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Controlling an engineering process usually focuses on maintaining the process output on-target with
minimum variation. Conventionally, the quality loss incurred by the deviation from the nominal values
is assumed symmetric. However, in some engineering processes, the penalties incurred by positive and
negative deviations of the quality variables are different. In such cases, we need to redesign the controller
so that the overall quality loss is minimized. In this work, motivated by a real ingot growing process, a new

controller is proposed for an asymmetric quality loss function. Its performance and stability are studied
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via numerical simulation. The effectiveness of the method is also demonstrated in the real engineering
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1. Introduction

Process adjustment is an important quality control method used
in semiconductor manufacturing to maintain process output on-
target with minimum variation. The control algorithm usually takes
the output obtained at the previous step or time point, and derives
the optimal set-point for the next step. In this way, the expected
output of the next step is driven to a desired target value. The
set-point contains another automatic control loop guided by engi-
neering controllers. Such a framework is implemented to learn
process dynamics and gradually move the process on target with
reduced variation [1].

Process control has been widely used in the industry with
repeated discrete production runs, due to its effectiveness in
improving quality and yield, and reducing cost. Examples include
chemical vapor deposition [2], plasma etching [3], chemical
mechanical polishing [4-6], photolithography [7] and ploy silicon
gate etching [8]. Card et al. [9] studied a plasma etch process for
8-in. silicon wafers by maintaining targeted values of post-etch
metrology variables. Sachs et al. [10] combined the Statistical
Process Control (SPC) and the feedback control. Bode et al. [11]
developed a control scheme for overlay control based on linear
models in semiconductor processes, and successfully implemented
it in a commercial facility. All the existing work has reported the
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effectiveness of the controllers in reducing process variation and
improving product quality.

To design such an adjustment algorithm, quality loss is the key
performance index. Taguchietal.[12] established a number of ways
to measure quality loss in different scenarios. He proposed three
functions for measuring quality for different quality characteristic:
nominal-the-best, smaller-the-better or larger-the-better.

In the nominal-the-best case, the output has a clear target. Any
deviation from the target incurs penalty, and the penalty is sym-
metric and increases quadratically with the amount of deviation.
Let y be the process output and T the target value, the quality loss
is then defined as follows:

L=k(y—T)? (1)

Fig. 1(a) shows this quality loss function. For this type of pro-
cesses, the output y should stay close to the target value such
that the mean square deviation can be minimized. In practice, the
nominal-the-best type of quality variables are widely used.

Taguchi et al. [12] also introduced smaller-the-better and
larger-the-better loss functions for cases in which the quality char-
acteristic is expected to be as small as possible, or as large as
possible. Sharma et al. [13] studied the quality loss functions, and
compare these three cases to devise a common methodology to
represent these three loss functions. Their quality loss functions
are shown in Fig. 1(b) and (c).

The different types of quality loss functions are widely seen
in different manufacturing processes. For example, in a wafer
preparation process (see Han and Wang [14]| and Wang and Han
[15] for more details), the thickness of the wafers after the lapping
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Fig. 1. Traditional quality loss functions: (a) nominal-the-best; (b) smaller-the-better; (c) larger-the-better.

operation has a target values; all wafers are expected to stay
as close as possible to the target thickness value. On the other
hand, the uniformity of the wafers, which is measured by the
total thickness variation (TTV), is a smaller-the-better type of
quality indicator; a smaller TTV value means better uniformity
condition and is always the pursuit of the industry. In a footwear
manufacturing process (see Jiang et al. [16] for more illustration),
the inner sole, middle sole and outer sole are bounded together
using a certain type of adhesive; the adhesive force between the
different layers is a larger-the-better type of quality matric.

These quality loss functions, especially the nominal-the-best
type function, are widely used in process adjustment. Most exist-
ing literature developed the algorithm by minimizing the expected
mean sum of squared error, which is consistent with the nominal-
the-best loss function, see, e.g. Wang and Tsung [17], Wang and
Tsung 1], Lin and Wang [ 18], and Lin and Wang [19]. Many run-to-
run (R2R) controllers have been introduced to reduce the impact
of drift, shift and noise disturbance. These include the exponen-
tially weighted moving average (EWMA) controller [20,10], PID
controller [21], age-based double EWMA controller [4], and self-
tuning controller [22]. However, the traditional definition of quality
loss cannot satisfy the real engineering requirement in some manu-
facturing processes. For example, in silicon ingot growth, the ingot
diameter is a “smaller-the-better but no-less-than” type of quality
variable. That is, the diameter has a design target. The true diame-
ter is expected to stay as close as possible to the target value, but
not smaller than the target. More engineering background of this
process will be introduced in the next section.

Harris [23] studied the control of a process with asymmetric
loss functions. However, the loss functions the author consid-
ered, including two quadric functions, two constant functions and
two linear functions, are inapplicable to the real process that we
encountered. Similarly, the work done by Colosimo et al. [24] can-
not be applied to our process, since the quality loss in our process
is penalized differently. Therefore, the objective of this paper is
to propose a new quality loss function that better suits certain
engineering needs. Based on the new loss function, the optimal run-
to-run (R2R) control action is also developed; and its performance
is studied via simulation.

The rest of this paper is organized as follows. In Section 2, the
quality loss function derived from a real engineering process is
introduced. The optimal control action is derived in Section 3. In
Sections 4 and 5, we study its control performance and stability.
Finally, Section 6 concludes this work with suggestions for future
research.

2. Quality loss for the smaller-the-better but no-less-than
(SBN) variables

In this work, we use the silicon ingot growing process as an
example for illustration. The silicon ingot growing process is the
first step to transform polysilicon to single silicon in semiconduc-
tor manufacturing. Single crystal growth is mainly achieved by
two methods, Czochralski (CZ) and float zone (FZ). Between these
two methods, the CZ process is more commonly used to produce

high-quality single crystal ingots [25]. Fig. 2 shows a schematic
diagram of a crystal growing furnace based on the CZ process.

A typical crystal growing furnace usually consists of the pulling
thread, which holds a thin seed crystal bar, the crucible, which holds
raw crystal material, and a heating system, which is used to melt the
raw material and create an ideal heat field for the growth of single
crystal. The CZ growing process has three major phases, namely (1)
seeding and necking, (2) body growth, and (3) termination. Among
these steps, the body growth is the main step and lasts the longest
period of time (usually 40-50h in our example). In this step, the
main body of the ingot is growing, and diameter control is one of
the most critical tasks. When growing the ingot, there is usually a
desired diameter value; the ingot is expected to be smooth and con-
sistent in diameter throughout its body growth stage (see a sample
ingot in Fig. 3). The diameter is monitored and measured by a CCD
camera. A feedback-control system is therefore needed to maintain
the diameter on target.

In most cases, it is difficult to keep the ingot diameter exactly
on target due to process variation and a lot of unobservable noises
(see Fig. 4 for the plot of the diameter of one sample ingot). The
diameter is affected by a number of factors. It is directly affected by
the pulling speed. When the pulling speed increases, the diameter
decreases, or vice versa. Besides, the pulling speed, temperature,
power of heater and many other factors need to be coordinated to
achieve a target diameter. Due to the large number of factors, alarge
variation of diameters is commonly encountered in real production.
In this paper, we focus on how to set and adjust the direct factor,
the pulling speed online. Once the set-point of the pulling speed is
known, the realization of the speed and the coordination among
other variables will be achieved by a built-in automatic control
system.

Fig. 2. A schematic diagram of a crystal growing furnace.



Diameter(mm)

J. Zhang et al. / Journal of Manufacturing Systems 33 (2014) 159-165 161

Fig. 3. A sample single-crystal silicon ingot.
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Fig. 4. The diameter of a sample ingot in a production cycle.
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Fig. 6. The asymmetric loss function.

Although there is a target value of the ingot diameter, the effects
of being higher or lower than the target are quite different. Fig. 5
illustrates different cases of the body diameter. If the true diame-
ter is larger than the target value, i.e. y > T, the extra material will
be removed in downstream operations. Therefore, the diameter
should be smaller-the-better to reduce material waste. However, if
the true diameter is smaller than the target, the whole part has to
be discarded (reworked) since this segment of ingot cannot satisfy
diameter requirement. For example, to produce 8-in. wafers, the
diameter of the ingot should be larger than 8 in., due to the down-
stream material removal process such as rounding. The segment
with diameter larger than 8 in. will be preserved. If the diameter is
smaller than 8 in., the segment cannot be used to produce wafers,
which will be discarded with a fixed cost. In the example shown in
Fig. 4, the desired ingot diameter is 206 mm. In practice, to avoid
under-specification situations, the real diameter is generated with
alarge slack value, which may cause high material waste if the slack
value is not appropriately chosen.

Therefore, the ingot diameter is a “smaller-the-better but no-
less-than” quality characteristic. The quality loss corresponds to
the diameter is shown in Fig. 6. When y > T, the loss is the same as
the traditional smaller-the-better type function, which increases
quadratically with the magnitude of deviation from the target;
when y<T, a fixed cost, ¢y, is incurred. Therefore, the overall loss
function is given as follows:

C if y<T
L= (1)
c(y — T)2 if y>T

Preserved

»la
>
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b e = ™
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T

Fig. 5. Diameters of ingots obtained in the process.
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Fig. 7. The expected loss and control action: (a) c; =20, ¢z =1; (b) ¢1 =30, c2=1.

It is clear that this loss function is asymmetric. Intuitively, it is
safer to grow larger than the target value than smaller than the
target value, since the penalty for y < T has a sharp increase near T.
In order to minimize the quality loss, a careful development of the
optimal control set-point is needed, which will be presented in the
next section.

The above asymmetric cost function is initiated from wafer pro-
duction; the slicing operation applied to the ingot makes the cost
accountable on individual wafers (or ingot segments). It should be
noted that as wafer is the base material of many products, such as
integrated circuit (IC) and solar cells; this cost function has a great
impact on many processes, and is therefore worth studying.

The above quality loss is also not limited to the ingot growth
process. We have seen other processes that having a similar qual-
ity requirement. As another example, a follow-up operation of the
ingot is slicing, which cuts the ingot into piece of wafers [26]. To
save materials and improve utility, the thickness of the wafers is the
smaller the better. However, the thickness should not be smaller
than a target value, thus leave space for the following lapping pro-
cess. The lapping process removes surface damagers on the wafer
and finally moves the remaining wafer thickness into certain spec-
ification limits.

3. Optimal control of the smaller-the-better but
no-less-than quality characteristic

In the previous section, we developed the objective function
for controlling the ingot diameter, which is a smaller-the-better
but no-less-than type of quality characteristic. In the following, the
optimal algorithm to control the diameter will be derived so that
the quality loss is minimized.

As aforementioned, ingot diameter is directly affected by pulling
speed. Therefore, we assume that the diameter and the controllable
variable have a linear relationship as follows:

Ver1 = o+ Bur + €441 (2)

where Y is the finished diameter at time t+1, and u; is the set-
point of the pulling speed set at step t. &.,1~N(0, 0%) are normally
distributed disturbance that the process has. Since the diameter of
ingots is measured on a discrete time horizon, the observations of
the diameter is therefore discrete. In Eq. (2), the discrete subscripts
of the notations are used to reflect the decision and observation
time points. In practice, initial setup bias, sudden process changes
and other types of disturbances may exist. The parameters o and
B cannot be estimated accurately. Therefore, feedback control is
needed for the process guided by Eq. (2).

The linear function in Eq. (2) is a commonly used form in semi-
conductor R2R control, see, e.g. Del Castillo and Hurwitz [22], Tseng
et al. [27], Wang and Tsung [17], Wang and Tsung [1], and Shang
et al. [28], among others. Even if the true relationship between u;
and y¢+ is not linear, the function is still a close approximation

to the real system within a short operational interval. Moreover,
although the following method is derived on the basis of the lin-
ear model assumption, the framework can be easily extended to
nonlinear processes with minor modification.

To minimize the quality loss in Eq. (1), we study the function
in greater details. Let a and b are the initial estimates of o and 8
obtained from historical data, respectively, and further denote 7; =
T —a — bu;. When y;,1 < T, which is equivalent to &;,1 < 7r, we
have

E(Lige <) =01 (3)
wheny 1 > T, 01 > T,

E(L\etyq > 1) = E(co(a+ bur + &¢41 — T)2|8t+1 > T¢)

=cy(a+ buy — T)2 +2cy(a+ bur — T)E(&ri 11641 > Tr)

+CE(e} 11601 > T0) (4)

Since ;.1 is normally distributed, the conditional expectation
of the mean and variance of ¢;,1 becomes the mean and variance
of a truncated normal distribution, which are given by

E(et1118e41 > Tt) = oAM(Tt)
and
E(e?, 1l€c1 > 1) = 0%(1 — 8(¢))

where A(t;) = ¢(¢)/(1 — D(7t)), 8(z¢) = ATt )(A(Te) — 7¢). Here, ¢(-)
and &(-) are the probability density function and cumulative
distribution function of the standardized normal distribution,
respectively.

Since E(L) = E(E(L|e¢4 1)), it is easy to obtain that

E(L)=E(Llery1 < 7t)P (%) +E(Llgry1 > ) (1 - (g)) (5)

By plugging Egs. (3) and (4) into Eq. (5), we have the final objec-
tive function. Then, the optimal control action can be obtained as
follows:

Uy = argminE(L)
u

To minimize Eq. (5), a common way used in designing R2R con-
trollers is to take the derivative of E(L) with respective to u; and
set it to zero, then solve for u;. However, the complex form of the
objective function makes the close form hard to trace. Therefore, we
first investigate the property of the function, then suggest a way to
minimize the expected loss function in the following part.

Without loss of generality, we first assume the following param-
eter settings: T=600, «=100, 8=10, o =1. Two scenarios have
different fixed cost values (c; =20, c;=1) and (¢; =30, c;=1), are
studied. The expected loss functions are shown in Fig. 7.
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Fig. 8. The asymmetric constant-loss function used by Colosimo et al. [24].

It is learned from Fig. 7 that the expected quality loss is first
flat with respect to u, and then drop and increase with u after a
certain threshold value. The lowest L on each graph is identified and
labeled in Fig. 7. It is easily known that if the expected loss function
is symmetric and all parameters known exactly, the optimal control
u should be
T-«

B

which is u =50 in the above settings. This value that corresponds to
the symmetric loss function is also shown in the graph for compar-
ison. We also plot ug in Fig. 7 for comparison purpose.
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Fig. 7 suggests that under this asymmetric loss function, the
optimal control action moves rightward. This is reasonable since
the penalty in Fig. 6 increases quickly if u is too small. Therefore,
the algorithm automatically chooses a more conservative control
action and uses the expected quality loss curve on the right of the
target to reduce the risk of being overly punished. Moreover, if the
fixed cost, cq, increases from 20 to 30, the optimal control action
moves further larger, from 50.14 to 50.16, to reduce the overall
expected loss. Further investigation shows that the choice of the
optimal control action is quite robust to the change of c;.

Therefore, with the quality loss function in Fig. 6, the optimal
control action u is always larger than ug in Eq. (6). Within the
range u > ug, the expected loss E(L) decreases first, then increases.
Therefore, a single global minimum exists in this range. With this
information, the traditional numerical search algorithms, such as
the damped Newton’s method, can be used to locate the optima
easily. The optimize function in R, or the FindRoot function in Math-
ematic, can help find the solution easily.

In practice, the true values of « and B are never known; these
parameters usually need to be estimated from historical data first,
and be updated continuously when new observations arrive. Let ag
and b be the initial estimates of o and B, respectively. Following
the treatment of the traditional EWMA controller, we update the
estimates of « in the following way:
ar = Ayt —bue_1)+ (1 = A)ae_4 (7)

Then, the updated parameters a; and b are used to replace o and
B in Egs. (4) and (5) to calculate the optimal set-point for the next
step.

215

210+

205+

200

T T T T

60 100 120 140 160
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(b) ACC Controller

80 180 200

Fig. 9. Comparison of the paths of the process output under different controllers.
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Fig. 10. Comparison of the stability if the slope parameter is inaccurately specified.

4. Performance study

In this section, we study the performance of the proposed
method based on the ingot growing process. As aforementioned,
diameter is mainly affected by the pulling speed. Therefore, let
y be the diameter and u be the pulling speed. By fitting the
regression model in Eq. (2) to the historical data, we obtain the
following parameter settings: oo =202, 8=0.0688, o =0.35. The tar-
get diameter is T=206. Considering the engineering practice, the
two cost-related factors are set as c; =20 and ¢c; =1.

In the following, we treat the above fitted values as the true
parameter values of the process and study the control performance
of different controllers. For comparison, the traditional EWMA con-
troller, which is originally designed for a symmetric quality loss
function, is applied to the same simulated process. The EWMA con-
troller is adopted because the asymmetric quality loss in a process
may not be addressed in real practice, so the symmetric quality loss
function is still used for the control purpose.

Colosimo et al. [24] also studied the control policy for a process
with asymmetric constant cost function, as shown in Fig. 8. This
lost function resembles the conventional loss incurred in quality
inspection. If the output exceeds the lower specification limit (LSL)
or upper specification limit (USL), fixed (but different) penalty costs,
¢y and ¢y, are incurred. Colosimo et al. [24] proved that to minimize
the cost, the target value of the process output should be

_0%In(ci/c) 1
Te = (gt - 151y * 2(USL+1SD) (8)

Table 1
Performance comparison.

EWMA controller

13.0 (0.4)
1960.2 (86.3)

ACC controller

42.8(6.1)
3133.9(125.2)

Proposed controller

224.1(1.5)
4493 (29.9)

MMSE
Quality loss

thatis, the controller tries to move the process output to a value that
is different from the target T (which is usually the center of LSL and
USL). The exact location is affected by the penalty cost. If c; > ¢3,
that is, the lower side incurs a higher penalty, the process mean
should be driven upward and stay closer to the upper specification
limit. The authors also derived a policy for estimating and updating
the setup bias and generating optimal control actions. The details
control law is referred to the original work of Colosimo et al. [24].
In the following, we name this method the Asymmetric Constant-
Cost (ACC) controller, and compare with the proposed method in
this paper. The parameter settings used by the ACC controller are:
c1 = 20, ¢ =200, LSL= 205, USL=207.

The initial estimates of « and B are set to a=190 and b=0.1.
For each instance, the process is simulated for 200 steps and mean
squared errors (MSE) between the true output and the target value
is calculated; 1000 instances are repeated and the mean of all MSEs
(MMSE) and the quality loss based on Eq. (1) are recorded and
shown in Table 1.

In Table 1, it is clearly seen that the EWMA Controller has the
smallest MMSE among all. However, MMSE loss function cannot
represent the overall quality loss. The ACC controller has a moder-
ate MMSE, but the largest quality loss. The overall quality loss of
the proposed controller is much smaller than the other two con-
trollers. Fig. 9 further shows one instance of the simulated output
from each controller. It is seen that all controllers are capable of
moving the output to the target after compensating the initial bias.
Differently, the EWMA moves the output to the target value exactly
and allows it varies around it, the ACC controller suffers from an
over-shoot in the beginning, then gradually moves the output back
to the target. Based on the above parameter settings, we obtain
that the target value, defined on Eq. (8), is in fact T, =206.1835. For
he ACC controller, since the under-specification cost is higher than
the over-specification cost, the controller tries to move the output
higher than the process target, which is T=206. Instead, the pro-
posed controller moves the output to a value that is higher than
the target value and tries to reduce the number of occurrence that
the output goes below the target. It clearly shows that the different
cost function would result in rather different output trajectories.
Therefore, selecting a cost function that fits the real engineering
situation is of great importance.

5000

4000

3000 4

Quality Loss

1000

— EWMA
= = = Proposed

1.5 2.0 2.5 3.0

b

Fig. 11. Comparison of the quality loss if the slope parameter is inaccurately specified.
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5. Stability study

Ingolfsson and Sachs [20] and Sachs et al.[10] presented the sta-
bility region of the EWMA controller and concludes that the process
is only stable if

0< % <2 (9)
which means that b and g should have the same sign, and b should
be no smaller than A8/2.

For the proposed controller, since the close form of the con-
trol action u; is difficult to obtain, the stability range also becomes
hard to be obtained accurately. However, through an analysis of the
behavior of the controller, it is possible for us to learn more about
the controller.

Following the settings used in Section 4, we simulate the cases
with different b values. The MSE of the process is shown in Fig. 10.
It is clear that when b is larger than a certain threshold value, the
MSE of the proposed controller is always smaller than the EWMA
controller. It has already been known from the literature that the
EWMA controller is stable as long as b is not too small (compared
to its true value). Similar trend is also concluded for the proposed
controller. That is, an overly estimated b would make the controller
more stable.

Fig. 11 shows a comparison of the quality loss when b is incor-
rectly specified. It is found that for both controllers, the quality loss
increases if b is over-specified, and stays almost unchanged after
a certain threshold. This shows that although an over-estimated b
could make the controller more stable, higher quality loss is paid
as the price.

6. Conclusions

In some engineering processes, the quality losses for over- or
under-target values are different, which lead to an asymmetric loss
function. However, most conventional process adjustment algo-
rithms are developed for symmetric loss functions, which cannot
be applied directly.

In this case, based on a real single crystal silicon ingot growing
process, we propose a new controller for diameter control. The opti-
mal control action that minimizes the overall asymmetric quality
loss is derived. Simulation results show that under the asymmetric
quality loss function, the controller tends to push the output fur-
ther away from the side which has higher penalty. The controller
tends to be more stable if the slope parameter f is over-estimated
than it is under-estimated.

It should be noted that the output of the controller is a set-point;
the controller is not used to control the true physical variable (the
pulling speed in this example) directly. The real physical variable
is usually guarded by other engineering control algorithms, such
as the PID controller. Since the true process involves both set-point
determination and physical variable control, the integrated consid-
eration of the engineering control loop and the process adjustment
algorithm is an interesting topic for future research.

Acknowledgements

We greatly thank the editor and two anonymous referees for
their valuable suggestions, which have helped us improve this work
greatly. Dr. Wang’s work was supported by the National Natural

Science Foundation of China under grant no. 71072012 and
Tsinghua University Initiative Scientific Research Program.

References

[1] Wang K, Tsung F. Run-to-run process adjustment using categorical observa-
tions. Journal of Quality Technology 2007;39(4):312-25.

[2] Qin S], Scheid GW, Riley T]. Adaptive run-to-run control and monitoring for a
rapid thermal processor. Journal of Vacuum Science & Technology B: Micro-
electronics and Nanometer Structures 2003;21(1):301-10.

[3] Moyne JR, Chaudhry N, Telfeyan R. Adaptive extensions to a multibranch run-
to-run controller for plasma etching. Journal of Vacuum Science & Technology
A: Vacuum, Surfaces, and Films 1995;13(3):1787-91.

[4] Chen A, Guo RS. Age-based double EWMA controller and its applica-
tion to CMP processes. IEEE Transactions on Semiconductor Manufacturing
2001;14(1):11-9.

[5] Boning DS, Moyne WP, Smith TH, Moyne ], Telfeyan R, Hurwitz A, et al. Run by
run control of chemical-mechanical polishing. IEEE Transactions on Compo-
nents, Packaging, and Manufacturing Technology, Part C 1996;19(4):307-14.

[6] Chen YH, Su AJ, Shiu SJ, Yu CC, Shen SH. Batch sequencing for run-to-run con-
trol: application to chemical mechanical polishing. Industrial & Engineering
Chemistry Research 2005;44(13):4676-86.

[7] Ljung L, Soderstrom T. Theory and Practice of Recursive Identification.
Cambridge: MIT Press; 1983.

[8] Butler SW, Stefani JA. Supervisory run-to-run control of polysilicon gate etch
using in situ ellipsometry. IEEE Transactions on Semiconductor Manufacturing
1994;7(2):193-201.

[9] Card JP, Naimo M, Ziminsky W. Run-to-run process control of a plasma etch
process with neural network modelling. Quality and Reliability Engineering
International 1998;14(4):247-60.

[10] Sachs E, Hu A, Ingolfsson A. Run by run process control: combining SPC
and feedback control. IEEE Transactions on Semiconductor Manufacturing
1995;8(1):26-43.

[11] Bode C, Ko B, Edgar T. Run-to-run control and performance monitoring
of overlay in semiconductor manufacturing. Control Engineering Practice
2004;12(7):893-900.

[12] Taguchi G, Chowdhury S, Wu Y. Taguchi’s Quality Engineering Handbook. John
Wiley & Sons HobokenéN. J NJ; 2005.

[13] Sharma NK, Cudney EA, Ragsdell KM, Paryani K. Quality loss function - a
common methodology for three cases. Journal of Industrial and Systems Engi-
neering 2007;1(3):218-34.

[14] Han K, Wang K. Coordination and control of batch-based multivariate multi-
stage processes. Journal of Manufacturing Systems 2013;32:372-81.

[15] Wang K, Han K. A batch-based run-to-run process control scheme for semicon-
ductor manufacturing. IIE Transactions 2013;45:658-69.

[16] Jiang W, Wang K, Tsung F. A variable-selection-based multivariate EWMA
chart for process monitoring and diagnosis. Journal of Quality Technology
2012;44(3):209-30.

[17] Wang K, Tsung F. Monitoring feedback-controlled processes using adaptive T2
schemes. International Journal of Production Research 2007;45(23):5601-19.

[18] Lin], Wang K. Online parameter estimation and run-to-run process adjustment
using categorical observations. International Journal of Production Research
2011;49(13):4103-17.

[19] Lin J, Wang K. A Bayesian framework for online parameter estimation
and process adjustment using categorical observations. IIE Transactions
2012;44:291-300.

[20] Ingolfsson A, Sachs E. Stability and sensitivity of an EWMA controller. Journal
of Quality Technology 1993;25(4):271-87.

[21] TsungF, Shi JJ. Integrated design of run-to-run PID controller and SPC monitor-
ing for process disturbance rejection. IIE Transactions 1999;31(6):517-27.

[22] Del Castillo E, Hurwitz AM. Run-to-run process control: literature review and
extensions. Journal of Quality Technology 1997;29(2):184-96.

[23] Harris TJ. Optimal controllers for nonsymmetric and nonquadratic loss func-
tions. Technometrics 1992;34(3):298-306.

[24] Colosimo BM, Pan R, Del Castillo E. Setup adjustment for discrete-part man-
ufacturing processes with asymmetric cost functions. International Journal of
Production Research 2005;43(18):3837-54.

[25] Scheel H], Fukuda T, Wiley J. Crystal Growth Technology. Wiley Online Library;
2003.

[26] Zhao H, Jin R, Wu S, Shi J. PDE-constrained Gaussian process model on material
removal rate of wire saw slicing process. Journal of Manufacturing Science and
Engineering 2011;133:021012.

[27] Tseng ST, Yeh AB, Tsung F, Chan YY. A study of variable EWMA controller. IEEE
Transactions on Semiconductor Manufacturing 2003;16(4):633-43.

[28] Shang Y, Wang K, Tsung F. An improved run-to-run process control scheme for
categorical observations with misclassification errors. Quality and Reliability
Engineering International 2009;25:397-407.


http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0005
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0010
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0015
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0020
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0025
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0030
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0035
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0040
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0045
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0050
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0055
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0060
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0065
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0070
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0075
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0080
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0085
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0090
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0095
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0100
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0105
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0110
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0115
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0120
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0125
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0130
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0135
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140
http://refhub.elsevier.com/S0278-6125(13)00101-5/sbref0140

	Process adjustment with an asymmetric quality loss function
	1 Introduction
	2 Quality loss for the smaller-the-better but no-less-than (SBN) variables
	3 Optimal control of the smaller-the-better but no-less-than quality characteristic
	4 Performance study
	5 Stability study
	6 Conclusions
	Acknowledgements
	References


