytical methods. Kaplan and Unal (1993) combined
the simulation and statistical analysis approaches to estimate cycle time. Moreover, Chen (2008) proposed an
intelligent mechanism that contained two parts. In the first part, a hybrid self-organisation map and back
propagation network was employed; in the second part, a set of fuzzy inference rules was incorporated to evaluate
the achievability of related output time forecast. It is worth noting that much research work has been done on the
complicated semiconductor manufacturing process flows in search of fast and accurate estimated methods. To the
best of our knowledge, however, no research has been done on the cycle time estimation using statistical analysis
methods for the multi-layer re-entrant final testing process flows which need to achieve better on-time delivery for
customers. In this paper, we propose a statistical cycle time estimation method, which is one of the five existing
categories, considering the sum of multiple Weibull-distributed waiting time distributions for multi-layer testing
operations.

3. Cycle time distribution for single-layer testing operation

In this paper, cycle time is defined as a random variable (see, for instance, Yang et al. 2007, 2008). Historically, the
exponential distribution is used for operation inter-arrival times or waiting times. However, recent research
works have considered that Gamma distribution is an appropriate distribution used to fit the waiting time (see, for
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instance, Nadarajah 2007, Nadarajah and Kots 2008) since Gamma distribution is a more general distribution
including the exponential distribution as a special case. In fact, in many real situations, the waiting time
data collected from some semiconductor final testing shop floors are Weibull-distributed. It should be noted
that Weibull distribution is a very flexible distribution and can easily be fitted to many data sets. Rinne (2009)
mentioned that Weibull distribution, together with the normal, exponential, �2, t, and F distributions, is one of the
most popular models used in the industry. The exponential distribution is equivalent to a Weibull (1, �) distribution
as a special case. Therefore, Weibull distribution would be appropriate for the modelling of waiting times. We note,
particularly, that some data (for instance, life time with a variable hazard rate) are more appropriately fitted
as Weibull distribution than fitted as Gamma distribution. Consequently, in this section, we present a cycle
time estimation model considering Weibull-distributed waiting time for a single-layer testing operation. In the
subsequent section, a cycle time estimation model involving the sum of multiple Weibull-distributed waiting
time distributions is developed for multi-layer testing operations in the re-entrant semiconductor final testing
factories.

3.1 Weibull distribution

Weibull distribution is non-negative distribution (Johnson et al. 1994) and can be denoted as Weibull (c,�) with
shape parameter c and scale parameter �. Weibull distribution is often used to model the time until failure of many
different physical systems. The probability density function (p.d.f.) is defined as

f ðxÞ ¼
c

�c
xc�1e�ðx=�Þ

c

, x4 0, c4 0, �4 0, ð1Þ

and the mean and variance are given as follows:

EðXÞ ¼ �½�ð1þ c�1Þ� and VðXÞ ¼ �2 �ð1þ 2c�1Þ � �ð1þ c�1Þ
� �2h i

: ð2Þ

Weibull distribution has often been applied in the field of life data analysis due to its flexibility. It can mimic the
behaviour of other statistical distribution such as the normal and the exponential distributions. Weibull distribution
is a skewed distribution for continuous non-negative random variables. The shape of Weibull probability density
function is more similar to a normal distribution while the shape parameter of Weibull distribution is more than 2.
Figure 2 plots the Weibull distributions with different combinations of c and �. Figure 2(a) plots the Weibull(c, 1)
with parameters c¼ 1, 3, 5. Figure 2(b) plots the Weibull(c, 3) with parameters c¼ 1, 3, 5. As can be seen in Figure 2,
the Weibull distribution covers a wide class of non-normal applications. In addition, the maximum likelihood
estimators ĉ and �̂ of c and �, respectively, satisfy the following equations.

ĉ ¼
Xn
i¼1

Xĉ
i logXi

( ) Xn
i¼1

Xĉ
i

( )�1
�
1

n

Xn
i¼1

logXi

2
4

3
5
�1

and �̂ ¼
1

n

Xn
i¼1

Xĉ
i

( )1=ĉ

: ð3Þ

Figure 2. The pdf of Weibull (c, �) with (a) c¼ 1, 3, 5 and �¼ 1; (b) c¼ 1, 3, 5 and �¼ 3.

584 Y.T. Tai et al.

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 1

5:
15

 2
8 

A
pr

il 
20

14
 



3.2 Cycle time estimation for a single operation

The FT operations are the most critical operations in the re-entrant semiconductor final testing process flow.

Since the tester is the most expensive equipment and must be utilised efficiently, the waiting times of the FT

operations are significantly longer than the other miscellaneous operations. The calculation of the cycle time for one
FT operation is equal to the processing time plus the waiting time at various percentiles. The cycle time calculation

formula can be expressed as follows:

CTið�Þ ¼ PTi þWTið�Þ, ð4Þ

where CTi(�) denotes single FT operation cycle time of product type i at �-percentile, PTi denotes the processing

time of product type i, and WTi(�) is the fitted Weibull-distributed waiting time of product type i at �-percentile.
We consider a small-scaled example for cycle time estimation in the FT-1 operation in which the waiting times

collected from the shop floor are Weibull-distributed. The example involves three identical parallel testing machines
and three different product types (namely, A, B, and C). The various processing times of FT-1 for product types A,

B, and C are 68, 59, and 42 minutes, respectively. The processing time is not affected by the machine processing it,

but it depends on the product type of the job processed. The ‘minute’ is used as the unit for processing time and

waiting time.
The estimated values of the shape parameter of Weibull-distributed waiting times for product types A, B, and C

are 5, 3.9, and 10, respectively. The estimated values of the scale parameter of the Weibull-distributed waiting times

for product types A, B, and C are 39.7, 62.6, and 47.7, respectively. Since the waiting time of product type A in the

single FT-1 operation is fitted with parameters (5, 39.7), the 95-percentile of the waiting time is 49.44 minutes.
Therefore, the estimated cycle time of product type A is equal to 117.44 minutes at 95-percentile using Equation (4).

Applying this method, the 95-percentile of the cycle times of the FT-1 operation of product types B and C are 141.94

and 95.23 minutes, respectively.

3.3 Cycle time estimation for single-layer

For the clarity and convenience to present our new development, the concept of ‘layer’ is incorporated into the cycle

time estimation model due to the essential characteristic of re-entry. Since the testers are the most critical bottleneck
in final testing factories, the FT operations can be considered as the first operation of each layer. In general, there

are three layers in the DRAM products, as shown in Figure 3. The first layer involves FT-1 and cycling; the second

layer comprises FT-2 and burn-in. The third layer includes FT-3 and other miscellaneous operations involving laser

mark, VM/scan, bake/package, and shipping operations to perform the final mark, packaging and delivery the
conformities (good dies) to customers.

In this paper, we assume the resources of non-bottleneck operations are freely available. In the investigated

process, the variances of cycle time in non-bottleneck operations are sufficiently small. Consequently, such variance

can be neglected and the cycle time of non-bottleneck operations can be treated as a constant. Therefore, we can

calculate the combined cycle time (CCT) for each single layer using the following equation:

CCTi,jð�Þ ¼WTi,jð�Þ þ PTi,j þ LCTi,j ð5Þ

where j denotes the index of the layer, CCTi,j(�) is the combined cycle time of the jth layer of product type i at
�-percentile, WTi,j(�) is the Weibull-distributed waiting time of the jth layer of product type i at �-percentile, PTi,j is

CyclingFT-1

Burn in

Laser Mark VM/Scan Bake/
package Shipping

FT-2

FT-3

Layer 1

Layer 2

Layer 3

Figure 3. The layers in the final testing process flow for the DRAM products.
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the processing time for the jth layer of product type i, and LCTi,j is the sum of cycle times for those non-bottleneck
operations in the jth layer of product type i.

4. Combined distribution for multi-layer testing operations

To obtain the accurate cycle time of the whole final testing process, a combined cycle time model with
considerations of multi-layer final testing process flow is developed. Since the final testing process is the final stage
of the semiconductor manufacturing process, how to achieve better on-time delivery has become an essential issue
(Lin et al. 2004). In the final testing factories, it is better to provide percentiles of cycle time instead of a constant
cycle time value since the percentiles of cycle time can be used as convenient reference points for due date
commitments and other planning bases. In the final testing factory investigated, the waiting times of the FT
operations in the multi-layer testing flow are Weibull-distributed. In Section 3.3, calculation of the cycle time for
single layer is presented, which involves only one single Weibull distribution. Calculating the cycle time for the
multi-layer final testing process, however, involves the sum of multiple Weibull distributions. The resulting Weibull
sum becomes rather complicated. Therefore, a polynomial approximation method for the combined distribution
based on the sum of multiple Weibull distributions is adopted; then, the multi-layer cycle time calculation model can
be shown.

4.1 The polynomial approximation method for Weibull distribution

As described in the previous section, the multi-layer final testing process is a re-entrant flow and FT operation is the
bottleneck of the flow. Therefore, the sum of waiting times of the three FT operations is significantly longer than the
other non-critical operations and should be considered. However, it is rather difficult to achieve the exact
cumulative distribution function (c.d.f.) of the sum of multiple Weibull distributions. There are no existing statistical
results which can be applied to obtain the desired probability value directly. Hence, to effectively obtain the cycle
time estimation model and to obtain the sum of Weibull-distributed waiting times of the three FT operations,
we apply a cubic polynomial approximation method provided by Lu (2003) and show the method as follows.

Assume X1,X2, . . . ,Xn be independent random variables each having a Weibull distribution with parameters
(c,�) of form

f ðxÞ ¼
c

�c
xc�1e�ðx=�Þ

c

, x4 0, c4 0, �4 0: ð6Þ

Then, the probability value of PðSn � tÞ, where Sn ¼ X1 þ � � � þ Xn, is the desired value that we are interested in.
The essential idea of the cubic polynomial approximation method is to use the three quantiles to approximate the
sum of multiple Weibull distributions. Suppose Xi is a random variable from Weibull distribution with parameters
(c, 1). Through the transform of variable Yi ¼ Xc

i , we can obtain that Yi is a random variable from Exponential (1)
distribution, where i ¼ 1, . . . , n. Therefore, the distribution function of Y1 þ � � � þ Yn is applied to approximate the
distribution function of X1 þ � � � þ Xn. Since the two distribution functions are continuously differentiable
functions, we can find some continuously differentiable functions w(t) for each t � 0, such that

PðX1 þ � � � þ Xn � tÞ ¼ P Y1 þ � � � þ Yn � wðtÞð Þ, ð7Þ

where w(0)¼ 0. The form of w(t) can be expressed as third degree polynomial �t3c þ �t2c þ �tc. To determine the
three unknown parameters, ð�, �, �Þ, we use three quantiles of X1 þ � � � þ Xn and Y1 þ � � � þ Yn. First, we let tp satisfy
PðX1 þ � � � þ Xn � tpÞ ¼ p and �p satisfy P Y1 þ � � � þ Yn � �p

� �
¼ p; therefore, tp and �p are the pth quantile of

X1 þ � � � þ Xn and Y1 þ � � � þ Yn, respectively. When p ¼ 0:1, 0:5, and 0:9, we can obtain three linear functions
using �t3cp þ �t

2c
p þ �t

c
p ¼ �p.

In the cubic polynomial approximation method, �p can be obtained using the Newton method. However, the tp
can not be obtained analytically, but it can be obtained using Monte Carlo simulation method. The value of a
desired probability can be obtained in the following procedure.

Step 1: Solve the 1�
Pn�1

i¼0 e��p�ip=i! ¼ p using the Newton method to obtain �p, where p ¼ 0:1, 0:5, and 0:9.

Step 2: Let the sample size of the simulation be N ¼ 106. Let T1,T2, . . . ,TN be a random sample from
FnðxÞ ¼ PðX1 þ � � � þ Xn � xÞ.
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Take n ¼ 2, for example, the desired simulation data is Ti ¼ Xi
1 þ Xi

2, i ¼ 1, . . . , 106. Here, Xi
1,X

i
2 are the random

variables each having an identical and independent Weibull (c, 1). After sorting the order, t̂0:1 ¼ Tð0:1	106Þ,
t̂0:5 ¼ Tð0:5	106Þ, and t̂0:9 ¼ Tð0:9	106Þ are the approximations of the true quantiles t0.1, t0.5, and t0.9, respectively.

Step 3: The three unknown parameters �, �, and � can be obtained by the following linear equations.

�t̂3c0:1 þ � t̂
2c
0:1 þ �t̂

c
0:1 ¼ �0:1, ð8Þ

�t̂3c0:5 þ � t̂
2c
0:5 þ �t̂

c
0:5 ¼ �0:5, ð9Þ

�t̂3c0:9 þ � t̂
2c
0:9 þ �t̂

c
0:9 ¼ �0:9: ð10Þ

Step 4: Under fixed n and shape parameter c, the estimated form of w(t) is ŵðtÞ ¼ �t3c þ �t2c þ �tc.

Step 5: The approximation of the distribution function of interest can be obtained as follows:

P X1 þ � � � þ Xn � tð Þ ffi P Y1 þ � � � þ Yn � ŵ tð Þð Þ ¼ 1�
Xn�1
i¼0

e�ŵ tð Þŵ tð Þi=i!: ð11Þ

In the simulation procedure, we set N ¼ 106; Np is a positive integer when p ¼ 0:1, 0:5, and 0:9 and TðNpÞ is pth
sample quantile. In addition, we can find that the distribution of TðNpÞ approximates Nðtp, pð1� pÞ=f2nðtpÞNÞ and its
error is proportional to 1=

ffiffiffiffi
N
p
¼ 10�ð7=2Þ (Serfling 1980). Therefore, we consider that the TðNpÞ would approach the

true pth quantile.

4.2 The accuracy of the polynomial approximation

To show the accuracy of the cubic polynomial approximation, we conduct a simulation to present the comparisons
between the simulation and the polynomial approximation. Since three testing layers are involved in the investigated
semiconductor final testing factory, we conduct three Weibull-distributed waiting time distributions with identical
parameter settings and their sizes are set to N ¼ 106 each. Three samples of size m can be drawn with replacement
from the original three Weibull distributions each and be denoted by fx�11, x

�
12, . . . , x�1mg, fx

�
21, x

�
22, . . . , x�2mg, and

fx�31, x
�
32, . . . , x�3mg. We calculate the sum of the three samples for each drawn; that is, X�1 ¼ x�11 þ x�21 þ x�31,

X�2 ¼ x�12 þ x�22 þ x�32, and X�m ¼ x�1m þ x�2m þ x�3m. Then, the cumulative density functions (c.d.f.) regarding the
random variables X�m are plotted in Figures 4 (a)–(h) with c ¼ 1, 2, 3, 4 and � ¼ 1, 2. Meanwhile, the results of the
simulation are plotted with the solid lines and referred to as ‘simulation’. In addition, the results of polynomial
approximation are also depicted with the dashed lines and referred to as ‘estimated’. Figure 4 indicates that the
results of polynomial approximations are rather close to those of the simulation. It is shown that the polynomial
approximations display a good performance in accuracy.

4.3 The multi-layer cycle time calculation

Applying the results of the sum of multiple Weibull distributions, the combined waiting time (CWT) for the multi-
layer final testing process flow can be obtained. Therefore, the multi-layer cycle time (MCT) of the whole re-entrant
final testing process flow can be calculated as follows:

MCTið�Þ ¼ CWTið�Þ þ
XJ
j¼1

ðPTi,j þ LCTi,jÞ, ð12Þ

where MCTi(�) is the multi-layer cycle time for product type i at �-percentile, CWTi(�) is the combined waiting time
of the Weibull sum for product type i at �-percentile, J denotes the total number of layers in the re-entrant process
flow, and

PJ
j¼1 ðPTi,j þ LCTi,jÞ is the sum of the processing times of the FT operations and cycle times of the other

non-bottleneck operations in each layer. For an individual job, we can obtain the percentiles of the multi-layer cycle
time. Using this method, cycle time is equal to the sum of the processing times of the FT operations and cycle times
of non-critical operations in each layer plus �-percentile of the sum of Weibull-distributed waiting time. The
�-percentile waiting time can be obtained using the method of the cubic polynomial approximation.
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4.4 Discussion

The Central Limit Theorem may be applied to obtain the percentiles of the mean cycle time of the sum of Weibull
distributions. In fact, the mean ( �XCWT) and variance (S2

CWT) of the Weibull sum are Eð
Pn

i¼1 XiÞ ¼ nE
ðXiÞ ¼ n�½�ð1þ c�1Þ� and

Vð
Xn

i¼1
XiÞ ¼ nVðXiÞ ¼ n�2 �ð1þ 2c�1Þ � �ð1þ c�1Þ

� �2h i
;

thus, ð �XCWT � 	Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2
CWT=n

q
is approximately distributed as the standard normal distribution, Nð0, 1Þ.

Figure 4. The comparisons with the results of the simulations and the polynomial approximations with different parameter
combinations. (a) Weibull(1,1); (b) Weibull(2,1); (c) Weibull(3,1); (d) Weibull(4,1); (e) Weibull(1,2); (f) Weibull(2,2);
(g) Weibull(3,2); (h) Weibull(4,2).
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5. Cycle time calculation for semiconductor final testing process

In this section, to demonstrate the applicability of the proposed cycle time estimation model, we consider a real-
world case taken from a final testing shop floor in a semiconductor final testing factory located on the Science-based
Industrial Park in Hsinchu, Taiwan. For the case investigated, there are three different customers (namely, P, E, and
H) and five product types (namely, EBGA60, HBGA60, PTSOP66, HTSOP66, and ETSOP66). The packaging type
of EBGA60 is BGA (ball grid array) with 60 solder balls for customer E and the packaging type of HTSOP66 is
TSOP (thin small outline package) with 66 pins for customer H. An order involves six jobs which may be processed
in the nine operations with re-entry where a set of identical machines are arranged in parallel in each operation
in the shop floor. The testers are the serial of Advantest type with the maximum number of ducts being 64; that is,
one tester can test 64 IC chips simultaneously. In the factory we investigated, to avoid extremely long cycle times,
the CONWIP policy is applied to shop floors. Jobs are released into the plant only when WIP level is lower than the
planned WIP level. In addition, manufacturing execution system (MES) is applied to enhance the abilities
of automation and shop-floor data collections. To estimate the combined cycle time for the whole process flow,
we collected the waiting times of the five product types in the shop floor from the MES. Table 1 displays the 300
observations of waiting times, collected from the historical data, in the FT-1 operation of EBGA60. The ‘minute’
is used as the unit for processing time and waiting time. Figure 5 plots the histogram showing the collected data.

It is evident to conclude that the data collected from the semiconductor final testing shop floor is not normally
distributed by observing the histogram in Figure 5. Using the probability plot, the result indicates that the data
approximates to be distributed as Weibull distribution since the p-value is greater than 0.250. Using the maximum
likelihood estimators (MLE), values of the shape parameter (c) and the scale parameter (�) of the Weibull
distribution can be obtained using Equation (3) from the historical data, giving ĉ ¼ 9:69 and �̂ ¼ 628:35.

To obtain the multi-layer cycle time for the whole semiconductor final testing process flow, we collected the
historical data of waiting times for the five product types in the FT operations from the MES. Table 2 shows the
speed and the number of IC chips contained in a job for each product type and Table 3 presents the job processing

Table 1. The 300 observations of waiting times.

462.2 731.2 607.0 676.9 621.6 615.2 681.0 476.2 642.8 581.9
655.6 554.2 498.5 735.9 641.4 709.4 615.3 649.0 706.7 566.1
586.1 616.3 531.8 501.6 511.1 720.0 562.0 671.0 567.4 624.8
608.9 478.0 578.2 662.2 731.6 640.0 502.2 511.8 577.1 621.9
503.0 612.5 533.0 642.5 548.4 734.3 647.3 654.2 412.5 576.0
550.0 621.0 574.9 574.6 436.6 627.1 650.9 578.0 596.6 526.1
614.3 522.8 634.6 645.2 389.8 569.8 515.0 442.5 624.3 629.3
727.7 601.8 644.2 612.0 542.3 689.5 655.3 573.8 662.3 619.8
531.8 661.5 634.8 699.7 617.4 714.4 537.3 512.9 582.3 588.5
616.3 572.2 600.1 396.5 606.7 584.9 493.6 738.8 557.7 594.1
584.3 525.9 559.2 590.8 659.1 585.7 655.4 676.7 628.6 561.9
541.4 726.5 640.6 620.1 578.5 730.7 653.9 532.8 738.8 604.3
485.1 570.2 525.8 603.6 638.6 730.0 706.4 618.9 620.8 546.0
556.4 627.9 593.7 636.1 451.4 664.2 694.4 503.4 552.3 608.3
667.2 528.2 629.5 618.4 559.4 590.0 579.0 557.3 540.8 665.1
623.3 605.9 565.2 656.6 622.2 702.7 664.0 568.8 486.4 565.7
475.2 563.6 597.8 591.4 554.8 630.1 523.7 633.9 523.4 413.2
488.4 619.2 616.3 550.5 648.3 581.0 667.8 669.6 630.0 536.8
622.5 641.4 567.1 600.9 617.2 561.6 668.5 672.1 583.2 565.0
501.7 664.3 583.1 579.1 476.8 567.6 367.9 663.9 558.2 609.1
702.6 663.4 540.5 660.1 569.7 692.4 617.2 620.3 663.3 682.8
632.7 570.0 455.1 627.9 659.4 614.6 635.0 519.0 495.7 573.9
534.6 641.8 602.3 544.0 525.5 616.9 639.7 608.2 593.5 630.4
738.9 598.7 508.4 570.3 581.6 632.6 630.5 533.7 580.9 676.0
676.3 673.2 668.0 613.4 677.6 672.6 625.5 613.5 654.9 593.9
661.4 566.3 420.1 593.7 660.5 571.5 589.1 614.1 597.4 531.3
662.3 628.1 647.7 540.7 586.0 566.0 681.4 615.3 478.2 571.8
586.7 517.3 651.3 702.0 581.3 559.2 712.7 622.1 635.9 288.4
647.5 519.9 510.5 586.9 629.5 610.3 613.9 497.5 575.9 449.5
662.3 588.7 556.7 706.1 592.3 596.2 513.1 747.9 625.7 702.2
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times for the critical FT operations and cycle times for the other non-bottleneck operations. It is noted that some
operations are optional due to customers’ considerations.

Using the method of maximum likelihood estimators (MLE), we can calculate the values of the two essential
parameters, shape (ĉ) and scale (�̂) parameters for the Weibull-distributed waiting time of each product type in the
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Figure 5. Histogram of the 300 observations.

Table 3. Job processing times for each FT operation and job cycle times for each non-bottleneck operations.

Layers Operations

Product type

EBGA60 HBGA60 PTOSP66 HTOSP66 ETOSP66

1 FT-1 165.0 190.0 70.8 91.7 202.7
Cycling 731.0 720.0 – 754.0 –

2 FT-2 150.0 197.6 76.5 97.9 192.0
Burn-in 964.0 – 955.0 732 752.0

3 FT-3 155.0 202.7 69.4 104.2 197.3
Laser mark 17.0 21.0 24.0 14.5 18.5
VM/Scan 51.0 58.2 33.6 26.2 55.2
Bake/package – 569.0 – 815.0 –
Shipping 82.0 88.0 79.0 64.0 72.0

Note: Unit¼mins.

Table 2. Job processing times for the five product types in FT operations.

Product type Speed
Number of IC
chips per job

Operations

FT-1 (mins) FT-2 (mins) FT-3 (mins)

EBGA60 667MHz 1890 165.0 150.0 155.0
HBGA60 800MHz 2420 190.0 197.6 202.7
PTOSP66 400MHz 1080 70.8 76.5 69.4
HTOSP66 800MHz 1600 91.7 97.9 104.2
ETOSP66 400MHz 2000 202.7 192.0 197.3
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semiconductor final testing process flow. Since the re-entrant characteristic exists in the semiconductor final testing
process flow and jobs re-enter the same toolset of the testers, the two parameters of the Weibull distribution in each
layer are identical for one product type. We collect the data from the MES in the shop floor and calculate the values
of the two essential parameters, shape (ĉ) and scale (�̂) of the Weibull distributions for the five product types.
The values of the shape parameters (ĉ) can be computed as 9.69, 7.42, 4.36, 6.6, and 8.59 and the values of the scale
parameter (�̂) can be calculated as 628.35, 766.69, 576.83, 497.65, and 533.99 for the five product types EBGA60,
HBGA60, PTSOP66, HTSOP66, and ETSOP66, respectively. In addition, an alternative approach which is referred
to as the method of moments estimator can also be employed to obtain the values of the parameters.

Using the sum of multiple Weibull distributions, the three-layer combined waiting time of EBGA60 can be
calculated as 2000.19 minutes at 95-percentile. Therefore, based on Equation (12), the 95-percentile of the multi-
layer cycle time can be computed as 4315.19 minutes for EBGA60 in the factory. Similarly, the 95-percentile of the
cycle times for HBGA60, PTSOP66, HTSOP66, and ETSOP66 can be calculated as 4536.99, 3309.17, 4334.14,
and 3203.79 minutes, respectively. It should be noted that the percentiles of cycle time can be used as convenient
reference points for due date commitments and other planning bases. They are very useful to industrial practitioners
for achieving an accuracy basis of factory performance analysis.

6. Conclusion

Cycle time is an essential basis for due date assignment, production planning, and scheduling. In this paper,
we proposed a statistical approach for cycle time estimation in the re-entrant semiconductor final testing process
flow. The cycle time estimation models for single operation and single layer were first provided. Since the waiting
times collected from the shop floor were Weibull-distributed, the multi-layer cycle time estimation model involving
the sum of multiple Weibull distributions was presented. In addition, to quickly respond to the customers’ inquiries
of due dates and shipping schedules, percentiles of cycle time were also provided. To demonstrate the applicability
of the proposed cycle time estimation model, we considered a real-world case taken from a shop floor in a
semiconductor final testing factory located on the Science-based Industrial Park in Hsinchu, Taiwan. The results of
the investigation indicated that the cycle time estimation model provided satisfactory calculation of the cycle time.
The model considering the various percentiles of cycle time could be very useful to industrial practitioners involved
in semiconductor final testing shop floor to provide accuracy bases for due date commitments, production planning,
and factory performance analysis.
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