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Abstract— The flexibility of a control system can be improved
by closing the loop over a wireless network. In these systems,
however, the controller is generally assigned to the plant a
priori. In this paper, a novel distributed control architecture
called the broadcast control system is introduced. In this system
the plant broadcasts its state to multiple controllers, where
each controller makes a local decision to send back the control
input. This allows the plant to use different controllers while
moving. Moreover, the control performance can be optimized
by exploiting the diversity of the wireless links. A contention
resolution phase is introduced, which dynamically assigns a
controller to the plant at runtime based on the wireless link
quality. The coordinate descent algorithm is proposed as an
effective way to optimize the thresholds of the contention
resolution phase. The subproblem structure of the objective
function is used to prove the convergence of the optimization
algorithm. Numerical results show that the control performance
can be increased by adding more controllers to the system,
which is particularly effective when the link quality is poor.

I. INTRODUCTION

In wireless networked control systems the control loop
is closed over a wireless network. These systems have
advantages in terms of an increased flexibility and a reduction
in cost. This flexibility is however not always optimally
exploited, since the controller is often paired with the plant a
priori. This can be especially problematic when the plant is
mobile, since the channel to the fixed controller will fluctuate.
Furthermore, the design of wireless networked control systems
is generally challenging due to the stochastic nature of the
wireless channel [1].

These issues are addressed in this paper by the introduction
of a novel distributed control architecture called the broadcast
control system. The system setup is shown in Figure 1, and
consists of a plant and multiple controllers. In this system the
used controller is dynamically assigned to the plant, where the
wireless link quality is used to determine the best controller
to use. At every time step the plant broadcasts its state
to all controllers within range. Ideally, only the controller
with the best link quality sends back the corresponding
control input. To this end, a contention resolution phase
is introduced, which assigns each controller to a tournament
round. Controllers with a good link quality get assigned to
earlier rounds, which increases the probability that a controller
with a good link quality sends back the control input. This
strategy increases the flexibility of the control system, since
the plant is no longer tied to a single controller. Furthermore,
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Figure 1. The plant P broadcasts its state xj to all neighboring
controllers Cyp,...,Cq. After a contention resolution phase one of the
controllers sends back the control input wug.

by exploiting the diversity of the wireless links the reliability
of the communication is improved.

The broadcast control system can be motivated by a
mobile robotics use case. Consider an automated factory
in which mobile robots move around to perform tasks at
different locations. These robots typically receive tasks from
a centralized coordinator, where each robot executes the tasks
fully autonomously. This requires every robot to be equipped
with a complex control system, which increases the cost
of the robot. One possible way to reduce this cost is to
offload some of the control computations from the mobile
robots to controllers deployed around the factory, where the
measurements and control inputs are communicated over a
wireless network. These wireless controllers can be more
powerful and cost effective, since they do not have the same
constraints as the embedded controllers. Furthermore, they
enable the design of more complex control algorithms, while
more efficient resource sharing can be achieved by allowing
multiple robots to simultaneously use the same wireless
controller. However, introducing wireless links into the control
loop can have a negative impact on the control performance,
particularly when the robots are mobile. The broadcast control
system solution can be used to combat the negative effects
of the wireless channel, while also providing the required
flexibility for the robots to move around. Furthermore, the
distributed nature of the control system makes the system
more resilient to controller failures.

A different solution to the fixed controller assignment is
proposed in [2], where the safety of the controller handover
procedure is investigated. This procedure allows the control
process to be handed over from one point of computation to
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another during runtime. A similar approach is taken in [3],
where a real-time middleware is introduced that allows for
the upgrade and migration of controllers. The problem of
controller placement has been investigated in [4] and [5].
A control architecture is proposed in which the sensor and
actuator communicate over a string of nodes separated by
erasure channels. In [5] a scenario is investigated where each
node can be either a control node or a relay node. The role
of each node depends on the transmission outcomes, so the
control architecture can adapt to changing network conditions.
This problem is different from the problem studied in this
paper, since the medium access issues are not investigated
and the nodes need to be arranged in a string. The problem
of medium access in networked control systems has been
studied extensively [6] [7] [8] [9]. A medium access protocol
with attention-based tournaments is introduced in [9], where
dynamic priorities are assigned to data packets based on
the attention they require. The contention resolution phase
introduced in this paper shares similarities with this approach.
The key difference is that in this paper the priorities are
based on the link qualities, resulting in a contention resolution
strategy based on thresholds. The term broadcast control is
used in a multi-agent system setting in [10]. In this setting
individual agents are not able to communicate with each
other, but rely on a centralized controller to broadcast control
commands to all agents.

In this paper the design of the contention resolution for
a single plant is addressed, which is characterized by an
important performance trade-off. On the one hand, introducing
more controllers increases the diversity of the wireless links,
which makes the system more robust. On the other hand,
the introduction of more controllers increases the collision
probability. The main contributions of this paper are: (i)
the performance analysis of the contention resolution phase,
(ii) the proposal of an effective optimization algorithm to
maximize this performance, and (iii) the convergence proof
of the proposed algorithm.

The remainder of this paper is organized as follows.
Section II describes the considered problem in more detail. In
Section III the optimization strategy to maximize the success
probability of the contention resolution phase is analyzed. The
performance of the proposed system is numerically evaluated
in Section IV. Section V presents the conclusions and provides
suggestions for future work.

II. PROBLEM FORMULATION

Consider a broadcast control system consisting of a plant P
and N controllers denoted by C;,i € {1,..., N}. Figure 1
illustrates the system when considering six controllers. The

plant periodically broadcasts its state zj, to all N controllers.

During a contention resolution phase each controller makes
a local decision to send back the control input ug. If the
contention resolution is successful one of the controllers
sends back the control input. In the remainder of this section
the control system, communication system, and contention
resolution are discussed in more detail, after which the
problem statement is presented.
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Figure 2. The frame structure allows the plant and controllers to

communicate during each time step.

A. Control System

The plant is modeled as a continuous time linear system
given by

&(t) = Apx(t) + Byu(t), (1)

where z(t) € R" is the state, u(t) € R" is the control
input, A, is the system matrix, and B, is the input matrix.
Let the total delay from the start of the broadcast until the
plant receives the control input be denoted by 7. This delay
is generally time-varying, but in this paper it is considered
to be constant due to the design of the contention resolution
phase. Let T denote the sampling period, which is assumed
to be larger than 7. Sampling using zero-order hold gives
the following discrete time system

Tpr1 = Axy + Bouy, + Brug_1, 2
with A = e, By = [ITeMdsB, B =

f;fiT e/ ds By, where k is the discrete time index [11].

Depending on the communication link quality, a subset of
controllers will receive the broadcast from the plant. Each
of these controllers makes a local decision to send back
the corresponding control input. The successful reception
of the control input by the plant depends on the quality of
the communication channels, and the local decisions of the
controllers. The control input is not received successfully
if the packet collides, is lost, or is not sent by any of the
controllers. Assume all controllers employ the same state
feedback control law given by

U = —ﬁkak, (3)

where K is the feedback gain, and 6} is a Bernoulli random
variable representing the control packet reception. Let the
distribution of 6; be defined by Pr{f, = 0} = 1 — ps
and Pr{0; = 1} = p,, where p, is the probability of a
control packet being successfully received by the plant.

B. Communication System

Each time step k£ marks the start of a frame during which the
plant and controllers can communicate over a time-varying
wireless channel, as shown in Figure 2. In the remainder
of this paper the index k will be used to refer to both
the time step and its associated frame. During each frame
the channel is modeled as a block fading channel, so the
channel gain is assumed to be constant during each frame.
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The channel gain is assumed to be independent and identically
distributed between controllers and between frames, due to
the large time duration between time steps. The channel gain
is modeled by the path loss and the fading. The path loss h3;
is assumed to be constant due to the fixed distance between
the nodes. The random fading experienced by controller ¢ in
time step k is given by hi > Where the magnitude of h; j, is

assumed to be a Rayleigh distributed process with unit mean.

The instantaneous signal-to-noise ratio (SNR) of the channel
between the plant and controller ¢ in frame k is given by

2 72
_ heLhi P

Yk = @)

where P, is the fixed transmit power and o is the power
of the noise process. Furthermore, the average SNR is
defined as 5 = h} Px/c? The instantaneous SNR can
then be written as v;x = 7h?,, which is exponentially
distributed. Based on the instantaneous SNR a varying amount
of information can be exchanged between the plant and the
controller. A packet transmission of / bits in 7y seconds over

the wireless channel results in a transmission rate of p = /7.

Depending on the instantaneous SNR -y; ;. of controller ¢ in
time step k& the channel capacity is given by

cie =Wlogy (1 +7ik), (5)

where W is the bandwidth in Hz. Equation (5) provides an
upper bound on the information rate at which the transmission
can be performed successfully. Error free transmissions can
be guaranteed only by choosing a bit rate lower than the
channel capacity. Any choice of a bit rate higher than the
channel capacity will imply unsuccessful transmission. This
results in a required SNR threshold of 2/ — 1 for which
the packet is successful received.

C. Contention Resolution

Each frame is divided into a broadcast, a computation, a
contention resolution, and a transmission phase, as shown
in Figure 2. Furthermore, the contention resolution and

transmission phases are collectively called the feedback phase.

During the broadcast phase of duration 7}, the plant broadcasts

a packet containing the state of the plant with a size of [ bits.

This results in a required transmission rate of p, = ly,/T}, S0
the SNR threshold is given by I'y = 27/W — 1. During the
computation phase of duration 7, the controllers compute
the control input based on the received plant state. The
contention resolution phase is used to make a decision
about which controller sends back the control input to the
plant, while the transmission phase is used for finishing the
control packet transmission. The contention resolution phase
is divided into R tournament rounds of duration 7. If a
tournament round is successful the assigned controller can
start transmitting for a fixed duration of 7;, so the total delay
is time-varying. In this paper, however, the total delay is
assumed to be equal to the worst-case delay given by

T="1T,+ 1.+ T, (6)

where the duration of the feedback phase is given by T; =
RT; + T;. Given a control packet size of [, a transmission

rate of p, = ;/T; is required during the transmission phase
for a successful transmission. As before, the required SNR
threshold is given by I', = 2//W — 1.

The design of the contention resolution phase is key
to the performance of the broadcast control system. It
aims to exploit the controller with the best instantaneous
channel, while reducing the chances of contention. The
instantaneous SNR +; ;. of the channel is measured during
the broadcast phase. By assuming channel reciprocity this
instantaneous SNR is used to assigned each controller 7 to a
tournament round r. Let I'ox > 11 > 19 > --- >T'g_1 >
I'r > I'iyin denote these SNR thresholds, so the rounds are
defined by the intervals [[max, ['1], [T1,T2], ..., [Tr—1,Tr].
The threshold T'y;, represents the minimum SNR for the
broadcast and control packets to be successfully received,
while the upper bound I, is introduced due to physical
limitations. Let the threshold vector be defined by I' =
[[y,...,Tg]. All controllers monitor the channel to check
for active transmissions. Controller ¢ starts transmitting at
the start of round 7 if ~y; 5, is inside the interval of the round
and no transmissions have been detected prior to round r. If
none of the controllers start transmitting during the contention
resolution phase, a fixed controller is used for transmission.
Controller 7 receives the plant broadcast in frame %k only
if 7;x > I',, while a packet from the controller to the
plant can only be received when ~;; > I'i. By requiring
a minimum SNR

Fmin - maX{Fl‘H Ft}7 (7)

both the broadcast and transmission phases are successful
when the SNR is above I',i,. This implies that the frame is
not successful only when a packet collision occurs or when
a fixed controller is chosen with an SNR below I';,.

D. Problem Statement

The performance of the control system greatly depends on
the performance of the contention resolution. The main aim of
this paper is therefore to optimize the success probability ps,
which is defined as the probability that the broadcast, con-
tention resolution, and transmission phases are all successful.
This aim is pursued by three objectives. The first objective is
to derive an analytical expression for the success probability
and formulate a suitable optimization problem. The second
objective is to find an effective optimization algorithm to solve
this problem. Furthermore, the convergence of this algorithm
needs to be shown. The third objective is to numerically
evaluate the performance of this system in terms of the
success probability and the control performance. Of particular
interest is the scaling behavior when the number of controllers
increases.

III. PERFORMANCE OPTIMIZATION

In this section an optimization strategy is presented
to optimize the contention resolution thresholds. First, an
analytical expression for the success probability is derived.
Second, the coordinate descent algorithm is shown to be a
suitable candidate to maximize this probability, since it can
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exploit the subproblem structure of the objective function.

Third, this structure is used to prove the convergence of the
algorithm. Finally, the problem of optimizing the number of
rounds is investigated.

A. Success Probability

A transmission starting in the first tournament round is
successful if only one controller is assigned to this round and

the remaining controllers are assigned to rounds {2, ..., R}.

Thus, the success probability in the first round is given by
psi1 =N (F(Lmax) — F(I'1)) FN?l(Fl)v 3

where F(-) denotes the cumulative distribution function
(CDF) of v;x, and FN(-) is used to denote (F(:))N. In
order for a transmission starting in tournament round r €
{2,..., R} to be successful two conditions need to be met:
(i) no transmissions have taken place in previous tournament
rounds, and (ii) only one controller is assigned to tournament
round 7. This results in the following expression for a
successful transmission in tournament round r € {2, ..., R}

Ps,r = N (F(Frfl) - F(Fr)) FN_I(FT)~ )

If none of the controllers transmit during the tournament

round, a fixed controller is chosen a priori for transmission.

However, this fixed controller might not have an SNR above
the threshold I'y,, which results in the following success
probability

psg = (F(Lr) = F(Tmin)) F¥ 7 (Tg).

The overall success probability of the packet exchange during
each frame is then given by

(10)

R
Ps= Y Por+Dur (11)
r=1

In these expressions it is assumed that a contention resolution

phase exists, which is not the case if R = 0 or N = 1.

In both cases a fixed controller is chosen, so the success
probability is given by p; = F(T'min). In the remainder of
this paper it is therefore assumed that R > 1 and N > 2.

B. Threshold Optimization

The thresholds I" can be optimized by solving the following
optimization problem

maximize ps(T)
subject to I',_y >T.,.,Vre{l,...,R},
] 12 { } ®1)
FR Z Fmim
Fl S Fmax~

The constraints of this problem can be simplified in order to
find an effective optimization strategy. The first constraint is
not strictly necessary, since the resulting SNR thresholds can
be sorted to satisfy this constraint. Furthermore, maximizing
the objective function naturally leads to the constraint being
satisfied. Next, let v = I'/7 denote the normalized threshold
vector, while the normalized upper and lower limits are given
bY Umin = Lmin/7 and vmax = Fiax/7- The second and third

Algorithm 1: Coordinate Descent

input : f : Rf — [0, 1], objective function
v(® e VR initial thresholds
output : v*, optimal thresholds

17+0

2 repeat

3 for r=1to R do

4 U arg min f(v§j+1), ...,vﬁjjll),
ey ") ()

w,vTil,...,vl%J)
5 end
6 j—i+1

7 until convergence
s return v7)

constraint can then be expressed by requiring that v, € V
for all » € {1,..., R} where V = [Unin, Umax|, Which can
be written as v € VI, Finally, the objective function can be
rewritten by using the CDF of the exponential distribution
and flipping the sign, which gives

R
F@) =" fr(0) + fi(v), (12)
r=1
where
filv) =N (e —e ") (1 - e_vl)N_l ; 13)
fr(v) =N (e_”"*1 - e_”") (1 - e_””)N_l , (14)
filv) = (e7vm — e7vmn) (1 — o) M (15)
So the simplified optimization problem is given by
minimize f(v) ®2)

subject to v € VE,

This optimization problem is non-convex [12], which
means that an effective optimization algorithm needs to be
found. One approach would be to exploit the subproblem struc-
ture of the objective function. An algorithm that accomplishes
this is called the coordinate descent algorithm [13] [14]. The
cyclic coordinate descent algorithm is given by Algorithm 1,
where R, denotes the set of positive real numbers. This
algorithm minimizes the objective function successively along
coordinate directions. The coordinate descent algorithm thus
generates a sequence {v)} with v() = (v%j),...,yg)),
where j denotes the iteration number.

C. Convergence

Assume that the sequence generated by the coordinate de-
scent algorithm has limit points. In the following proposition
the results in [15] are used to show that these limit points
are critical points of Problem (P2), where critical points are
defined as points where the gradient of the objective function
is zero.

Proposition 1. Assume that the coordinate descent algorithm
applied to Problem (P2) has limit points. Then, every limit
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point is a critical point of the problem if the function

glop) = (e —e )1 -
+e " (1- 67”T+1)M

—v\M
e (16)

is strictly quasiconvex on domain V), where v,._1 € V, vp41 €
V, and M = N —1 € N>;.

Proof. For R < 2 the convexity assumption given by
Equation (16) is not necessary to prove that every limit point
is a critical point of the problem, which is shown in [15].
However, for R > 2 Proposition 5 in [15] states that the
coordinate descent algorithm converges to a critical point of
Problem (P2) if f(v) is componentwise strictly quasiconvex
with respect to R —2 components of v. The objective function
with respect to component v,. for r € {2,..., R — 1} can be
written as

f(vr) = Ng(vr) +q(U1;-~

where the function ¢ consists of all the terms not depending
on v,.. From the componentwise strictly quasiconvex definition
it follows that g(v,) needs to be strictly quasiconvex on
domain V for v,_; € V,v,41 € V [15] [16]. O

'7UT—17UT+17"')UR)7 (17)

What remains to be shown is the strict quasiconvexity
of g(v,), which is proven in the following proposition for
the case where V = R.

Proposition 2. The function

_ efvr)(]_ _
_ e*’UT_'_l)M

_ —VUpr—1 —v\ M
o) = (7 —e e
+e V(1

is strictly quasiconvex on domain R, where v,._1 €
R+,U7-+1 S RJ’_, and M =N -1 ¢ Nzl

Proof. Consider the case where v,_; < wv,11, and the
derivative of g(v,) with respect to v, is given by

J () = e (1= e M — e (1 -

+ Me V(71 —e V) (1 — e )M,

e—u,‘+1 )M
(19)

Considering v, on the interval (0, v,._1) it holds that ¢’ (v,) <
0, since e7 " > e U=t and (1 —e ") < (1 — e r+1).
Similarly, considering v, on the interval (v,1,00) it holds
that ¢’(v,) > 0. The function g(v,) is therefore strictly
decreasing on the interval (0, v,_1), and strictly increasing
on the interval (v,11,00). Next, consider v, on the inter-
val [v,_1,vr41] and note that g(v,—1) = g(v,41), and it
holds that g(v,) < g(v,—1). From Rolle’s Theorem it follows
that there must exist at least one point v} € (vy—1,vp41) for
which ¢'(v}) = 0 [17]. In the following it is shown that v}’
is a unique minimum. Consider the condition ¢’ (v} +¢) > 0
given by

M (e 079 (1 e—(v:+e>)M‘1
. M M (20)
+ (1= @) T (1 - ey

where strict equality is achieved for € = 0. Strict inequality
is achieved for € > 0, since the left-hand side is strictly

positive and strictly increasing in €. A similar argument
can be made for ¢'(v} + &) < 0, where strict inequality is
achieved for ¢ < 0. Thus g(v} + ¢) is strictly increasing
for € > 0 and strictly decreasing for € < 0, so v} is a unique
minimum. The function is therefore strictly quasiconvex
on the interval [v,_1,v,41], and consequently also on the
interval (0, 00). The same reasoning can be used to show that
the function is strictly quasiconvex when v,_; > v,11. In
the final case where v,_1; = v,41 the minimum is obtained
at v, = v,_1, so it holds that ¢’(v,_1) = 0. Furthermore,
using a similar argument as before it is clear that the g(v,.)
is strictly increasing for v, > v,_; and strictly decreasing
for v, < v,_1. The function g(v,) is thus quasi-convex on
the domain R . O

The coordinate descent algorithm therefore converges and
can be used to compute an optimal success probability
vector I'* and the resulting optimal success probability p;.

D. Rounds Optimization

In the presented threshold optimization problem the number
of rounds R is an important design choice. Increasing the
number of rounds generally reduces the contention at the
cost of a higher delay. In the remainder of this section the
problem of optimizing the number of rounds is investigated.

Consider the case where I', and I'; can be chosen freely.
The optimal choice is then given by I'y, = I, since the
minimum SNR is defined as 'y, = max{I'y,I'(}. Assume
further that the packet sizes of the broadcast and transmission
phases are given by | = [, = [, from which it follows
that Ty, = T;. Furthermore, the feedback phase has a fixed
duration of 7%, so the transmission duration can be computed
as T, = Ty— RT,. From this it follows that the minimum SNR
is given by

_ i
Fmin =2 W@H-RT) — 1a

21

which means that the resulting success probability p
given I'ypin can be optimized with respect to R €
{1,..., Rmax }- The maximum number of rounds Rp.x can
be computed as the maximum R for which 7; > 0. When
choosing R it is clear that there exists a trade-off. On the one
hand, increasing the number of rounds will reduce the number
of collisions, which increases the overall success probability.
On the other hand, increasing the number of rounds will
decrease the transmission duration 7;, which reduces the
overall success probability. The optimal solution p; is
therefore unimodal in R € {1,..., Ry}, and the optimal
number of rounds R* can therefore be found using an
appropriate search algorithm.

IV. NUMERICAL EVALUATION

In this section the performance of the proposed broadcast
control system is numerically evaluated. As a reference the
performance of using a fixed controller is considered. The
system is analyzed in a low-power wireless setting, such as
the IEEE 802.15.4 standard [18]. Assume the bandwidth is
given by W = 2MHz. An SNR gap of 8dB is introduced
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Figure 3. Performance of the broadcast control system for different number

of controllers when optimizing the number of rounds, compared to the
performance of a fixed controller.

which reduces the average SNR to model the channel
estimation, modulation, and encoding losses. Furthermore,
the maximum SNR is given by I';x = 50dB. The packet
size is assumed to be the same for both the broadcast and
transmission phase, and is chosen to be 300bytes. The
duration of a tournament round is assumed to be 7, = 0.3 ms,
which is larger than the turnaround time of 192us for
the IEEE 802.15.4 standard. The duration of the broadcast
phase is chosen to be 7, = 2ms, and the computation time 7
is assumed to be zero. Finally, in the static scenario the links
are assumed to be symmetric, so all links have the same
average SNR.

Consider the scenario where the number of rounds is opti-
mized according to Section III-D. To this end, let the duration
of the control phase be 7t = 4ms, so the total delay T’
remains constant. Figure 3 shows the success probability ps
of the system as a function of the average SNR #. It is clear
that the success probability can be improved significantly
when increasing the number of controllers by exploiting the
diversity of the wireless links. This is particularly beneficial
when the SNR is low, since the performance gain by the
added diversity outweighs the downside of more contention.
Note that the non-smoothness is caused by the jumps in the
optimal number of rounds.

Next, the performance of the control system is investigated
when using the broadcast control strategy. Consider the
following unstable second-order system given by

40 1
we i)l

which are the matrices of the plant model given by Equa-
tion (2). A state feedback controller is used given by K =
[15 40], and the initial state is given by xo = [1 0]". The
system is sampled with sampling time 7, = 20ms, the
transmission time is given by 7; = 3ms, the number of
rounds is set to R = 10, and the average SNR is chosen
to be 4 = 6dB. Figure 4 shows the averaged initial value
response of the first state variable x4 (1). It is clear that the

(22)
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—— fixed controller
- -- broadcast, N =2
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Figure 4. Averaged initial value response using either a fixed controller
or the broadcast control system for different number of controllers. The
responses are obtained by averaging over 106 Monte Carlo simulations.

performance of the control system suffers by using a fixed
controller when the SNR is low, which is indicated by the
slow settling time. By adding more controllers and employing
the broadcast control strategy the control performance can
be improved significantly.

The optimization strategy in this paper assumes a static
scenario, where the average SNR remains constant and is
the same for all controllers. When the plant is mobile the
scenario becomes more involved, since the average SNR
becomes time-varying and will not be the same for each
controller. Extending the current optimization problem to
handle the mobility of the plant is left for future work.
However, using the static optimization problem for the mobile
scenario can still result in a considerable performance gain.
Consider the hexagon configuration shown in Figure 1. Each
controller is assumed to have a distance of 50 m to the center
of the hexagon. The plant moves inside these controllers
along a circular trajectory around the origin with a radius
of 40 m. The average SNR is now dependent on the distance d
between the plant and the controller, and is assumed to be
given by v (d) = (d—d“)a o, where o = 2 is the path loss
coefficient at the reference distance dy = 10, and 74y = 15dB
is the reference SNR. However, a fixed 4 is needed to
compute the optimal thresholds, which now needs to be
chosen as a design parameter. Figure 5 shows the success
probability as a function of the position of the plant along the
circular trajectory, where the success probability is computed
using Monte Carlo simulations. The performance of the
broadcast control system is shown for two choices of 7.
The performance is compared to using a fixed controller,
which is the gray controller in Figure 1. It is clear that the
fixed controller performs poorly when the plant is moving
away from the controller. On average the broadcast control
system performs better, since the controller assignment can
vary every time step. However, the choice of 7 is not trivial
and requires further investigation.
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Figure 5. Performance of a plant moving along a circle using either a

fixed controller or the broadcast control system for different choices of the
average SNR.

V. CONCLUSIONS AND FUTURE WORK

In this paper the broadcast control system was introduced.
In this system the plant broadcasts its state to a group of
controllers, where each controller makes a local decision to
send back the corresponding control action. A contention
resolution phase was introduced to reduce the collision
probability. An optimization problem was proposed that
optimizes the success probability by choosing the thresholds
of the contention resolution phase. The coordinate descent
algorithm was chosen as a suitable optimization algorithm,
which was proven to converge to a critical point. Finally,
numerical results showed that the proposed system performs
well in comparison to choosing a fixed controller, in particular
when the link quality is poor.

Many possibilities for future work exist. One interesting
scenario is to consider multiple plants that can share multiple
controllers. In order to model this, the results in this paper
need to be extended to take into account packet collisions
between multiple control loops. Furthermore, the design of the
contention resolution thresholds in the mobile scenario is not
trivial, and needs to be investigated further. The optimization
problem in this paper could be modified to optimize the
control performance directly, which would give more insights
into the trade-off between success probability and delay.
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