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Dear editor,
In response to the need for continuous tuning so-
lutions in run-to-run (R2R) manufacturing pro-
cesses, R2R control began to emerge in academic
and industrial research two decades ago. It is
aimed at minimizing process drift, shift and vari-
ability between machine runs and decreasing cost
in semiconductor companies. However, gaps still
exist between the current development of R2R
technologies and their industry-wide commercial-
ization. The most widely used R2R control ap-
proaches are the exponentially-weighted moving
average (EWMA) approach [1, 2], the double-
EWMA controller [3], and the variable EWMA
controller [4]. However, they suffer from system
limitations such as the limited dimension of sys-
tem models and limited types of disturbances [5].
In addition, current R2R technologies deal with
process shifts or drifts by assuming the process
gain to be constant and its estimate to be accu-
rate by appropriately designing the experiments.
In fact, the gain may also vary during the pro-
cess, thus affecting the final product quality. Ig-
noring the effect of the time-varying process gain
or its inaccurate estimate will lead to unexpected
output errors when using the current R2R tech-
nologies if the gain varies significantly or the es-
timation error is large. The semiconductor diffu-
sion process is still commonly carried out by us-
ing the traditional R2R control system. Diffusion

refers to the entire process of adding a dopant to
the surface of the wafer at a high temperature.
The process is likely to be unstable when it is af-
fected by production noises owing to equipment
degradation and environment changes. Further-
more, current R2R technologies can guarantee the
stability of single-input-single-output (SISO) or
multiple-input-single-output (MISO) systems with
unknown process shift and drift and constant pro-
cess gain. However, the technologies that can
guarantee the stability of multiple-input-multiple-
out (MIMO) systems with unknown process shift
and drift and time-varying process gain are still
open for research.

A Kalman filtering-based supervisory R2R con-
trol (KFSR) method is presented for overcom-
ing the limitations of traditional R2R control ap-
proaches for semiconductor diffusion processes.
The Kalman filter is applied to adaptively esti-
mate the system model parameters by incorporat-
ing the observed output measurements, following
which an optimization-based control scheme is de-
signed to select the optimal setting points. The
developed KFSR method is adapted to systems of
arbitrary dimensions and with more types of dis-
turbances, and the system stability is proven to be
guaranteed by the KFSR method.

System modeling. Consider the following linear
R2R manufacturing system:

yk = Hxk +Bkuk + vk, (1)
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where k > 0 is an integer denoting the run index
or batch number in R2R manufacturing, yk ∈ R

p

is the output measurement for the concerned prod-
uct quality, xk ∈ R

q is a state related to the pro-
cess modeling error, uk ∈ R

r is the control input,
vk is the random measurement noise, H and Bk

are matrices of appropriate dimensions. p, q and
r are positive integers. The desired output is de-
noted by y∗ and the set of all output measurements
up to time k is defined as Yk = {y1, . . . , yk}. In
this study, we assume that r > p because control
variables should be in general no less than the in-
dependent output variables. It is clear to see that
Hxk is actually the intercept of the model that
includes the modeling error and model drift. The
following dynamic model of xk is assumed:

xk = Axk−1 + wk, (2)

where A is the dynamic matrix and wk is the ran-
dom noise that drives xk. Note that the model is
general enough to include the most common inter-
cept and process drift dynamics as shown in [6].
The matrices A and H are known as a priori and
assumed to be constant. xk is the state we need
to estimate at each run for control. We use x̂j|i to
denote the estimate of xj based on the measure-
ments up to the i-th run and x̃j|i = xj − x̂j|i to
denote the corresponding estimation error. vk and
wk are assumed to be zero-mean white Gaussian
noises subject to

E

[

vk

wk

][

vl

wl

]T

=

[

Rkδkl 0

0 Qkδkl

]

,

where δkl is the Kronecker delta; Rk and Qk are
assumed to be positive definite and bounded by
Rk 6 R (i.e., R−Rk is semi-positive definite) and
Qk 6 Q, respectively. Although Rk and Qk may
not be known for each run, assuming that their
bounds R and Q are known is natural. Through-
out this article, E[·] denotes the mathematical ex-
pectation, ‖·‖ is the 2 norm of vectors or matrices,
and I is the identity matrix of appropriate dimen-
sion and T the transpose operation.

We use Be to denote the estimate of Bk from
the historical data that is assumed to be of a full
row rank so that all the output parameters can be
controlled. To guarantee the estimate is unbiased,
Bk ≡ Be is indispensable to be unchanged as re-
quired by many other literatures. However, this
condition may never hold in real systems as they
always undergo dynamic changes owing to envi-
ronmental changes or disturbances. In the follow-
ing part, we further investigate the control perfor-
mance in the general case by designing a suitable

control strategy where Bk is given by

Bk = Be +∆k, (3)

where ∆k is a white Gaussian noise independent of
vk and wk and subject to E[∆k∆

T
k ] = Gk 6 G for

all k > 0, and we obtain the following conclusions.
State estimation. The framework of Kalman fil-

tering is applied for state estimation.
(1) Prediction step:

x̂k|k−1 = Ax̂k−1|k−1,

Pk|k−1 = APk−1|k−1A
T +Q.

(4)

(2) Correction step:

x̂k|k = x̂k|k−1 +Kk(yk −Beuk −Hx̂k|k−1),

Pk|k =
(

P
−1

k|k−1 +HTW−1H
)−1

,
(5)

where W = R+(U+‖u∗‖)2G, Kk = Pk|kH
TW−1,

U is a given threshold related to the system con-
trol capability and u∗ is a given reference control
input.

R2R control. In R2R manufacturing, different
control schemes are employed based on different
optimization criteria according to different task re-
quirements [7]. Nonetheless, the basic ideas are
the same, i.e., to formulate the control design prob-
lem as a quadratic optimization problem. In this
study, we adopt the same idea and determine the
control input of each run by using

uk = argmin
u∈R

r

‖u− u∗‖2

s.t. y∗ = Hx̂k|k−1 +Beuk,

(6)

where u∗ is the user given reference control in-
put. We can obtain the solution of the optimiza-
tion problem (6) in a straightforward manner as

uk =
(

I −BT
e (BeB

T
e )

−1Be

)

u∗

+BT
e (BeB

T
e )

−1(y∗ −Hx̂k|k−1). (7)

Remark 1. In real implementations, uk may de-
viate largely from the reference input u∗ owing to
the effect of random shift or drift on x̂k|k−1 and
exceeds the system capability, actually meaning
that the manufacturing process has been out of
control. Therefore, in real implementations, an
upper bound U can be set such that an alarm is
triggered for machine maintainable to prevent the
process to be out of control when ‖u− u∗‖ > U .

Theorem 1. If E[∆k] ≡ 0, E[x̃1|0] = 0, P1|0 is
a positive definite matrix subject to E[x̃1|0x̃

T
1|0] 6

P1|0, the pair {A, H} is observable, and the control
input uk is given by (7) subject to ‖u− u∗‖ 6 U ,
then it holds that E[yk] = y∗ and E[‖yk − y∗‖2] 6
σ2 for all k > 0 and some positive number σ2.
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Proof. First, defining x̃k+1|k = xk+1|k − x̂k+1|k,
we have

x̃k+1|k = A (I −KkH) x̃k|k−1 −AKkvk

−AKk∆kuk + wk, (8)

which implies

E
[

x̃k+1|k

]

= A (I −KkH)E
[

x̃k|k−1

]

−AKkE [∆k] E [uk]

= A (I −KkH)E
[

x̃k|k−1

]

.

Hence, E[x̃1|0] = 0 implies that E[x̃k|k−1] = 0
for all k > 0. Thus,

E [yk]− y∗ = HE
[

x̃k|k−1

]

+ E [∆k] E [uk] = 0.

On the other hand, it holds that

E
[

x̃k+1|kx̃
T
k+1|k

]

= A (I −KkH) E
[

x̃k|k−1x̃
T
k|k−1

]

(I −KkH)
T
AT

+AKkE
[

∆kuku
T
k∆

T
k

]

KT
k A

T

+AKkRkK
T
k A

T +Qk. (9)

E
[

x̃k|k−1x̃
T
k|k−1

]

6 Pk|k−1 implies that

E
[

x̃k+1|kx̃
T
k+1|k

]

6
(

P−1
k|k−1 +HTW−1H

)−1
+Q

= Pk+1|k.

Thus, E[x̃1|0x̃
T
1|0] 6 P1|0 implies that E[x̃k|k−1

x̃T
k|k−1] 6 Pk|k−1 for all k > 0. According to the

conclusions in [8], there exists a positive definite
matrix Σ such that Pk|k−1 6 Σ for all k > 0.
Therefore, it holds that

E
[

‖yk − y∗‖2
]

6‖H‖2trace(Σ) + (U + ‖u∗‖)2

×trace(G) + trace(R)

, σ2. (10)

Simulation. We compare our proposed R2R
controller with the conventional EWMA con-
troller. The model used in the simulation is as
follows:

A =

[

1 1

0 1

]

, Be =

[

1 0.5 1.2

2 0.3 0.8

]

.

Bk is a Gaussian process variable given bellow:

Bk ∼ N(Be, G× I3),

where I3 is a three-dimensional identity matrix.
The model is divergent and Figure 1 shows the

MSE of the output errors by new and conven-
tional controller with and without ∆k in (3). It

shows that if there is no disturbance in real sys-
tem (Bk = Be), the two methods achieve similar
and acceptable performance. However, this condi-
tion may never hold in real systems as they always
undergo dynamic changes owing to environmental
changes or disturbances. In such cases, if ∆k 6= 0
in (3) and G = 1, our proposed method achieves
a much better performance compared to the con-
ventional EWMA controller.

G=0 G=1

(a) (b)

Figure 1 (Color online) MSE of the output errors by new
and conventional controller with (a) ∆k = 0, G = 0 and
(b) ∆k 6= 0, G = 1.
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