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Abstract— The wide application of Internet of Things (IoT)
in industrial automation leads to the emergence of a new
paradigm of industrial IoT systems, namely wireless control
system, where control commands are transmitted from the remote
controller to multiple actuators over shared wireless channels.
Considering system stability, distinct subsystems usually have
different requirements on the transmission quality of control
commands due to different system dynamics. In this paper,
we aim to simultaneously guarantee the stability of all subsystems
and minimize the weighted sum of control cost and transmission
cost. To this end, the maximum tolerated packet loss rate of each
subsystem is first characterized by a pre-defined Lyapunov func-
tion. Then, based on channel conditions and system dynamics,
a beamforming-assisted hierarchical coordinated transmission
strategy is proposed to alleviate the impact of unreliable transmis-
sion on the control performance. The control performance and
energy efficiency are further optimized by formulating an overall
cost minimization problem constrained by the system stability.
Both the differential accumulation and the difference-convex
methods are employed to effectively deal with the constraint that
is expressed in an implicit probabilistic form. Finally, simulation
results demonstrate that the proposed strategy has the advantages
of reducing control cost and energy consumption.

Index Terms— Industrial IoT, wireless control systems, trans-
mission reliability, system stability, beamforming.

I. INTRODUCTION

INTERNET of Things (IoT) has been applied in many
industries such as manufacturing, oil and gas, energy

mining, metals and other industrial sectors [1]–[8]. Recently,
the emerging wireless control system (WCS) is regarded as
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a typical paradigm of industrial IoT in the application of
intelligent manufacturing, which is usually constituted by a
multitude of small-scale integrated subsystems. In addition,
WCS generally has the ability to collect a large amount of
data and convert the data into useful information. In the
multi-subsystem WCS, the separation of control and actuation
involves the data transmission of control commands over
shared wireless channels. In general, the more information the
controller sends, the more precise actuation becomes, leading
to that the control performance improves at the cost of more
energy and spectrum resources. In this paper, we aim to
minimize the overall cost for multi-subsystem WCS, while
meeting the stability condition required by control system with
limited communication resources.

In the past decade, the communication-constrained con-
trol has been widely investigated in the area of networked
control [9]–[14]. In order to guarantee the system stability and
improve control performance, the control-scheduling strategy
is adjusted based on system dynamics, while satisfying the
resource constraint imposed by the communication network.
Taking the packets loss and/or transmission delay into account,
many existing studies [15]–[18] adopt the switching system
approach to analyze the system stability with static scheduling
protocols. Moreover, as the subsystem with higher dynamics
has the larger demand to be scheduled, some dynamic schedul-
ing strategies have been proposed to determine the scheduled
probability for each subsystem [19], [20].

Besides designing the control-scheduling strategy based
on system dynamics, another important issue is how to
successfully complete data transmissions for the scheduled
subsystems over lossy wireless channels. However, in these
aforementioned studies, the assumption about the perfect com-
munication of control commands is over ideal. In practice,
the harsh industrial wireless environments, such as electromag-
netic interference, high temperature and humidity levels, vibra-
tions, dirt, and dust, may result in the uncertain and stochastic
wireless channels [21]–[23]. How to achieve a reliable and
efficient data transmission with poor channel conditions has
attracted a lot of attention from both academia and industry.
Traditional techniques to enhance the reliability of wireless
communications, such as retransmission and redundancy [24],
focus on transmitting additional packets or bits to achieve
the loss-recovery. A price we need to pay, however, is the
increasing time delay and energy consumption. Thus, they
are not suitable for the delay-sensitive and energy-limited
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industrial IoT applications [25]. When the time diversity is
not viable in the delay-sensitive scenario, exploiting the spatial
diversity is a real choice to improve the transmission reliability
for industrial automation systems [26]. Swamy et al. [26]
has proposed a wireless communication protocol that capi-
talizes on multiuser diversity and cooperative communication
to achieve the ultra-reliability with a low-latency constraint.
The beamforming technique [27] has been regarded as a
promising solution to improve transmission reliability. In
general, joint beamforming and coordinated beamforming are
two common methods used to manege interference. In [28],
the joint beamforming cancels interferences by converting
a potential interferer to desired signals, which is achieved
at the cost of overwhelming overhead introduced by signals
sharing. In [29], the coordinated beamforming adjusts the
corresponding beamformers in a coordinated way to mitigate
the excessive interference. However, the achieved transmission
capacity and spectrum utilization are worse than that with the
former one.

For control applications in industrial IoT with multiple
subsystems, subsystems with different dynamic characteris-
tics have distinct impacts on guaranteeing the stability and
reducing the overall control cost of whole system. To solve
such problem, we aim to design a reliable and efficient
transmission strategy to guarantee the system stability and
reduce the overall cost. To this end, a dynamics-aware and
beamforming-assisted two-tier coordinated transmission strat-
egy is proposed for multi-subsystem WCSs to reduce the
transmission outage probability of control commands. Specif-
ically, in the considered multi-subsystem WCS, the control
commands are transmitted from the multi-antenna controller to
multiple single-antenna actuators via multiple single-antenna
assisted devices (ADs). ADs in charge of forwarding received
packets are grouped into clusters based on the information
of delivered packets. Unfortunately, the limited transmission
capacity between the remote controller and ADs makes each
AD successfully receive only a part (not all) of actuators’
packets, namely only a subset of ADs can participate in the
coordination transmission for each actuator. Considering the
performance-overhead tradeoff, intra-cluster ADs work with
joint beamforming to improve the transmission performance,
while the coordinated beamforming is used by inter-cluster
ADs to mitigate interference and reduce overhead. The con-
tributions of this paper are summarized as follows.

• The lower bound of the successful transmission prob-
ability of control commands is derived to explicitly
characterize the relationship between system stability and
transmission reliability;

• We propose a coordinated transmission strategy to
balance the transmission reliability and the resource
limitation, which is achieved by jointly designing
the beamforming vector, channel allocation and power
control;

• We formulate a system stability constrained optimization
problem to minimize the weighted sum of plant regula-
tion cost and information transmission cost. Moreover,
the constraint expressed in the implicit probabilistic form

TABLE I

SYMBOLS AND ABBREVIATIONS

is effectively handled with differential accumulation and
difference-convex methods.

The remainder of this paper is organized as follows. In
Section II, the communication network and control system
models are presented. In Section III, a dynamics-aware and
beamforming-assisted reliable transmission strategy is pro-
posed. In Section IV, we investigate the joint optimization
of control scheduling and transmission strategy under the
condition of system stability. Simulation results and main con-
clusions are given in Section V and Section VI, respectively.
Table I summarizes the key symbols and abbreviations used
in this paper.

II. SYSTEM MODELS

In the considered multi-subsystem WCS, the dynamics of
different subsystems are generally different, which makes the
control inputs of different subsystems different. In this case,
different actuators usually execute different control commands
to stabilize their own subsystems. Thus, we consider the archi-
tecture that the remote controller transmits many independent
control signals to many independent actuators. We consider
a WCS consisting of multiple independent subsystems that
share wireless channels. Each control subsystem consists of
one sensor-actuator pair, whose feedback control commands
are transmitted from the remote controller to actuators via
multiple ADs, as shown in Fig. 1. The solid lines show
wired connection.1 It is practically feasible to employ the
beamforming technique in the considered scenario, where

1For the considered industrial application, the high-temperature and
high-humidity plant makes the cables easily be corroded. Taking the rolling
system for example, we usually use the non-contacted method to measure
and estimate the slab temperature, such as the infrared imagery of the slab
and the temperature of the cooling water. Therefore, the sensor data could
be transmitted to the controller by wired networks (such as the fieldbus in
industrial automation). However, the actuators and the controlled plant are
generally gathered together, thus the actuators wirelessly communicate with
the remote controller. Similar to [19], the sensors are wired connected to
remote controller, while the actuators receive control command through shared
wireless channels.



LYU et al.: DYNAMICS-AWARE AND BEAMFORMING-ASSISTED TRANSMISSION FOR WIRELESS CONTROL SCHEDULING 7679

Fig. 1. Multi-subsystem WCS for industrial IoT applications.

a static network with multiple ADs distributed in space is
deployed to support the industrial IoT applications [30]–[32].
By taking the unreliable transmission imposed by the lossy
wireless channels into account, the remote controller is in
charge of jointly optimizing the control scheduling and the
transmission strategy, which is beneficial to guarantee the
stability of each subsystem constrained by limited spectrum
and energy resources.

A. Wireless Communication Model

The wireless communication network providing services for
control applications includes one N -antenna remote controller,
a set of single-antenna ADs, S, and a set of sensor-actuator
pairs, M. The data packet containing the control command is
delivered from the remote controller to actuators via multiple
ADs, and thus the whole transmission process includes two
sub-processes. SubPhase-I is the data transmission from the
remote controller to multiple ADs (referred to as top-tier
transmission process). SubPhase-II is the data transmission
from ADs to actuators (referred to as bottom-tier transmission
process). In order to avoid the severe interference between
the two sub-processes, the two-tier transmission considered in
this paper works on the frequency division duplex mode2 by
sharing all available bandwidth F . For expression simplicity,
the bandwidth of each subcarrier is denoted as ΔF , and
the bandwidth occupied by the top-tier and the bottom-tier
transmission is Ft and Fb, respectively. Throughout this paper,
the channel gains of all channels are independent and assumed
to follow the Rayleigh block-fading model.

B. Control System Model

The discrete-time linear model for the considered m-th
subsystem is expressed as

xm
t+1 = Amxm

t + Bmum
t + ζm

t , m ∈ M, (1)

where xm
t ∈ R

κx is the state vector, um
t ∈ R

κu is the
control input of m-th actuator; Am ∈ R

κx×κx is the state

2For other communication scenarios (such as the time division duplex
mode), the design, analysis and optimization method given in this paper is
still applicable. In order to avoid the severe interference between the top-tier
and the bottom- tier transmission processes, the proposed method requires
that all resources are divided into two non-overlapping portions no matter
in the frequency domain or in the time domain. In the time division duplex
mode, the duration of one time slot in the time division mode is denoted
as T = Tt + Tb., where Tt and Tb are the top-tier and the bottom-tier
transmission time, respectively. All available bandwidth F is reused by the
top-tier and the bottom-tier processes.

transition matrix, and Bm ∈ R
κx×κu is the input matrix for

each actuator m ∈ M. The initial state xm
0 is a Gaussian

random vector with the covariance matrix Wm
0 > 0. The

system noise ζm
t ∈ �κx are independent and Gaussian with

zero mean and covariance matrix Ξm
t � 0. We consider

that the state measurement xm
t at time t is able to be

collected by sensors and received by the remote controller.
Then, the control input um

t is obtained by employing a linear
feedback control strategy [33]. Furthermore, we assume that
the controller is closed to sensors but far from actuators, see
in Fig. 1. As a result, it is reasonable to consider that the
transmission between sensors and the controller is perfect
without dropping any state measurements, while the data
transmission of control commands may fail [34].

III. DYNAMICS-AWARE AND BEAMFORMING-ASSISTED

RELIABLE TRANSMISSION STRATEGY

We aim to reduce the overall cost under the constraint of
system stability by taking advantage of the spatial diversity.
To this end, a dynamics-aware and beamforming-assisted
strategy is proposed to enhance the transmission reliability.
Specifically, we firstly explore the impact of imperfect wireless
transmission on control performance, and then analyze the
stability condition for the multi-subsystem WCS with inter-
mittent control commands. Finally, we focus on designing a
dynamics-aware two-tier coordinated transmission strategy to
improve the transmission reliability by masterfully combining
the joint beamforming with power control.

A. Stability Analysis With Intermittent Control Commands

For each subsystem, under perfect transmission, the opti-
mal feedback law is determined by the Linear Quadratic
Gaussian (LQG) gain, i.e.,

um
t = Gmxm

t , m ∈ M (2)

The feedback gain Gm is given by Gm =�
Qx

m + BT
mWmBm

�−1
BT

mWmAm, where Wm is the
solution of the standard algebraic Riccati equation
Wm = AT

mWmAm +Qu
m−AT

mWmBm(Qx
m +BT

mWmBm)−1

BT
mWmAm [35]. Assume that (Am, Bm) is controllable and

(Am, Ξ
1
2
m) is detectable. For the proof of system stability

and optimality, the reader can refer to [36]. The packet
loss imposed by imperfect wireless transmissions makes
it quite challenging to ensure all subsystems receive their
corresponding control commands at each time step. A
random binary variable with Bernoulli distribution βm,t is
introduced. When the data packet of the m-th actuator is
received successfully, βm,t = 1. Otherwise, βm,t = 0. In this
paper, we consider to-be-zero strategy. The control command
actually executed by the m-th actuator is ǔm

t = βm,tum
t .

To characterize the stability of each subsystem, we employ

E{Um(xm
t+1)}

= E{(xm
t )T(Am)TUmAmxm

t + (ζm
t )TUmζm

t + μm,t(xm
t )T

× [(Am − BmGm)TUm(Am − BmGm)
− (Am)TUmAm]xm

t }, (3)
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where Um(xm
t+1) = (xm

t+1)
TUmxm

t+1 is the quadratic Lya-
punov function for subsystem m and Um is positive definite.
The subsystem m is stable if its expected Lyapunov function
satisfies the following relation

E{Um(xm
t+1)} ≤ γmE{Um(xm

t )} + E{(ζm
t )TUmζm

t }, (4)

which indicates that the Lyapunov-like function of system state
eventually if γm < 1. For each subsystem, integrating (3)
with (4), we can obtain (5), shown at the top of next page.
The lower bound of μm,t, which ensures that all subsystems
are stable, could be obtained by solving the optimization
problem (6), shown at the top of next page.
which is a semi-definite programming. The optimal value μlow

m,t

could be gotten with CVX [37].
We adopt the LQG cost in expectation to assess the control

performance of the system

Jm

= E
�
(xm

T )TQx
mxm

T +
T−1�

t=0

(xm
t )TQx

mxm
t + (ǔm

t )TQu
mǔm

t

�
,

(7)

which relies on both the control performance and the trans-
mission performance. The control objective is to satisfy the
stability condition (4) as well as to minimize the control
cost (7). It is worthy to note that both the stability condition
and the control performance depends on not only the controller
design, but also the data transmission reliability.

B. Beamforming Assisted Two-Tier Coordinated
Transmission Design

If the control command is lost, this subsystem is open-
loop, whose stability can not be guaranteed by adjusting the
control law [38]. Motivated by this, we focus on how to
improve the transmission reliability to make subsystems be
closed-loop by taking full use of the spatial diversity. To this
end, we propose a beamforming assisted two-tier coordinated
transmission strategy to improve the transmission reliability.
Specifically, in the two-tier transmission framework, only a
part of ADs participate in the coordination of delivering
data packets containing the same control command with joint
beamforming technique. Meanwhile, the coordinated beam-
forming technique is employed to deliver data packets with
different control commands from the controller to ADs. The
two-tier coordinated transmission is elaborated as follows.

In the top-tier transmission process, let am[k] = 1 if the
data packet of actuator m is assigned to transmit on subcarrier
k ∈ K. Otherwise, am[k] = 0. Then, the signal-to-noise
ratio (SNR) of the received signal at the s-th AD on the k-th
subcarrier is given by

Γt
m,s[k] = am[k]

�
�gs[k]vs[k]

�
�2

σt
s[k]

, (8)

where σt
s[k] is the noise power at AD s on the k-th sub-

carrier, gs[k] is the channel vector between all antennas of
remote controller and the s-th AD on the k-th subcarrier,
and vs[k] is precoding vector between controller and AD s

on subcarrier k. For the s-th AD, the achievable data rate of
the m-th actuator’s control command in the top-tier transmis-
sion process is Rt

m,s =
�

k∈K am[k]ΔF log(1 + Γt
m,s[k]).

AD s could decode the data packet of the m-th actuator
successfully, if the sum rate Rt

m,s(v, a) is not less than the
decodable threshold Rt

th. This defines the success probability
Pr{Rt

m,s(v, a) ≥ Rt
th}. Another constraint for the top-tier

transmission is the maximum transmission power. Let PC be
the maximum transmission power of remote controller, then
we have

�
s∈S

�
k∈K

	
	vs[k]

	
	2

2
≤ PC . As each subcarrier can

only be used to deliver the information of at most one actuator,
1Ta[k] ≤ 1, where a[k] = [a1[k], · · · , am[k], · · · , aM [k]]T.

In the bottom-tier transmission process, an actuator may be
potentially within the transmission range of multiple ADs.3

Therefore, each actuator could be cooperatively served by
a cluster of selected ADs with joint beamforming, which is
beneficial for increasing the strength of received signal. Let
hm ∈ �S×1 and wm ∈ �1×S denote the channel state
information vector and network-wide transmit beamformer
vector from single-antenna ADs to actuator m, respectively.
hm,n ∈ �S×1 is the unit-power interference to actuator m
when all single-antenna ADs transmitting the data for actu-
ator n. With the linear transmit beamforming scheme at the
AD, the signal to interference plus noise ratio (SINR) of signal
received by actucator m is given by

Γb
m =

wmhmh∗
mw∗

m�

n�=m,n∈M
wnhm,nh∗

m,nw∗
n + σb

m

, (9)

where σb
m is the receive noise power at actuator m. The

available bandwidth for ADs is Fb that would be reused
by all actuators, where Fb = F − Ft and Ft = |Km|ΔF .
Thus, the achievable sum rate of each actuator is given by
Rb

m(wm) = Fb log(1 + Γb
m). We note that the bandwidth

allocation between the top-tier and bottom-tier transmissions
is conflict. In other words, if too many bandwidths are
assigned to the top-tier transmission process, the bottom-tier
transmission will be the bottleneck, i.e., many data packets
would be dropped at ADs. On the contrary, if too many band-
widths are assigned to the bottom-tier transmission process,
the transmission capacity in the top tier is limited, which
would reduce the success probability Pr{Rt

m,s(v,a) ≥ Rt
th}.

The lower the success probability is, the fewer the number of
ADs that decode data packets successfully is. It means that the
cooperation gain achieved by spatial diversity is lower and the
top-tier transmission is the bottleneck. Therefore, there exists
a trade-off between the top-tier and bottom-tier transmissions
to maximize the end-to-end transmission reliability as well as
the spectrum efficiency and energy efficiency.

The joint beamforming has ability to enhance the SINR
of received signal and transmission reliability via prop-

3For the frequency and phase synchronization problem [39], this paper
adopts the master-slave open-loop synchronization method. According to
the hierarchical architecture considered in this paper, for the master-slave
frequency synchronization, the remote controller acts as the master and all
ADs are designed as the slaves. In this paper, we focus on the transmission
scheduling scheme design (networking protocol) to alleviate the impact
of unreliable wireless transmission on the control performance with the
assumption on perfect synchronization.
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μm,t ≥
E{(xm

t )T[(Am)TUmAm − γmLm]xm
t }

E{(xm
t )T[(Am)TUmAm − (Am − BmGm)TUm(Am − BmGm)]xm

t } (5)

max
{xm

t �=0}
E{(xm

t )T[AT
mUmAm − γmUm]xm

t }
E{(xm

t )T[AT
mUmAm − (Am − BmGm)TUm(Am − BmGm)]xm

t } (6)

erly designing the beamforming vector. The instantaneous
adaptation of the beamformer and power is possible to opti-
mize the SNR in (8) and/or the SINR in (9) for each actu-
ator. However, each receiver will have to sense the channel
state over time in an active way. This will lead to a huge
amount of feedback overhead and energy consumption and in
general is not easy to implement in practice. In this paper,
the outage probability is used to evaluate the transmission
performance [40]. In this way, the instantaneous channel state
information does not need to be known, instead, the channel
distribution information is necessary. The outage probabil-
ity of m-th actuator’s data packet delivered by the remote
controller via selected ADs is Pr{Rb

m(wm) < Rb
th}, which

indicates that the coordinated single-antenna ADs forming
a virtual multi-antenna array has superiority on enhancing
the throughput and transmission quality. Taking the power
limitation into account,

�

m∈M
(wm(s))2 ≤ Ps, where the

constant Ps denotes the maximum transmission power of
AD s, and wm(s) denotes the s-th element of the vector wm.

In order to make full utilization of limited spectrum and
energy resources, in next section, we will investigate how to
jointly optimize the control law and the transmission strategy
to minimize the weighted sum of energy consumption and
control cost under the condition of system stability.

IV. JOINT OPTIMIZATION OF CONTROL SCHEDULING AND

TRANSMISSION STRATEGY

As mentioned above, the control command and the trans-
mission reliability jointly determine the system stability and
the objective function of formulated problem. Thus, it is of
importance to optimize the joint design of control scheduling
and transmission strategy for the multi-subsystem WCS to
minimize the overall cost. However, the tight coupling between
two designs makes it challenging to find out the optimal
solution. Fortunately, the control law could be calculated
quickly, meaning that the computation cycle is much less than
the communication cycle. Therefore, we firstly calculate the
control law, and then schedule the control commands through
wireless transmissions, which makes it possible to obtain a
suboptimal solution effectively by separating the control and
transmission designs.

Note that for a single time step t ∈ [0, T ], the control
input um

t depends only on the current state xm
t and all previous

transmissions/controls (βm,t� ,um
t� , t

� ∈ [0, t−1]). It means that
the current transmission βm,t has no impact on the current
control input um

t , but affects the next-step control input um
t+1.

In this case, we propose to design the control and transmission
strategies in sequence. In particular, the control decision is

made firstly, and then optimize the transmission design based
on channel conditions, system dynamics and control decisions.
For the transmission design at step t, all previous transmis-
sions/controls and current control input are regarded fixed
variables, and the improvement of transmission performance
can only be achieved by adjusting the free variables (such
as beam, power and channel). Therefore, the control design
could be separated from the transmission strategy design, and
the transmission design should be aware of the control design
and system dynamics.

For the subsystem m ∈ M, the control command exe-
cuted by actuator is ǔm,t = βm,tum,t, and the expected
linear-quadratic loss of the closed-loop system ΔJm is
defined as

ΔJm = E
�T−1�

t=0

(um
t − ǔm

t )TQu
m(um

t − ǔm
t )

�

= E
�T−1�

t=0

(1 − βm,t)(xm
t )TGT

mQu
mGmxm

t (1 − βm,t)
�
.

(10)

Let JQ
m,t = (xm

t )TGT
mQu

mGmxm
t , then

ΔJm = E
�T−1�

t=0

(1−βm,t)2JQ
m,t

�
=

T−1�

t=0

E



(1−βm,t)2J Q

m,t

�
.

For a single time step t ∈ [0, T ], the control input ǔm
t =

βm,tGmxm
t depends only on the current state xm

t and the
current transmission βm,t. As the random variable βm,t and
the random variable xm

t are independent, E
�
(1−βm,t)2J Q

m,t

�

is equivalent to E
�
(1−βm,t)2

�
E
�
J Q

m,t

�
. Recalling that βm,t

follows the Bernoulli distribution, we have E{(1−βm,t)2} =
1 − E{βm,t}. It thus follows that

E
�
(1 − βm,t)2JQ

m,t

�
= E

�
(1 − βm,t)2

�
E
�
J Q

m,t

�

= (1 − E{βm,t})E
�
J Q

m,t

�
, (11)

and then

ΔJm =
T−1�

t=0

E



(1 − βm,t)2JQ

m,t

�

=
T−1�

t=0

�
1 − E{βm,t}

�
E
�
JQ

m,t

�
, (12)

where the expectation is given by E{(1 − βm,t)2} = 1 −
E{βm,t} = 1− (1 ·Pr{Rb

m(wm) ≥ Rb
th}+0 ·Pr{Rb

m(wm) <
Rb

th}) = 1 − Pr{Rb
m(wm) ≥ Rb

th}.
As the optimization objective function involves time-varying

variable x subject to time step t, we formulate the optimization
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problem for each time t to guarantee the system stability and
reduce the overall cost.

P0 : min
{v,w,a}

M�

m=1

�
1 − Pr{Rb

m(wm) ≥ Rb
th}

�
E
�
J Q

m

�

+ �
� �

m∈M

	
	wm

	
	2

2
+

�

k∈K

	
	v[k]

	
	2


(13)

s.t. Pr{Rb
m(wm) ≤ Rt

m,s(v,a)} ≥ 1 − �,

∀m ∈ M, ∀s ∈ Sm, (13a)
�

m∈M
am[k] ≤ 1, ∀k ∈ K, (13b)

�

s∈S

�

k∈K

	
	vs[k]

	
	2

2
≤ PC , (13c)

�

m∈M
(wm(s))2 ≤ Ps, ∀s ∈ S, (13d)

Pr{Rb
m(wm) ≥ Rb

th} ≥ μlow
m,t, ∀m ∈ M, (13e)

where the subscript t of βm,t and J Q
m,t is omitted for notation

simplicity; (13a) denotes the probability constraint on the
relative relationship of achievable transmission rate between
the top-tier and bottom-tier processes45; (13b) indicates that in
the top-tier, a channel can be used to deliver data packets for at
most one actuator; (13c) and (13d) are the transmission power
constraints of remote controller and each AD, respectively;
(13e) denotes the stability condition of each subsystem with
intermittent control commands.

It is noted that (13a) is the only constraint relating the
top-tier transmission and bottom-tier transmission, which can
be regarded as the transmission ability of the top-tier process
that is lower bounded by the bottom-tier one. This inspires
us to obtain a sub-optimal solution of the original problem
P0 by decomposing it into two subproblems. One focuses
on the bottom-tier transmission optimization while the other
aims to optimize the top-tier transmission. However, even for
subproblems, the objective function, the constraint expressed
in the implicit probabilistic form, and the coupling of binary
variables and continuous variables make it challenging to
obtain the optimal solutions.

A. Bottom-Tier Transmission Optimization

We note that the bandwidth allocation between the top-tier
and bottom-tier transmissions is conflict. In other words, if too
many bandwidths are assigned to the top-tier transmission
process, the bottom-tier transmission will be the bottleneck,
i.e., many data packets would be dropped at ADs. In order
to mitigate the dropping packets problem, actuators would be

4 In the two-tier communication architecture, the achievable rate in the
bottom-tier process is upper bounded by that in the top-tier process, expressed
by (13a). In the worse case that the data volume received by actuators in the
unit transmission duration is smaller than the packet size of control command,
the constraint (13e) can not satisfied. In this regard, the event that the
achievable transmission rate of top-tier process is less than that of bottom-tier
process, will induce the negative impact on control stability and system
performance. Due to the randomness of top-tier and bottom-tire transmission
rates, the probability that the above event occurs is upper bounded by a small
and acceptable threshold �.

5If in the time division duplex mode, the condition (13a) is modified to
Pr{Rb

m(wm) ≤ Rt
m,s(v, a) · Tt

Tb
} ≥ 1 − �.

more prone to selecting a part of ADs with better channel
conditions, rather than putting all ADs into its candidate
set Sm. On the contrary, if only few ADs are selected,
the top-tier transmission would be the bottleneck, making the
cooperation gain achieved by spatial diversity lower and the
end-to-end transmission quality worse. Therefore, there exists
an optimal set of selected ADs (denoted as S∗

m ⊂ S) to
maximize the end-to-end transmission reliability as well as
the spectrum efficiency and energy efficiency.

In the dynamics aware transmission strategy, the remote
controller delivers the data packet of actuator m to the set
of ADs providing services for it (denoted as Sm = {s ∈ S :
Pr{Rt

m,s(v, a) ≥ Rt
th} ≥ μlow

m,t,wm(s) > 0, m ∈ M}). The
set Sm is a function of the optimization variables w, v and a in
the two-tier transmission process. As the set Sm determined by
the decoding state of each AD during the top-tier transmission
process could not be known aforehand, an indicator variable is
introduced to clearly express the relationship between the set
Sm and the decoding state in the top-tier transmission process.
In particular,

1Ŝm
(s) =

�
1, if s ∈ Ŝm,

0, if s /∈ Ŝm,
(14)

where Ŝm = {s ∈ S : Pr{Rt
m,s(v, a) ≥ Rt

th} ≥ μlow
m,t,

m ∈ M}. Then the optimal set S∗
m is mathematically

expressed as S∗
m = {s ∈ S : 1Ŝm

(s) · w∗
m(s) > 0, m ∈ M},

where the optimal w∗
m(s) can be obtained by solving the

following optimization problem.

PS : min
{v,w,a}

M�

m=1

�
1 − Pr

�
Rb

m(w̃m) ≥ Rb
th

�
E
�
J Q

m

�

+ �
��

s∈S

� �

m∈M
(w̃m(s))2 +

�

k∈K

	
	vs[k]

	
	2

2

�

(15)

s.t. Pr{Rb
m(w̃m) ≤ Rt

m,s(v, a)} ≥ 1 − �, (15a)

∀m ∈ M, ∀s ∈ S, (15b)�

m∈M
am[k] ≤ 1, ∀k ∈ K, (15c)

�

s∈S

�

k∈K

	
	vs[k]

	
	2

2
≤ PC , (15d)

�

m∈M
(w̃m(s))2 ≤ Ps, ∀s ∈ S, (15e)

Pr
�
Rb

m(w̃m) ≥ Rb
th

�
≥ μlow

m,t, ∀m ∈ M, (15f)

where w̃m(s) = 1Ŝm
(s) · wm(s), w̃m = wm ⊗ IŜm

and
IŜm

= [1Ŝm
(1), · · · ,1Ŝm

(s), · · · ,1Ŝm
(S)].

Based on the result in [41] and [42, Th. 1], the
constraint (15e) expressed in an implicit probabilistic form
can be transformed to an explicit deterministic expression.
In particular, as we consider the outage probability as a
performance index due to the random channels, the instan-
taneous channel state information is not needed. Instead,
the channel distribution information is used to reduce the feed
back information when channel changes. The random variable
hm is considered to follow a complex-normal distribution,
i.e., vec(hm,n) ∼ CN(0, Σm,n), where the channel covariance
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matrices Σm,n’s are determined by the channel distribution
information and vec(·) is the vectorization expression of a
matrix. Then, outage probability Pr

�
Rb

m(w̃m) ≥ Rb
th

�
can

be rewritten as

Pr

 w̃mhmh∗

mw̃∗
m�

n�=m,n∈M
w̃nhm,nh∗

m,nw̃∗
n + σb

m

≥ Γb
th

�

= exp
�
−Γb

thσb
m

cmpm

 �

n�=m,n∈M

�
1 +

Γb
thcn

mpn

cmpm

�−1
, (16)

where Γb
th = exp

�Rb
th ln 2
Fb

�
−1 is a positive constant related to

the given bandwidth Fb. In addition, cm = w̃m

|w̃m|Σm,m
w̃∗

m

|w̃∗
m| ,

cn
m = w̃n

|w̃n|Σm,n
w̃∗

n

|w̃∗
n| , pm = |w̃m|2 and pn = |w̃n|2. Based

on (16), (13e) is reformed as

Γb
thσb

m

cmpm
+

�

n�=m,n∈M
ln

�
1 +

Γb
thcn

mpn

cmpm

�
≤ − ln(μlow

m,t) (17)

Then the optimization problem of the bottom-tier transmission
process is transformed to a static one, as shown in (18),

Psb
: min

{w̃}

M�

m=1

−E
�
J Q

m

�
exp

�
−Γb

thσb
m

cmpm



×
�

n�=m,n∈M

�
1 +

Γb
thcn

mpn

cmpm

�−1

+ E
�
JQ

m

�
+ �

�

m∈M

		w̃m

		2

2
(18)

s.t. C1:
�

m∈M
(w̃m(s))2 ≤ Ps, ∀s ∈ S (19)

C2:
Γb

thσb
m

cmpm
+

�

n�=m,n∈M
ln

�
1 +

Γb
thcn

mpn

cmpm

�

≤ − ln(μlow
m,t), ∀m ∈ M (20)

The solution of problem Psb
could be obtained by solving

Pc
sb

and Pp
sb

in sequence. In particular, Pc
sb

takes charge of
the beamformer design with normalized transmission power,
which is optimally solved with the golden section method. Pc

sb

performs the power control with given beamformer, whose
suboptimal solution is easily obtained by solving an equation
set with the quasi-Newton method. See Appendix A for the
detailed solution process.

B. Top-Tier Transmission Optimization

In this subsection, we firstly deal with the constraint
expressed in the implicit probabilistic form. As the optimiza-
tion problem of the top-tier transmission is mixed-integer
programming, it is difficult to solve it directly. We solve
the channel allocation problem and the beamformer design
problem, respectively.

1) Transformation of the Expression in Probabilistic Form:
With the obtained w̃, the value of Rb

m(wm) in expectation
can be calculated by letting w = w̃, shown as below.

R
b

m(wm) = Fb log(1+
w∗

mΣm,mwm�

n�=m,n∈M
w∗

mΣm,nwn + σb
m

). (21)

The decoding state of the top-tier process can be determined
by the beamforming vector w of the bottom-tier transmission
process. In this regard, the relationship between the set Sm

and the beamforming vector w is

1{(wm(s))2} =

�
1, if (wm(s))2 > 0
0, if (wm(s))2 = 0,

(22)

Thus, Sm can be determined by the obtained solution w, i.e.,
Sm = {s ∈ S : 1{(wm(s))2} > 0, m ∈ M}. In order
to overcome the difficulty caused by the objective function
in probabilistic form, the difference-convex programming is
employed to reformulate (13a),

Pr{Rt
m,s ≥ R

b

m(wm)} ≥ 1 − �, ∀s ∈ Sm

⇒ E
�
1{Dt

m,s}
�
≥ 1 − �, ∀s ∈ S,

(23)

where Dt
m,s = Rt

m,s(v, a) − Rb
m(wm) · 1{(wm(s))2}.

Thus (13a) is approximated to

max
s∈S

exp
�
−E{Dt

m,s}/	
�
≤ �, (24)

where E{Dt
m,s} = R

t

m,s(v, a) − R
b

m(wm) · 1{(wm(s))2}
and R

t

m,s =
�

k∈K
am[k]ΔF log(1 + 1

σt
s[k]E{vs[k]

gs[k]g∗
s [k]v∗

s [k]}). The expectation E
�
gs[k]g∗

s [k]
�

is
the integral of random vector gs[k] that denotes the complex
channel gain from the control to the s-th AD on the
k-th channel. Based on the result in [41] and [42, Th. 1],
the random variable gs[k] follows a complex-normal
distribution, i.e., gs[k] ∼ CN(0, Ξs[k]), where the channel
covariance Ξs[k]’s are determined by the channel distribution
information. See Appendix B for the detailed derivation
of (24). The optimization problem of the top-tier transmission
process is expressed as

Pst :

min
{v,a}

�
�

s∈Sm

��

k∈K

	
	vs[k]

	
	2+exp

�
−E{Dt

m,s}/	
�
E
�
JQ

m

��

s.t. exp
�
−E{Dt

m,s}/	
�
≤ �, ∀s ∈ S, (13b), (13c),

which is mix-integer programming. In general, it’s not easy to
solve it with low complexity, we seek to obtain a sub-optimal
solution instead.

2) Channel Allocation for the Data Transmission From the
Remote Controller to ADs: For notation simplicity, let Km

Δ=
{k ∈ K : am[k] = 1} denote the channels allocated to transmit
the control command packet of actuator m. Then we consider
how to determine the binary variable a with given set Km. The
main idea of Algorithm 1 is that exp

�
−E{Dt

m,s}/	
�

is pro-
portional to the channel condition Ξs[k]. We sort all channels
in the non-increasing order of Ξs[k] for each actuator as well
as all actuators in the non-increasing order of J Q

m . Then the
first actuator selects the favorite channel (i.e. am[k] = 1 and
am� [k] = 0, m� �= m). Other actuators select their own most
favorite channel in sequence. If the most favorite channel has
been selected by others, the actuator will select next channel in
order. Until all actuators have selected one channel, the value
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of exp
�
−E{Dt

m,s}/	
�
E
�
J Q

m

�
is then used to re-arrange all

actuators in descending order until all channels have been
occupied.

Algorithm 1 Heuristic Algorithm to Determine the Channel
Allocation Variable a
1: Input: Channel condition indicator Ξs[k] and execution

derivation E
�
J Q

m

�
;

2: Output: Channel allocation status a;
3: Initialize: Preference factors of each subsystem and chan-

nel are υm = E
�
J Q

m

�
and ω[k] = Ξs[k], respectively;

4: for each subsystem/actuator m ∈ M do
5: Sort all subsystem in the non-increasing order with

respect to υm, and the ordered set is M̂;
6: for each channel k ∈ Km do
7: Sort all channels in the nonincreasing order with

respect to ω[k], and the ordered set is K̂m;
8: end for
9: end for

10: repeat
11: m∗ = argmaxm∈M̂ υm and M̂ = M̂ \ m∗;
12: Subsystem m∗ selects the first channel in the ordered set

K̂m, i.e., k∗ = argmaxk∈K̂m
ω[k];

13: am∗ [k∗] = 1 and am[k∗] = 0, m �= m∗, m ∈ M;
14: Remove the selected channel k∗ from set K̂m for all

subsystems, i.e., K̂m = K̂m \ k∗, ∀m ∈ M̂;
15: until {Km = ∅ or M̂ = ∅ }
16: while Km �= ∅ do
17: υ̌m = exp

�
−E{Dt

m,s}/	
�
E
�
J Q

m

�
;

18: Sort all subsystem in the non-increasing order with
respect to the value of υ̌m, and the ordered set is M̌;

19: Step 11 - Step 14;
20: end while
21: Return the channel allocation status a.

The computational complexity of Algorithm 1 contains
three aspects: sorting the set elements, searching the set
elements and executing the looping statements. The com-
plexity of sorting subsystems (Step 5) and channels (Step 7)
are O(|M| log(|M|)) and O(|K| log(|K|)). For each relay,
the complexity of selecting the best actuator (Step 11) and
searching the best channel for the selected actuator (Step 12)
are O(|M|) and O(|K|), respectively. In the worst case,
only one channel could been determined in one iteration, and
there are |K| iterations at most. Therefore, the computational
complexity of Algorithm 1 is O(|K|(N log(N) + N)), which
is no more than O(N2 log(N)), where N = max{|M|, |K|}.

3) Beamformer Design: After obtaining the sets Km and
Sm, the problem can be modified as

P �
st :

min
{v}

�
�

s∈Sm

�

k∈Km

	
	vs[k]

	
	2

2
+ exp

�
−E{D̃t

m,s}/	
�
E
�
JQ

m

�

s.t. exp
�
−E{D̃t

m,s}/	
�
≤ �, ∀s ∈ Sm, ∀k ∈ Km,

�

s∈Sm

�

k∈Km

	
	vs[k]

	
	2

2
≤ PC ,

Fig. 2. Flowchart of the problem-solving process.

where E{D̃t
m,s} =

�
k∈Km

ΔF log(1 + v∗
s [k]Ξs[k]vs[k]

σt
s[k] ). It is

easy to verify that the left-hand side of the first constraint
monotonically increases with the reduction of

	
	vs[k]

	
	2

2
. This

means that the value of
	
	vs[k]

	
	2

2
can not be too small to satisfy

this constraint. The minimum value can be reached when
exp

�
−E{D̃t

m,s}/	
�

= �, which is regarded as one extreme
point. The other extreme point can be gotten by letting the
first-order derivative of P �

st be equal to zero. Comparing the
two extreme points, the one with the smallest function value
is selected as the solution of P �

st .
In short, the original problem P0 could be solved effectively

by firstly solving the Psb
subproblem and then the Pst

subproblem. Fig. 2 shows the flowchart of the problem-solving
process. In particular, based on the interrelationship between
bottom-tier and top-tier transmissions, the sub-optimal solu-
tion of original problem P0 is obtained by decomposing
it into two subproblems. One focuses on the bottom-tier
transmission optimization while the other aims to optimize
the top-tier transmission. Both the differential accumulation
and the difference-convex methods are employed to effectively
deal with the constraint expressed in the implicit probabilistic
form. Then, the bottom-tier optimization subproblem is solved
sub-optimally by dealing with the beamformer design with
normalized transmission power and the power control with
given beamformer sequentially. For the top-tier optimization
subproblem, its suboptimal solution could be obtained by
dealing with the channel allocation and beamformer design
sequentially. As the former is a 0-1 integer programming,
the Algorithm 1 is designed to get suboptimal solutions in
polynomial time.

V. SIMULATION RESULTS

The hot rolling process in the iron and steel industry is
regarded as a typical process control system in the industrial
IoT, where the physical components are constituted of five
main stages, i.e., waling beam furnace, reversing rougher,
finishing mill, laminar cooling and down coilers, as shown
in Fig. 3. In this paper, we consider the temperature control in
the laminar cooling stage. The slab temperature is measured
by sensors and then deliver to the remote controller. Based on
the received temperature measurements, the controller deter-
mines the control commands for different control subsystems.
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Fig. 3. Laminar cooling stage.

The calculated control commands are delivered to actuators
via shared wireless channels, and the valves of nozzles are
adjusted based on received control commands to control the
slab temperature to a target region.

In each subsystem, the valves of nozzles are adjusted based
on control commands to control the slab temperature to a
specific value. The discrete-time linear model for the m-th
subsystem can be expressed by

xm
t+1 = Amxm

t + Bmum
t + ζm

t ,

where xm
t is the state vector of slab’s temperature

and Bm = diag{1, 0, · · · , 0, 1}κx×κu . According to [34],
Am = diag{A1,m, A2,m, A3,m, A4,m} is given by (25),

Ar,m = diag{ T Δt�1,r,m

Δb2ς1,r,mc1,r,s
,

T Δt�2,r,m

Δb2ς2,r,mc2,r,m
,

T Δt�3,r,m

Δb2ς3,r,mc3,r,m
,

T Δt�4,r,m

Δb2ς4,r,mc4,r,m
}

×

⎡

⎢
⎢
⎣

−2 2 0 0
1 −2 1 0
0 1 −2 1
0 0 2 −2

⎤

⎥
⎥
⎦ + I, (25)

where r = {1, 2, 3, 4}, slab thermal conductivity
� = 40W/mK , slab density ς = 7.85kg/m3, slab
specific heat capacity c = 0.46 × 103J/kg · K , and slab
thickness Δb = 1/2m.

In simulations, we adopt an empirical industrial wireless
channel model in the physical layer [43], which consists of a
large-scale path loss, a shadow fading and a small-scale.

PL(d) = PL0 + 10n log10(d/d0) + κ, (26)

where PL0 = 56.7dB is the path loss at the reference distance
d0 = 1m [44], n = 4.31 is the path loss exponent [45], and
the shadowing coefficient κ = 6dB is zero-mean Gaussian
distributed random variable in dB with standard deviation
σ = −87dBm [46].

A. Performance Evaluation

In this subesection, we evaluate the performance of
proposed dynamics-aware and beamforming-assisted coordi-
nated transmission (abbreviated as DACT) strategy in terms
of overall cost, estimation error and energy consumption,
respectively. Each metric is obtained by performing 1000 inde-
pendent simulation trials. An example (random realization) of
the considered multi-subsystem WCS consists of one remote

Fig. 4. Performance of DACT scheme.

Fig. 5. Tradeoff between control cost and energy consumption.

controller with 8 antennas, 10 subsystems and 15 ADs,
simulation result is shown as Fig. 4. It is seen that the
overall cost consistes of two major components, and then
we will discuss the tradeoff between control cost and energy
consumption, as shown as Fig. 5. In Fig. 5(a), it can be
seen that the LQG control cost decreases with the increasing
of energy consumption, when the maximum transmission
power is given. Therefore, for a given transmission power
budget, there exists a point that achieves the minimum sum
of control cost and energy consumption. Fig. 5(b) shows the
relationship between control cost and maximum transmission
power (i.e. the maximum tolerant energy consumption) of
remote controller. The LQG control cost reduces with the
growth of transmission power budget, meaning that there is
a transmission power budget that could achieve the minimum
sum of control cost and energy consumption. Based on the
aforementioned discussions, it can be derived that there is
a tradeoff between control cost and energy consumption to
minimize the overall cost of WCSs.

B. Performance Comparison

For a fair comparison, the following transmission strategies
are introduced.

• PACT: Packet-loss aware actuator-centric transmission
strategy aims to reduce the packet loss rate of control
commands with the frequency-diversity based multicast
beamforming technique, but without taking the system
dynamics into account.

• DBT: Dynamics driven broadcast-based transmission
aims to reduce the overall system cost, which is achieved
through broadcasting all control comments to all ADs,
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Fig. 6. Performance comparison among the optimal solution and four
different strategies.

and then ADs forward the decoded information to actu-
ators in a coordinated way.

• DUT: Dynamics driven unicast-based transmission aims
to reduce the overall system cost under the condition of
given matching relationship between ADs and actuators.
Moreover, one actuator can be served by only one AD and
the remote controller delivers the control comments to
corresponding AD with single spatial stream on different
channels.

We evaluate the performances of DACT, PACT, DBT and
DUT strategies in terms of overall cost, estimation error
and energy consumption, respectively. The gap between the
optimal solution and the sub-optimal one obtained with the
DACT strategy is shown as Fig. 6. The mix-integer pro-
gramming in the top-tier transmission are optimally solved
with the brute-force method. The optimal set of selected
assisted devices and the two-tier transmission parameters
are obtained with the exhaustive search method. Fig. 6
shows that the proposed DACT strategy achieves the lowest
control-communication overall cost. For the performance of
control cost, DACT, PACT and DBT strategies are much
better than the DUT strategy, reducing about 33%, 23%, and
34%, respectively. This is because that the coordination among
multiple ADs is able to considerably decrease the mutual
interference and improve the transmission reliability. Note that
DBT strategy has the best performance in term of control
cost, but this is achieved at the cost of a great deal of energy
consumption. The reason is that the multicast transmission can
save more energy than the broadcoast one, especially when
the channel conditions of a few controller-AD pairs are bad.
DACT strategy has ability to provide better control perfor-
mance than PACT strategy, even though the caused energy
consumption with DACT and PACT strategies are similar.
The reason is that PACT strategy decides the transmission
strategy based on only the wireless communication environ-
ment without considering the dynamics of control system.
In fact, different control subsystems have distinct dynamics,
thus successfully delivering control commands for different
subsystems would get different contributions on improving the
control performance of the whole system. For multi-subsystem
WCSs, it is necessary to take both channel condition and
system dynamics into the account of transmission strategy
design. At the same time, it is also of significant importance

Fig. 7. Performance comparison among four strategies with different numbers
of actuators.

to consider the joint optimization of transmission strategy and
control law for multi-subsystem WCSs.

In order to show the impact of different system parameters
on strategy performance, such as the number of actuators
and the number of ADs, we compare the four strategies by
fixing one variable and changing the other one. Note that
each result in Fig. 7 and Fig. 8 is achieved by averaging
100 runs of the algorithms over randomly generated channels.
With the change of the number of actuators and ADs, four
strategies have similar performance in terms of overall cost,
control cost and energy consumption. Fig. 7 shows that the
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Fig. 8. Performance comparison among four strategies with different numbers
of assisted devices.

values of considered three performance metrics increase with
the number of actuators. Therefore, the larger the system is,
the higher the execution cost is. In addition, it can be seen
that the overall cost of DACT strategy is always smaller than
others, meaning that the proposed DACT strategy has higher
scalability than others. Fig. 8(a) shows that the control cost
decreases with the number of ADs, since the larger number
of ADs could provide the higher space diversity and increase
the transmission reliability. Fig. 8(b) shows that the energy
consumption increases with the growth of the number of
ADs. The overall cost achieved with DACT, PACT and DUT

strategies drops at the beginning and then rises later, shown
as Fig. 8(c). In a short, Fig. 8 shows that it is not quite
reasonable to achieve a better possible overall performance
for multi-subsystem WCSs by increasing the number of ADs.

VI. CONCLUSIONS

The multi-subsystem WCSs with intermittent control com-
mands caused by limited and lossy wireless channels have
been investigated in this paper. We have explored the relation-
ship between control performance and transmission quality,
based on which, a dynamics-aware and beamforming-assisted
transmission strategy has been proposed for control schedul-
ing. Simulation results have demonstrated that the designed
DACT strategy has the advantage to reduce the overall cost
than other strategies without awareness of system dynamics.
Moreover, the joint design of transmit beamforming and
power control not only achieves a significant improvement
on the energy efficiency, but also has a good adaptivity to
the system dynamics and channel conditions. For future work,
we will investigate the joint design of cooperative transmission
and coordination control for the WCS with multiple coupled
subsystems, especially in large-scale control systems.

APPENDIX A
DETAILED SOLUTION PROCESS OF (18)

The solution of problem Psb
is obtained by solving Pc

sb

and Pp
sb

in sequence. For each AD s, pm(s) = |w̃m(s)|2,

the projection of unit-norm vectors w̃∗
m

|w̃∗
m| on the chan-

nel gain vector hm are cm(s) = w̃m

|w̃m| (s)Σm,m
w̃m

|w̃m|(s)

and cn
m(s) = w̃n

|w̃n|(s)Σm,n
w̃∗

n

|w̃∗
n| (s), respectively. Then,

the objective function of Psb
is rewritten as

�M

m=1
−JQ

m exp
�
−Lm

�
+ J Q

m + �
�

m∈M

�

s∈S
pm(s), (27)

where Lm =
�

n�=m,n∈M
ln

�
1 +

Γb
th

�

s∈S
pn(s)cn

m(s)

�

s∈S
pm(s)cm(s)

�
+

Γb
thσb

m�

s∈S
pm(s)cm(s) . As the logarithm operation does not change

the monotonicity, we then focus on getting the optimal cm(s)
and cn

m(s) in terms of minimizing Lm. The beamformer design
with given transmission power can be obtained by solving Pc

sb
,

Pc
sb

: min
{c}

M�

m=1

Lm, s.t. 0 ≤ Lm ≤ − ln(μlow
m,t), ∀m ∈ M.

(28)

The first-order derivatives of Lm with respect to cm(s) and
cn
m(s) are

∂Lm

∂cn
m(s)

=
Γb

thpm(s)
Γb

th

�

s∈S
pm(s)cn

m(s) +
�

s∈S
pm(s)cm(s)

> 0,

(29)

∂Lm

∂cm(s)
=

�

s∈S
pm(s)cm(s)

Γb
th

�

s∈S
pm(s)cn

m(s) +
�

s∈S
pm(s)cm(s)
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×
−Γb

th

�

s∈S
p2

m(s)cn
m(s)

� �

s∈S
pm(s)cm(s)

�2 +
−Γb

thσb
mpm(s)

� �

s∈S
pm(s)cm(s)

�2

< 0, (30)

which indicates that Lm (the objective function of Pc
sb

)
monotonically decreases with cm(s), but monotonically
increases with cn

m(s). Note that, cm(s) cannot be infinitely
large and cm(s) and cn

m(s) cannot be infinitely small, since Lm

are bounded by constraint (20). According to the monotonicity,
the optimal cm(s) could be obtained with the golden section
method in the feasible area, when cn

m(s) is given. Similarly,
the optimal cn

m(s) could be obtained, when the cm(s) is given.
With the given beamformer c̃, the power control problem is
formulated as below.

Pp
sb

: min
{p}

�
�

m∈M

�

s∈S
pm(s)

s.t.
�

n�=m,n∈M
ln

�
1 +

Γb
th

�

s∈S
pm(s)c̃n

m(s)
�

s∈S
pm(s)c̃m(s)

�

+
Γb

thσb
m�

s∈S
pm(s)c̃m(s)

≤ − ln(μlow
m,t), ∀m ∈ M,

�

m∈M
pm(s)c̃m(s) ≤ Ps, ∀s ∈ S, (31)

whose minimum value can be reached when
�

n�=m,n∈M
ln

�
1+

Γb
th

�

s∈S
pm(s)c̃n

m(s)

�

s∈S
pm(s)c̃m(s)

�
+ Γb

thσb
m�

s∈S
pm(s)c̃m(s) = − ln(μlow

m,t). Then the

optimal transmission power p∗ for all ADs is obtained. In this
way, the solution of problem Psb

is obtained by solving Pc
sb

and Pp
sb

in sequence.

APPENDIX B
DERIVATION OF (24)

In (23), Dt
m,s = Rt

m,s − Rb
m · 1{(wm(s))2}. In addi-

tion, 1{min
s∈S

Dt
m,s} = 1, if min

s∈S
Dt

m,s ≥ 0. Otherwise,

1{min
s∈S

Dt
m,s} = 0. It worth noting that the indicator function

can be equivalently expressed with the �0-norm. However,
�0-norm is still intractable since it is a discontinuous function.
We use the scheme proposed by Rinaldi [35] to approximate
the �0-norm,

E
�
1{min

s∈S
Dt

m,s}
�

= 1
�
min
s∈S

E{Dt
m,s}

�
= �min

s∈S
E{Dt

m,s}�0

≈ 1 − exp(−
min
s∈S

E{Dt
m,s}

	
), (32)

where E{Dt
m,s} =

�

k∈K
am[k]ΔF log(1 + v∗

s [k]Ξs[k]vs[k]
σt

s[k] ) −

R
b

m · 1{(wm(s))2}. It can be observed that

lim
�→0

exp(−
min
s∈S

E{Dt
m,s}

	
) =

⎧
⎨

⎩

1, if min
s∈S

E{Dt
m,s} = 0

0, if min
s∈S

E{Dt
m,s} �= 0,

which could be approximated to

exp(−
min
s∈S

E{Dt
m,s}

	
) ≈

⎧
⎨

⎩

1, if min
s∈S

E{Dt
m,s} � �

2

0, if min
s∈S

E{Dt
m,s} � �

2 ,
(33)

where 	 is the smoothing parameter determining the quality of
the approximation [47]. The approximation in (32) and (33)
tends to equality, when 	 → 0. Thus, (13a) is approximated to

max
s∈S

exp
�
−E{Dt

m,s}/	
�
≤ �. (34)

REFERENCES

[1] C. Chen, J. Yan, N. Lu, Y. Wang, X. Yang, and X. Guan, “Ubiquitous
monitoring for industrial cyber-physical systems over relay-assisted
wireless sensor networks,” IEEE Trans. Emerg. Topics Comput., vol. 3,
no. 3, pp. 352–362, Sep. 2015.

[2] N. Cheng, N. Lu, N. Zhang, T. Yang, X. Shen, and J. W. Mark, “Vehicle-
assisted device-to-device data delivery for smart grid,” IEEE Trans. Veh.
Technol., vol. 65, no. 4, pp. 2325–2340, Apr. 2016.

[3] L. Lyu, C. Chen, C. Hua, S. Zhu, and X. Guan, “Co-design of
stabilisation and transmission scheduling for wireless control systems,”
IET Control Theory Appl., vol. 11, no. 11, pp. 1767–1778, 2017.

[4] H. Zhang et al., “Scheduling with predictable link reliability for wireless
networked control,” IEEE Trans. Wireless Commun., vol. 16, no. 9,
pp. 6135–6150, Sep. 2017.

[5] L. Lyu, C. Chen, S. Zhu, N. Cheng, and X. Shen, “Demand-driven and
energy-efficient transmission for multi-loop wireless control systems,”
in Proc. IEEE Int. Conf. Commun., May 2018, pp. 1–6.

[6] N. Zhang et al., “Software defined networking enabled wireless network
virtualization: Challenges and solutions,” IEEE Netw., vol. 31, no. 5,
pp. 42–49, May 2017.

[7] H. Guo, J. Ren, D. Zhang, Y. Zhang, and J. Hu, “A scalable
and manageable IoT architecture based on transparent computing,”
J. Parallel Distrib. Comput., vol. 118, pp. 5–13, Aug. 2018, doi:
10.1016/j.jpdc.2017.07.003.

[8] L. Lyu, C. Chen, S. Zhu, and X. Guan, “5G enabled codesign of energy-
efficient transmission and estimation for industrial IoT systems,” IEEE
Trans. Ind. Informat., vol. 14, no. 6, pp. 2690–2704, Jun. 2018, doi:
10.1109/TII.2018.2799685.

[9] P. Chen and Q. L. Han, “On designing a novel self-triggered sampling
scheme for networked control systems with data losses and communica-
tion delays,” IEEE Trans. Ind. Electron., vol. 63, no. 2, pp. 1239–1248,
Feb. 2016.

[10] C. Ramesh, H. Sandberg, and K. H. Johansson, “Design of state-based
schedulers for a network of control loops,” IEEE Trans. Autom. Control,
vol. 58, no. 8, pp. 1962–1975, Aug. 2013.

[11] S. Zhu, C. Chen, W. Li, B. Yang, and X. Guan, “Distributed optimal
consensus filter for target tracking in heterogeneous sensor networks,”
IEEE Trans. Cybern., vol. 43, no. 6, pp. 1963–1976, Dec. 2013.

[12] H. Zhang, L. Li, J. Xu, and M. Fu, “Linear quadratic regulation and
stabilization of discrete-time systems with delay and multiplicative
noise,” IEEE Trans. Autom. Control, vol. 60, no. 10, pp. 2599–2613,
Oct. 2015.

[13] A. Molin and S. Hirche, “Price-based adaptive scheduling in multi-loop
control systems with resource constraints,” IEEE Trans. Autom. Control,
vol. 59, no. 12, pp. 3282–3295, Dec. 2014.

[14] S. Zhu, C. Chen, X. Ma, B. Yang, and X. Guan, “Consensus based
estimation over relay assisted sensor networks for situation monitoring,”
IEEE J. Sel. Topics Signal Process., vol. 9, no. 2, pp. 278–291,
Mar. 2015.

[15] M. C. F. Donkers, W. P. M. H. Heemels, N. van de Wouw, and
L. Hetel, “Stability analysis of networked control systems using a
switched linear systems approach,” IEEE Trans. Autom. Control, vol. 56,
no. 9, pp. 2101–2115, Sep. 2011.

[16] X. Cao, X. Zhou, L. Liu, and Y. Cheng, “Energy-efficient spec-
trum sensing for cognitive radio enabled remote state estimation over
wireless channels,” IEEE Trans. Wireless Commun., vol. 14, no. 4,
pp. 2058–2071, Apr. 2015.

[17] L. Zhang and D. Hristu-Varsakelis, “Communication and control co-
design for networked control systems,” Automatica, vol. 42, no. 6,
pp. 953–958, Jun. 2006.

http://dx.doi.org/10.1016/j.jpdc.2017.07.003
http://dx.doi.org/10.1109/TII.2018.2799685


LYU et al.: DYNAMICS-AWARE AND BEAMFORMING-ASSISTED TRANSMISSION FOR WIRELESS CONTROL SCHEDULING 7689

[18] S.-L. Dai, H. Lin, and S. S. Ge, “Scheduling-and-control codesign for
a collection of networked control systems with uncertain delays,” IEEE
Trans. Control Syst. Technol., vol. 18, no. 1, pp. 66–78, Jan. 2010.

[19] K. Gatsis, M. Pajic, A. Ribeiro, and G. J. Pappas, “Opportunistic control
over shared wireless channels,” IEEE Trans. Autom. Control, vol. 60,
no. 12, pp. 3140–3155, Dec. 2015.

[20] S. Al-Areqi, D. Görges, and S. Liu, “Event-based networked control and
scheduling codesign with guaranteed performance,” Automatica, vol. 57,
pp. 128–134, Jul. 2015.

[21] V. C. Gungor and G. P. Hancke, “Industrial wireless sensor networks:
Challenges, design principles, and technical approaches,” IEEE Trans.
Ind. Electron., vol. 56, no. 10, pp. 4258–4265, Oct. 2009.

[22] L. Lei, Y. Kuang, X. S. Shen, K. Yang, J. Qiao, and Z. Zhong,
“Optimal reliability in energy harvesting industrial wireless sen-
sor networks,” IEEE Trans. Wireless Commun., vol. 15, no. 8,
pp. 5399–5413, Aug. 2016.

[23] US D.O.E., “Industrial wireless technology for the 21st century,”
Technol. Foresight, Tech. Rep., 2004.

[24] M. A. Mahmood, W. K. G. Seah, and I. Welch, “Reliability in wireless
sensor networks: A survey and challenges ahead,” Comput. Netw.,
vol. 79, pp. 166–187, Mar. 2015.

[25] Y. Sadi and S. C. Ergen, “Energy and delay constrained maximum
adaptive schedule for wireless networked control systems,” IEEE Trans.
Wireless Commun., vol. 14, no. 7, pp. 3738–3751, Jul. 2015.

[26] V. N. Swamy et al., “Real-time cooperative communication for automa-
tion over wireless,” IEEE Trans. Wireless Commun., vol. 16, no. 11,
pp. 7168–7183, Nov. 2017.

[27] Y. Jing and H. Jafarkhani, “Network beamforming using relays with
perfect channel information,” IEEE Trans. Inf. Theory, vol. 55, no. 6,
pp. 2499–2517, Jun. 2009.

[28] Y. Huang, C. W. Tan, and B. D. Rao, “Joint beamforming and power
control in coordinated multicell: Max-min duality, effective network and
large system transition,” IEEE Trans. Wireless Commun., vol. 12, no. 6,
pp. 2730–2742, Jun. 2013.

[29] S. He, Y. Huang, S. Jin, and L. Yang, “Coordinated beamforming
for energy efficient transmission in multicell multiuser systems,” IEEE
Trans. Commun., vol. 61, no. 12, pp. 4961–4971, Dec. 2013.

[30] J. Huang, P. Wang, and Q. Wan, “Collaborative beamforming for wire-
less sensor networks with arbitrary distributed sensors,” IEEE Commun.
Lett., vol. 16, no. 7, pp. 1118–1120, Jul. 2012.

[31] K. Zarifi, S. Zaidi, S. Affes, and A. Ghrayeb, “A distributed amplify-
and-forward beamforming technique in wireless sensor networks,” IEEE
Trans. Signal Process., vol. 59, no. 8, pp. 3657–3674, Aug. 2011.

[32] D. Gündüz, E. Erkip, A. J. Goldsmith, and H. V. Poor, “Reliable joint
source-channel cooperative transmission over relay networks,” IEEE
Trans. Inf. Theory, vol. 59, no. 4, pp. 2442–2458, Apr. 2013.

[33] D. Xue, Y. Chen, and D. P. Atherton, Linear Feedback Control: Analysis
and Design With MATLAB. Philadelphia, PA, USA: SIAM, 2007.

[34] L. Lyu, C. Chen, J. Yan, F. Lin, C. Hua, and X. Guan, “State estimation
oriented wireless transmission for ubiquitous monitoring in industrial
cyber-physical systems,” IEEE Trans. Emerg. Topics Comput., to be
published.

[35] J. Daafouz, P. Riedinger, and C. Iung, “Stability analysis and control syn-
thesis for switched systems: A switched Lyapunov function approach,”
IEEE Trans. Autom. Control, vol. 47, no. 11, pp. 1883–1887, Nov. 2002.

[36] V. Gupta, B. Hassibi, and R. M. Murray, “Optimal LQG control across
packet-dropping links,” Syst. Control Lett., vol. 56, no. 6, pp. 439–446,
Jun. 2007.

[37] M. Grant and S. Boyd. CVX: MATLAB Software for Disciplined Convex
Programming, Version 2.1. Accessed: Sep. 13, 2018. [Online]. Available:
http://cvxr.com/cvx

[38] Z. K. Nagy and R. D. Braatz, “Open-loop and closed-loop robust optimal
control of batch processes using distributional and worst-case analysis,”
J. Process Control, vol. 14, no. 4, pp. 411–422, 2004.

[39] R. Mudumbai, D. R. B. Iii, U. Madhow, and H. V. Poor, “Distributed
transmit beamforming: Challenges and recent progress,” IEEE Commun.
Mag., vol. 47, no. 2, pp. 102–110, Feb. 2009.

[40] N. Cheng et al., “Performance analysis of vehicular device-to-device
underlay communication,” IEEE Trans. Veh. Technol., vol. 66, no. 6,
pp. 5409–5421, Jun. 2017.

[41] X. Zhai, C. W. Tan, Y. Huang, and B. D. Rao, “Transmit beamforming
and power control for optimizing the outage probability fairness in
MISO networks,” IEEE Trans. Commun., vol. 65, no. 2, pp. 839–850,
Feb. 2017.

[42] S. Ghosh, B. D. Rao, and J. R. Zeidler, “Outage-efficient strategies for
multiuser MIMO networks with channel distribution information,” IEEE
Trans. Signal Process., vol. 58, no. 12, pp. 6312–6324, Dec. 2010.

[43] Y. Shi, J. Zhang, B. O’Donoghue, and K. B. Letaief, “Large-scale
convex optimization for dense wireless cooperative networks,” IEEE
Trans. Signal Process., vol. 63, no. 18, pp. 4729–4743, Sep. 2015.

[44] A. F. Molisch et al. (2004). IEEE 802.15.4a Channel Model-Final
Report. [Online]. Available: http://www.ieee802.org/15/pub/TG4a.html

[45] Z. Irahhauten, G. J. M. Janssen, H. Nikookar, A. Yarovoy, and
L. P. Ligthart, “UWB channel measurements and results for office
and industrial environments,” in Proc. IEEE Int. Conf. Ultra-Wideband,
Waltham, MA, USA, Sep. 2006, pp. 225–230.

[46] E. Tanghe et al., “The industrial indoor channel: Large-scale and
temporal fading at 900, 2400, and 5200 MHz,” IEEE Trans. Wireless
Commun., vol. 7, no. 7, pp. 2740–2751, Jul. 2008.

[47] Y.-F. Liu and Y.-H. Dai, “On the complexity of joint subcarrier and
power allocation for multi-user OFDMA systems,” IEEE Trans. Signal
Process., vol. 62, no. 3, pp. 583–596, Feb. 2014.

Ling Lyu (S’16) received the B.S. degree in
telecommunication engineering from Jinlin Univer-
sity, Changchun, China, in 2013. She was a visiting
student with the University of Waterloo, Canada,
from 2017 to 2018. She is currently pursuing the
Ph.D. degree with the Department of Automation,
School of Electronic Information and Electrical
Engineering, Shanghai Jiao Tong University, Shang-
hai, China. Her current research interests include
wireless sensor and actuator network and application
in industrial automation, the joint design of com-

munication and control in industrial cyber-physical systems, estimation and
control over lossy wireless networks, machine type communication enabled
reliable transmission in the fifth generation network, resource allocation, and
energy efficiency.

Cailian Chen (S’03–M’06) received the B.Eng. and
M.Eng. degrees in automatic control from Yanshan
University, China, in 2000 and 2002, respectively,
and the Ph.D. degree in control and systems from
the City University of Hong Kong, Hong Kong,
in 2006. She was a Senior Research Associate with
the City University of Hong Kong in 2006 and
a Post-Doctoral Research Associate with The Uni-
versity of Manchester, U.K., from 2006 to 2008.
She was a Visiting Professor with the University of
Waterloo, Canada, from 2013 to 2014. She joined

the Department of Automation, Shanghai Jiao Tong University, in 2008, as an
Associate Professor, where she is currently a Full Professor.

She has worked actively on various topics such as wireless sensor networks
and industrial applications, computational intelligence and distributed situation
awareness, cognitive radio networks and system design, Internet of Vehicles
and applications in intelligent transportation, and distributed optimization.
She has authored and/or co-authored two research monographs and over
100 referred international journal and conference papers. She is the inventor
of over 20 patents. She received the prestigious IEEE Transactions on Fuzzy
Systems Outstanding Paper Award in 2008, and the Best Paper Award of
The Ninth International Conference on Wireless Communications and Signal
Processing in 2017. She received the First Prize of Natural Science Award
twice from The Ministry of Education of China in 2006 and 2016, respectively.
She was honored as a Changjiang Young Scholar by the Ministry of Education
of China in 2015 and Excellent Young Researcher by the NSF of China
in 2016.



7690 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 17, NO. 11, NOVEMBER 2018

Shanying Zhu (S’12–M’15) received the B.S.
degree in information and computing science from
the North China University of Water Resources
and Electric Power, Zhengzhou, China, in 2006,
the M.S. degree in applied mathematics from the
Huazhong University of Science and Technology,
Wuhan, China, in 2008, and the Ph.D. degree in
control theory and control engineering from Shang-
hai Jiao Tong University, Shanghai, China, in 2013.
From 2013 to 2015, he was a Research Fellow with
the School of Electrical and Electronic Engineer-

ing, Nanyang Technological University, Singapore, and also with Berkeley
Education Alliance for Research, Singapore. He joined Shanghai Jiao Tong
University, in 2015, where he is currently an Associate Professor with
the Department of Automation. His research interests focus on multi-agent
systems and wireless sensor networks, particularly in coordination control of
mobile robots and distributed detection and estimation in sensor networks and
their applications in industrial network.

Nan Cheng (S’12–M’16) received the B.E. and M.S.
degrees from the Department of Electronics and
Information Engineering, Tongji University, Shang-
hai, China, in 2009 and 2012, respectively, and
the Ph.D. degree from the Department of Electrical
and Computer Engineering, University of Waterloo,
in 2016. He was a Post-Doctoral Fellow with the
Department of Electrical and Computer Engineering,
University of Toronto, and also with the Department
of Electrical and Computer Engineering, University
of Waterloo under the supervision of Prof. B. Liang

and Prof. S. Shen, from 2017 to 2018. He is currently a Professor with the
School of Telecommunication Engineering, Xidian University, Shanxi, China.
His current research focuses on space-air-ground integrated system, big data
in vehicular networks, and self-driving system. His research interests also
include performance analysis, MAC, opportunistic communication, and the
application of AI for vehicular networks.

Yujie Tang (S’12) received the Ph.D. degree from
the Department of Electrical and Computer Engi-
neering, University of Waterloo, Canada. She is
currently a Post-Doctoral Fellow with the Broadband
Communications Research Group, University of
Waterloo. Her research interests include vehicular ad
hoc networks, software defined networks, machine
learning, cognitive radio networks, cooperative net-
works, and resource management in heterogenous
networks.

Xinping Guan (M’04–SM’04–F’18) is currently a
Chair Professor with Shanghai Jiao Tong University,
China, where he is also the Dean of the School of
Electronic, Information and Electrical Engineering,
and the Director of the Key Laboratory of Systems
Control and Information Processing, Ministry of
Education of China.

His current research interests include industrial
cyber-physical systems, wireless networking and
applications in smart city and smart factory, and
underwater sensor networks. He has authored and/or

co-authored four research monographs, over 270 papers in IEEE Transactions
and other peer-reviewed journals, and numerous conference papers. As a
principal investigator, he has finished/been working on many national key
projects. He is the Leader of the Prestigious Innovative Research Team of the
National Natural Science Foundation of China. He is an Executive Committee
Member of the Chinese Automation Association Council and the Chinese
Artificial Intelligence Association Council.

He received the Second Prize of National Natural Science Award of China
in 2008, the First Prize of Natural Science Award from the Ministry of
Education of China in 2006 and 2016, and the First Prize of Technological
Invention Award of Shanghai Municipal, China, in 2017. He was a recipient of
the IEEE Transactions on Fuzzy Systems Outstanding Paper Award in 2008.
He is a National Outstanding Youth honored by NSF of China, Changjiang
Scholar by the Ministry of Education of China, and State-level Scholar of
New Century Bai Qianwan Talent Program of China.

Xuemin (Sherman) Shen (M’97–SM’02–F’09)
received the Ph.D. degree in electrical engineering
from Rutgers University, New Brunswick, NJ, USA,
in 1990. He is currently a University Professor
with the Department of Electrical and Computer
Engineering, University of Waterloo, Waterloo, ON,
Canada. His research focuses on resource man-
agement in interconnected wireless/wired networks,
wireless network security, social networks, smart
grid, and vehicular ad hoc and sensor networks.
He is a registered Professional Engineer of Ontario,

Canada, an Engineering Institute of Canada Fellow, a Canadian Academy of
Engineering Fellow, a Royal Society of Canada Fellow, and a Distinguished
Lecturer of the IEEE Vehicular Technology Society and Communications
Society.

Dr. Shen received the James Evans Avant Garde Award from the IEEE
Vehicular Technology Society, the Joseph LoCicero Award in 2015, and the
Education Award in 2017 from the IEEE Communications Society. He has also
received the Excellent Graduate Supervision Award in 2006 and the Outstand-
ing Performance Award in 2004, 2007, 2010, and 2014 from the University
of Waterloo, and the Premier’s Research Excellence Award in 2003 from the
Province of Ontario, Canada. He served as the Technical Program Committee
Chair/Co-Chair for the IEEE Globecom 2016, the IEEE Infocom 2014,
the IEEE VTC 2010 Fall, the IEEE Globecom 2007, the Symposia Chair
for the IEEE ICC 2010, the Tutorial Chair for the IEEE VTC 2011 Spring,
and the Chair for the IEEE Communications Society Technical Committee on
Wireless Communications, and P2P Communications and Networking. He is
the Editor-in-Chief of the IEEE INTERNET OF THINGS JOURNAL. He is the
Vice President of Publications of the IEEE Communications Society.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


