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Abstract—1In this paper, we are concerned with sequence-
based receding horizon control over networks. We address the
most general case where acknowledgments are provided but
are also subject to delays and losses. This is in contrast to
the majority of the related work in literature, where they are
either delivered instantaneously and without losses or not issued
at all. As in the case where acknowledgments are not issued,
the separation principle does not hold in the considered setup,
rendering the optimal control law generally nonlinear. Based
on previous results, we present an iterative algorithm for the
computation of the parameters of a linear receding horizon
controller that does not assume separation a priori, taking the
dual effect into account. The resulting controller is optimal in
the sense that it minimizes an upper bound of the underlying
quadratic cost function with respect to the control sequences.
Its performance is demonstrated in a numerical example.

I. INTRODUCTION

Employing general-purpose networks in control loops does
not only simplify installation and maintenance but also
provides enhanced flexibility in comparison to dedicated point-
to-point connections [1], [2]. Consequently, such Networked
Control Systems (NCS) have become increasingly important
in a variety of fields and applications [3]. However, using
IP-based networks, such as WiFi or Ethernet, introduces
additional factors that are known to impact the achievable
control performance [4], [5].

In particular, packet delays and losses are critical since
these can lead to delayed or missing control inputs at the ac-
tuator side. One popular approach to tackle this issue, known
as sequence-based control in literature [6]—[8], is to transmit
a sequence U, of control inputs which also consists of inputs
for the next, say N, time steps in addition to the current
one u;. Such controllers are typically based on receding
horizon principles [7], [9], build upon nominal controllers
that disregard the network [10], or directly minimize a cost
function with respect to control sequences [11], [12].

It is a well-known insight that the transmission of ac-
knowledgment packets by the actuator upon reception of
control inputs is essential for the existence of tractable control
policies and to avoid a dual effect [13] even when only losses
are considered [4]. However, this property does no longer
hold when the acknowledgments can get lost as well [12],
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Fig. 1: Schematical overview of the considered setup.

[14]. As a consequence, in such situations one must rely on
suitable approximations to obtain tractable control laws. For
instance, optimal linear controllers for scenarios where no
acknowledgments are provided' have been derived in [11],
[15], and more recently in [16]. The work [11] also considered
packet delays.

Yet, to the best of our knowledge, the most general case,
namely the case where acknowledgments are provided but
also subject to delays and losses, has not gained much
attention in literature. Previously, in [17], we considered
state estimation in such setups and introduced an estimator
based on results for the UDP-like case. Similarly, in this
paper, we will use ideas for sequence-based UDP-like control
presented in [11] in order to introduce a receding horizon
control approach for NCS similar to the one sketched in Fig. 1,
where acknowledgments sent out by the actuator can also be
delayed or lost.

More precisely, the contribution of this work is as follows.
First, we present a novel holistic model that expresses
both the control loop and the network in the described
setup, thereby extending results from [12] for TCP-like
and from [11] for UDP-like networks. Second, based on
this model and assuming a linear controller, we present
an iterative algorithm for the computation of the controller
parameters. The resulting controller, in a receding horizon
manner, minimizes a quadratic cost function at every time
step and does not assume separation a priori, thus taking the
dual effect into account.

Notation: Throughout this paper, vectors will be in-
dicated by underlined letters (x), random vectors will be
underlined and in bold (z), and we will employ boldface
capital letters to indicate matrices, e.g., A. We use I,, to
denote the n-dimensional identity matrix, O to denote zero
matrices of arbitrary dimension, and a subscript k, e.g., x;,
to indicate the time step. Transposition of a vector or matrix

'In NCS literature, such networks are called UDP-like, while networks
that provide instantaneous acknowledgments that do not get lost, are referred
to as TCP-like.



is indicated by 2T and AT, and A > 0 (A > 0) means
that the matrix A is positive semidefinite (positive definite).
The Kronecker product of two matrices A and B is denoted
by A ® B, and e, denotes the unit vector (of arbitrary
dimension) with one at position D and zero elsewhere. Finally,
1,—; is the indicator function, i.e., 1,—; = 1if ¢ = j and 0
otherwise, and the shortcut ay.,, is used to indicate a sequence
apg,a1y-..,0n.

II. PROBLEM FORMULATION

Consider the NCS illustrated in Fig. 1, where all compo-
nents are synchronized and time stamps are attached to data
packets upon transmission. The linear, discrete-time dynamics
of the plant is described by

Lpy1 = Akﬁk + Bkﬂk +w,,, (1)
Yy, = Crzy + vy, 2

with , € R? the plant state, u;, € R! the control input, and
Y, € R™ the measurement. The Gaussian noise processes
w,, and v,, are white and zero mean with covariance matrices
W, and Vy, respectively, and mutually independent for any
two time steps k, k’. The initial plant state &, is Gaussian
with given mean £, and covariance Xy, and independent of
w, and v IS

The sensor is collocated with the plant and sends the
measurement to the remote controller. In the communication
channel between the sensor and the controller, the measure-
ments can be delayed or even get lost. As a consequence, none,
one, or multiple measurements can arrive at the controller
at a given time step. We will denote the set of received
measurements at every time step by V. In order to treat
delays and losses in a coherent manner throughout this paper,
we interpret losses as infinite delays. This allows us to model
the delay of a data packet sent from the sensor to the controller
at time k by the random variable 77¢ € Ny. Additionally,
we assume that the 77¢ are independent and identically
distributed (i.i.d.) and that the corresponding probability mass
function (PMF) £5¢ is known.

The control inputs transmitted from the remote controller
to the actuator, which is attached to the plant, are also subject
to delays and losses due to the network. Again, we assume
that both can be modeled by i.i.d. random variables 74
with PMF f€4. In order to compensate for these effects, the
controller transmits predicted control inputs for the next [V
time steps together with the current one. That is, at each time
step the data packet that is sent to the actuator contains a
sequence of N + 1 control inputs

T
LT T T N+1)1
U, = [ﬂk\k Ypprjk - @k+N|k] e RIVFDL,

Here the notation ;) is employed to indicate that the
control input is computed at time step k for application
at time k + ¢. At the plant side, the actuator performs an
active packet dropout strategy [2]: From the set of received
control sequences, only the most recent one, i.e., the sequence
with the largest time stamp, is kept. The control inputs from
this sequence are then fed into the plant one after another

until a newer sequence arrives at the actuator. Each time the
buffered control sequence is replaced, an acknowledgment
(ACK) is issued and sent back to the controller. It is
important to emphasize that not every received data packet
is acknowledged, but only that one corresponding to the
new control sequence in use, so that these ACKs can be
regarded as application layer acknowledgments®. Hence, from
the network’s perspective, they are regular data packets that
can also be delayed or get lost. As above, we use i.i.d
random variables T?C with PMF £4€ to describe both effects.
Consequently, the controller can receive multiple ACKs at
every time step. It will be shown in Section III-A that the set
of received ACKs, denoted by Ay in the remainder of this
paper, enables the controller to infer control inputs that where
applied in the past. Clearly, it may happen, due to consecutive
packet losses or large delays, that the buffered sequence is
not replaced early enough, so that no more control inputs are
available. In such cases, the default input g‘,ﬁf = 0 is used.

In this setup, which is visualized in Fig. 1, consider the
usual quadratic cost function

K T
T = E{$k+KQK£k+K

K—-1_7 T
+Zn:0 £k+nQ”£k+n + Qk#»angk-‘rn | Ik} )

3)
where K € N is the horizon length, and Q; > 0 and R; > 0
are the state and input weightings. The information set Zj,
available to the controller is given by

Ik = {iOaXOaQO:k—DyO:kvAO:k} .

Our goal is, at every time step, to minimize the
cost function (3) with respect to the control sequences
Up;Upiqs-+ U g1 In a receding horizon manner, the
first element U, of the minimizer is then transmitted to the
plant before the optimization is carried out again at the next
time step. Similar to [11], the key to finding a solution to this
problem is to perform an appropriate state augmentation.

III. DERIVATION OF THE CONTROL LAW

In this section, we will first perform a state augmentation
that allows us to derive a stochastic model to jointly
express the original system, given by (1) and (2), and the
underlying network by means of a single Markov jump linear
system (MJLS) [19] with two jumping parameters.> Based
on this model and a control law assumption, we will then
formulate the cost function (3) in terms of the resulting
closed-loop dynamics. Finally, we conclude this section by
presenting an iterative algorithm for the computation of the
controller parameters, which adapts ideas from [20].

>These ACKs are not to be confused with the dedicated acknowledgment
packets that are issued upon successful transmissions by certain transport
layer protocols in real networks. A common example is TCP, which
retransmits data if such acknowledgments are delayed or missing, thus
enhancing the reliability of the communication. However, since this trades
losses for large delays, TCP is usually not desired in control applications [18].
3The jumping parameter is usually called mode of the system.



k—2 k—1 k k+1 k42
U, ’ Uk U1k | YUkiolk E
Up_y ’yk—l\k—l Uglk—1 § Uk41]k—11 My

Qk_glgk—2|k—2|yk71\k—2 @k|k72J .

Fig. 2: Visualization of the relationship between n 1 T and U, according
to (4) for N = 2.

A. Augmented System Dynamics

In the given setup, the controller does not exactly know
which control input is actually applied due to the packet
delays and losses introduced by the network. The resulting
uncertainty must be considered in the computation of future
control sequences. This can be achieved by i) defining a
vector 7, encompassing all control inputs from past control
sequences that are still applicable at time & or later, and by
ii) introducing a discrete, scalar random variable 0y, which
allows for expressing the actual input in terms of this vector.
In the following, we briefly summarize this approach, for
more detailed derivations, refer to [17], [21].

Formally, we define 7, as

T
T T T
[@kmq Yppijk—1 - Qk+N71|k71}
T
{@;cr|k72 g;c[‘+1\k72 QE+N72|IC72}
IN(N+1)
m. = 2
T
T T
{Ek|k—N+1 ﬂk+1\k—N+1}
L Ug|k—N |
with dynamics according to
MNyypr = 1, + GU 4)
where
[0 0 0 0 -+ 0 0
0 Iyyy O 0 . 0 0
F_|0 0 0 Iy -+ 0 0
o o o0 o0 I, 0
_Jo Iy
G=lo o

As illustrated in Fig. 2 for N = 2, F is used in (4) to discard
obsolete entries from 7,5 while G adds the relevant entries
from U,.

Based on the observation that the control input actually ap-
plied at time k is either the default input (gif = () or must be
part of one of the control sequences U, n, Uy ny1,---5 Uy,
namely the one currently buffered by the actuator, we

introduce
k—k if Uy is currently buffered
N+1

0 =

o O

else

)

with k — N < k < k. Then we can express the actually
applied control input by virtue of

uy, = H(Ok)ﬂk- + J(Gk)Q]“

(6)
with
H) = [16,11, 0 19, L, 0 ... 1o, _nT] ,
JOr) _ []lek:OIl 0} )
Note that it follows from (5) that 65 € {0,..., N + 1}, and
from (6) and (7) we can conclude that 8, = N + 1 means
that the default input g‘,ﬁf = 0 is applied. For all other cases,
the value of @) denotes the age of the currently buffered

control sequence. Regarding 0, we also have the following
result, which has been proved in [21].

(7

Theorem 1 (from [21]) The process {8} is a Markov
chain with lower Hessenberg transition matrix

o o 0 oo e .. 07
Po P11 q1 :
Po P11 P2 Q2
T=|: )]

Po D1 pPN-1 gn-1 O
bPo P1 P2 PN-1 PN qN
[P0 P1 P2 PN-1 PN  gN]

where p; = fCA(), ¢ = 1 —Zﬁnzopm, and the entries

tij = PlOys1 = j | 01 = i] are the transition probabilities.

Equipped with m, and 0y, we are able to formulate the
cost function (3) in terms of U,. However, the computation
of the sequences requires that the controller maintains a
state estimate because only the noisy measurements )y.; are
available. Since in the considered setup measurements can
reach the controller with arbitrarily large delays, the following
assumption is necessary to implement a feasible controller
with finite (and fixed-size) memory.

Assumption 1 Measurements with a delay larger than M
time steps are discarded.

Discarding measurements is clearly always suboptimal. How-
ever, remaining optimal would require infinite memory when
unbounded delays are possible [22]. Due to this assumption,
it is clear that, at every time step, it suffices to consider the
measurements y, . If any of these measurements arrives
at the current time step, it is part of ) and, hence, available
for state estimation. On the other hand, we can identify two
cases where a measurement is not part of V. In the first
case, the measurement has a~rrived at an earlier time step, i.e.,
it was part of Vi for some k < k, and has thus already been
processed. In the second case, the measurement has not yet
arrived.

When we define the random variable ~y,;,_; € {0,1,2} to
encode whether the measurement y, i) has not yet arrived



(Yjk—; = 0), ii) arrives at the controller at the current time &
(Ykjk—; = 1), or iii) has already been processed in a previous
time step (Yj|x—; = 2), the following lemma holds.

Lemma 1 For every i € {0,..., M}, {vyx_;} is a Markov
chain with transition matrix

l—ai a; 0

ZW =1 0 0o 1|,
0 0 1
with
5+

i = - —.
13200 f5€3)

Proof: Since measurements must not be accumulated
: (1) _ _ _
over time, we get that 215 = Ply, i = 2 | Ygpoi =
1] = 1, from which the second row of Z(9 follows. Likewise,
it is obvious that z8) = PlYiippi =2 | Yo = 21 =1
must hold, which yields the last row. For the first row of
Z( we have Z(()ZZ) =Plypyip—i = 2 | Yrjp—i = 0] =0,
because a measurement that has not arrived at time k cannot
be processed prior to its arrival, which is at £ + 1 at the
earliest. To conclude the proof, it thus remains to compute

a; =z = Plyiiips—i = 1| e = 0]

PVisik—i = L Ynpp—i = 0]

Plygi—i = 0]
PR =i+ 1,7 > )
B P[r7¢ > i]
P[RS =i+ 59+
PIr% > 11— f5C3)

|
Note that the structure of Z(*) implies that {Vkjk—i} is an
absorbing Markov chain* with absorbing state Vilk—i = 2-
In the same manner, we can introduce a vector-valued
random variable according to

T
Y= Yok Yap—1 -+ Yep—nr] € {0,1,23MF1
to encode the availability of all measurements of interest,
expressed in terms of the stacked vector
T
- [T.,T T T M+1
Y, = [Qk Y1 Yy - gk—M:| e RMHD™,

Following ideas from [23], [24] we interpret ~y , s a ternary
number with M + 1 digits. In combination with Lemma 1,
the following result is then readily obtained.

Theorem 2 The process {Zk} Sforms a Markov chain with
3M+1Y states and transition matrix 7 determined by the
transition matrices Z) from Lemma 1 and £5€(0).

Proof: Consider the mapping
o(v,) = 30’)’k\k + 31’7k\k71 ot 3N17k|k7M )
4To be precise, this requires that a; > 0 and hence fS€ (i + 1) > 0,

which we tacitly assume in the remainder, since we consider arbitrarily large
delays.

It translates the ternary number given by ~, into a nonnegative
integer and is thus a bijection on the set {0,...,3M+1 — 1}
This proves first part of the theorem.
. . . 4T
For the second part, consider V1 = [jo J1o--- jM]
)= and = 1. For the entries of the transition
1k+1 J i
matrix we then have

Zij = P[¢(lk+1) =J } ¢(1k) = i

=P [’Yk+1\k+1 =J0s Y1k = 1 s Vel k—M+1 = IM

o . T . . .
and Y = [20 i ... ZM] with corresponding integers

| Ylk = 10, Yoo = 15+ > Vijoons = iM}
. M-1 . .
= P[7k+1\k+1 = Jo]Ha:o P[’Yk+1\k7a = Ja+1 ’ Yklk—a = i)
. M—-1
= Plygyapess = Joll1050 20 (10)

because 7y, 1),/ is not part of v, . and the measurement
delays are independent. The proof is concluded by noticing
that

1—f5€(0) jo=0
PYit1ikt1 = Jo] = § f7(0) Jo=1.
0 Jo =2
|
From (10) we can conclude that Z contains only relatively
few nonzero elements and, moreover, exhibits a repetitive
block structure. This observation is important, as this enables
a storage-saving processing.
Now we introduce the augmented state § X
_ [T T T T T M+1)d
£, = [ﬂk Lj g Ljg_g - Qk—zﬂ € R ya
which brackets the current plant state and all past states that

are affected by y, together. Combining (1) and (6) yields
the corresponding dynamics

§k+1 = Akgk + chek)ﬂk + Bl(cok)gk + wy , (11)
where
Ay 0 - 0 BkH(gk)
_ P - 0
A, = I, O . Bgf’“) _ . ’
0 . I; 0 0

. T
B = [(B3@) 0 ... 0] , @, =[wfo .. 0"

Then, by means of another state augmentation according to
T
yk = [gf Qﬂ and by combining (2), (4), and (11) we
finally arrive at
< (0 =~ (0 _
Qk+1 = Ai: k)fk + Bl(c k)gk + wy. ,

4 . ] (12)
yk = S(lk)ckgk + S(lk)yk’

with

- R (0k) - S (0r)
Al(cek) — |:Ak Bk * :| , B(ek) — |:Bk * :| ,

%
=) S

0 F k G



and
]I'Yk\kzl 0 0
S(lk) 0 ]]"Yk\k 1=1 @ 1L,
0
0 0 Viej—m=1
Cy 0 0 v,
~ 0 Cup_; . : . V1
Ck: = kot ) Qk - .
0 s 0 Cipm O Vk—M

The covariance matrices of the augmented noise terms w;,
and v, are given by

Vi 0 0
Wk _ |:Wk 0:| 7 Vk _ 0 Vi,
0 0
: i . 0
0 0 Vi_m

The initial state v is Gaussian with mean and covariance

(AT AT aT7T _ [ 1v+1®Xe O
QO_QOQOQ] 720_|: 0 ol

where 1,741 denotes the (M + 1)-dimensional matrix of
ones.

Eq. (12) provides the desired holistic model that describes
both the original dynamical system and the underlying
network. Since the two parameters 0; and ~, form in-
dependent Markov chains, (12) constitutes an MJLS with
two independent modes. The mode o affects only the
measurement equation and can be computed from the received
measurements ),. Hence, the true value of this mode is
available to the controller at every time step.

In contrast, 85 only impacts the system dynamics and is
not completely known to the controller. Instead, only a subset
of the mode history is available. Recall from Section II that an
ACK is sent back by the actuator once the buffered sequence
is replaced by a newer one. Thus, at every time step, the
controller can infer mode realizations only from .4, which,
however, generally, will contain only ACKs from previous
time steps due to the communication delays.

To illustrate this, suppose that .4, contains an ACK that
was issued by the actuator at time k — 2 to acknowledge the
sequence U, _,, that is, the sequence that was sent by the
controller at time step & — 4. Then, from (5) it follows that
0,._o = 2. Hence, the mode distribution at time k can be
computed by means of
By = (T2)T €3,

13)

with T given by (8). Further, note that the mode realization
0, = N + 1 will never be available to the controller since in
such a case no applicable sequence would have been received
by the actuator at time k, and thus no ACK would have been
issued.

Hence, the considered problem boils down to finding a
control law for an MJLS with one observed mode and one
mode that is only partially and belatedly available. To the best
of our knowledge, this particular problem has not yet been
considered in literature, although there exist plenty of results
concerning the control of MJLS where the mode is completely
observed, e.g., [25], [26], is completely unobserved, e.g., [20],
[27]-[29], or where the mode is available only in parts [30],
[31] or with a constant delay [12], [23], [24].

B. Controller Design

For simplicity, in order to obtain a tractable solution, and
in line with previous works on receding horizon control of
MILS [28], [30], we seek to find a linear control law

ékﬂ - Mkék + Ky,
Qk = Lkgk )

(14)
5)

for system (12), where the mode-independent gains My, Ky,
and Ly, are to be determined such that (3) is minimized, and
1,b P, is the controller’s state estimate with initial condition 1/) Dy
Then, combining (12), (14), and (15) yields the closed-loop
dynamics

& =TME, + (16)
with
- r 17T o7 71T
o= gl v,] o w=[] 2]

]_'\(ek) _

[A,(f’“) Béek)Lk
W) =

K;.SiCp

and where S, = E s, } Using the expectation Sy in (16)
eliminates the dependency of the closed-loop dynamics on
the observed mode +, . This ensures that the optimization
problem remains tractable. Considering all possible paths of
the evolution of =, is impractical because its state space
grows exponentially with M. Given v, with ¢(v,) = j
according to (9), Sk+t can easily be computed for the whole
optimization horizon by means of

Skth _ Z?MO-H 1)\( 1) S(¢ 16 )) a7
where the mode probabilities can be predicted according to

Mo = () ey, t=0,1,.. K—1, (18

and where ¢! is the inverse of (9).
As in [20], we construct the second moment of x,,
conditioned on a particular mode 0, = i,

X{) = B{@,2]1o,-i} ,

with dynamics given by

(), -

=N [r;“)*(,(j) (r,ﬁ”) + N QT

where N, = Cov{v,} and ,u,(f) = P[0 = i] the mode
probability. By introducing the cost-to-go V} for ¢t =
K,...,1,0, for which ij =V} holds, we reformulate the



cost function (3) in terms of the second moment according
to

Vlz = ZnK:tZ?ingtr |:Q/(:—2-nxl(:-3-n:| ? (19)
with
_ = (i) _ Qx 0 0
~ (2 O ~ (2
w0 e[ 8
0 0 0
= (i) Q. 0 0
~ () Qn 0 ~() _
Qk+n [ 0 j(l) ] ’ le) - 0 0 _0() )
k+n 0 0 nz
and
—i , T .
30 = (T9Lkin) BRIy,

T
HO = (H(‘)) R, HO .
However, finding the optimal controller gains using the cost-
to-go is not straightforward, since minimizing (19) subject to
the second moment dynamics directly does not necessarily
converge to a solution. This was also pointed out in [20],
where the authors obtained a similar expression for the cost-
to-go in a finite-horizon control problem.

In [20], this issue was circumvented by introducing a
convex upper bound ]_/}i for the cost-to-go. Based on a
variational approach, this upper bound was then minimized
with respect to the controller gains by an iterative algorithm.
The algorithm is straightforward to implement since neither
descent directions nor step sizes must be determined during
the iterations. Hence, adapting the algorithm from [20] to
our considered scenario is very appealing.

To that end, first introduce Xéi) = Xéi) =
0 for i=0,...,N, and also X(()NH) = X, and

A AT
XSNH): o0+ QOQO . Then, we can combine Lemma 1 and
Lemma 2 from [20] in order to obtain the following upper
bound for (19).

Theorem 3 For t = K,...,1,0, an upper bound V}, > V!
for the cost-to-go is given by

= N+1, [5G () i i) (1)
Vltc = Zz':J(r) tr [Pk-i-t (ch+t +X1(w)rt) + Pl(citxk—i-t

(i) (@)

Rl TR
, . (20)
with ng_t and X,(;j_t given by the recursions
<) N i - X
ij+t+1 = Zi;gltij [ufﬁlt (Ek+t + Wk+t>
~ G & = (4
+ (A,({J)rt — Kk+tsk+tck+t) Xitt 21)

x (9) S & Y LU0 v® (/6 )T
: (Ak+t_Kk+tSk+tCk+t) + D Xy (Dk+t) } ;

j N+1 ) =
X;(flm = izo tij [Ml(cj-tEk'f‘t
L — L T
+ (Kk+tsk+tck+t) Xl(ﬁ)tt (Kk+tsk+tck+t)
o " (22)
+ (Mk+t + Kk+tsk+tck+t) Xt

. T
: (Mk+t+Kk+tSk+tCk+t) } ;

where

. . . . T
Epti = KiytSktt Vg (Kk+tsk+t) ,
ﬁ,ﬁt = Ag_t - Kk+tgk+tck+t - My + B,@th )

and ?g_t, E,(Qt, and w,(jlt given by the backward recursions

= (%) ~ (i =(i =) \T i = (i
Py = :E )+ Jl(w)rt + (Dl(cj-t) &l )(Ek—‘rt—‘rl)Dl(cj-t @3

=)\ o) i
+ (Uélt) g(z)(PkthJrl)UgcJ)rt’

i =(i = (i T oo R (¢
Py, =0, + (Bl(clth'H) ED(Prypi1) B Ly

~ i) \T i A (4) -
+ (Ok-i-t) 5(2>(Bk-+t+1)0’f+t’
wz(ﬁt =tr [5(i) (Bppin + ﬁ’f“*l)wHt} (25)

+tr [g(i)(EkthJrl)Ek'H} + gm(wkﬂﬂ) )
that are initialized with ?fji K = Qg? ES}F x = 0, and
w,(ji x = 0, and where
Ugj-t = Agj—t + Bl(cZJ)rth“ )
0"}, = Myys — BY) Lyss,
ED(A) = Z;V:ngtijA(j) .

The resulting iterative algorithm for the computation of the
control sequence U, is summarized in Algorithm 1. A method
to evaluate the necessary condition corresponding to (20) to
obtain the controller gains in Step 6, based on vectorization
and minimum norm, is detailed in [20]. There it is also
shown that the cost sequence created by the algorithm is
monotonically decreasing, i.e., f)gkﬂ} < 17,3’[6], and indeed
converges to min VY, the minimum of the bound.

An implementation of the algorithm is available on github
as part of CoCPN-Sim [32].

IV. NUMERICAL EXAMPLE

In this section, we provide a numerical example to
demonstrate the proposed algorithm. To that end, consider a
double integrator plant given by (1) and (2) with parameters

11 0 042 0
Ak:[o 1}’]3’“:[1]’“7’“:[0 0.42}’

Cr=1[10], V, =08,
and initial state
iy =[100]", X, =05,

that is to be controlled by the proposed controller using the
cost function (3) with cost matrices Qi = Iy and Ry, =



Algorithm 1 One Cycle of the Proposed Control Algorithm

Input: Received measurements ), received ACKs Ay

Output: Control Sequence U,

e Step 1: Construct gk from ), determine the correspond-
ing mode o and compute gk, .. .,Sk+K_1 using (17)
and (18).

e Step 2: Get the most recent mode observation 8;, = L from
Aj, and predict the mode distributions By
using ey ,q in (13).

’Hk+K—1

e Step 3: Initialize the iteration counter ¢ = 0, set T/,S ol —

oo and choose initial controller gains M Kl L9

ket k4t Ukt
fort=0,...,K — 1.

o Step 4: Set X,(;’[CD: X;(j), X;(f’[c])z XS). Then compute

X,&_[f])and X,ii_’gg})for t=1,...,K using Mﬁrt, KLCL:’
and LI, in (21) and (22).

o Step 5: Initialize Py15 ) = Qu, PO = 0, and

ngr[?l]) =0,and sett = K — 1.
e Step 6: Evaluate the necessary optimality condition of (20)
to obtain the minimizing gains ME:L”, KLCL”,LLCL”.

e Step 7: Compute ?fjjj*”? E,(f;[fﬂ]z and w,(jjj“])

the gains from Step 6 in (23), (24), and (25).

o Step 8: If t = 0, go to Step 9. Otherwise, set t =1t — 1
and go back to Step 6.

o Step 9: Compute Vil using (20). 1f Y1 — polett]
is small enough, compute U, by using LLCH] in (15) and
update the state estimate using MLCH], KLCH], and y,
in (14). Also, calculate K,(jil and ngrl using ME:H],
K™, and LI in (21) and (22). Then terminate the

algorithm. Otherwise set ¢ = ¢ 4 1 and return to Step 4.

using

1 in three different scenarios. In all scenarios, the delay
distributions f¢4 and £°C are equal and given by the PMF
depicted in Fig. 3. It is chosen such that the vast majority of
packets is delayed at most two time steps and delays of zero
time steps are also extremely unlikely. In the first scenario
(referred to as Setup I in the following), we assume a TCP-
like setup, that is, the ACKs from the actuator are received
instantaneously and without losses. In the second scenario
(Setup II), we consider the opposite extreme case, namely a
UDP-like setup, where ACKs are not provided at all. Finally,
in the third scenario (Setup III) the setup considered in this
paper is employed, with delay distribution f4¢ equal to f€4
and f5¢.

To evaluate the performance of the proposed algorithm, we
compare it with the sequence-based, finite-horizon controller
from [12] that was derived for the TCP-like setting. For
the computation of the required state estimate, we use the
(suboptimal) estimator from [17].

Every scenario is investigated in a Monte Carlo simulation
with 500 runs, each of which comprising 200 time steps, and
the optimization horizon used by the proposed controller is
K = 10. Additionally, both controllers use M = 2 and the
control sequence length is set to N + 1 = 3. To compare the

Probability

CLEOOOO000
O DN QOO0 i
[G) (e]é) {en]d) (an]d) fan]v]

0 1 2 3 4 5 >6
Delay in Time Steps
Fig. 3: PMF of the packet delays utilized in the example. The shortcut > 6

is used to denote the probability that a packet is delayed more than 5 time
steps or gets lost (infinite delay).

TABLE I: Median of the average costs Jauvg-

SetupI  Setup I Setup III
Controller from [12] 107.148  68.362 66.800
Proposed controller 94.921 95.998 95.938

performance of the controllers, we compute the average true
costs Jqvg in every run according to

1 199
javg = TOO Zkzognglk + @ERka + lg‘OOQZOOQQOO} .

The resulting medians of 7,4 for each controller and scenario
are given in Table I.

The numbers indicate that the quality of control of
the proposed controller is not influenced by the absence
or availability of ACKs, as it performs similarly in all
scenarios. An interesting result is that the proposed approach
outperforms the controller from [12] in the TCP-like setting
(Setup I) although the latter was developed for such setups.
One reason for this might be the relatively large simulation
time (200 time steps). While the proposed approach operates
in a receding horizon fashion where the gains are recomputed
every time step, the controller from [12] computes the gains
in a finite-horizon fashion, i.e., only once and for the whole
simulation time. Additionally, the used estimator may not be
optimal in this setup.

However, it might be due to this estimator that the controller
from [12] performs better than the proposed one in the
scenarios without immediate ACKs (Setup II and Setup
IIT) because it has been tailored to such setups [17]. This
somewhat unexpected result could also be caused by the
conservatism of the proposed controller resulting from upper-
bounding the cost function.

V. CONCLUSIONS

In this paper, we addressed sequence-based receding hori-
zon control over networks where acknowledgments, issued
by the actuator upon reception of viable controller packets,
may also be delayed or get lost. In this setting, which covers
the ones usually considered in literature as special cases,
namely TCP-like and UDP-like networks, we developed a
novel holistic model to express both control loop and network
at the same time. Based on this model, and by restricting
ourselves to linear control laws to obtain a tractable solution,
we then presented an iterative algorithm for the computation
of the controller gains. The numerical example indicated
that the proposed approach can also be used in TCP-like



or UDP-like setups without loss of performance, which,
however, has to be investigated more thoroughly in future
work. Likewise, future work should assess the benefit of taking
delayed acknowledgments into account in greater detail.

The proposed approach by itself also admits some room
for improvement. First, the size of the augmented state 1),
is determined by the chosen sequence length N 4 1 and the
maximum measurement delay M, and, for instance, grows
quadratically with N. The controller parameters scale up
accordingly, which could make their computation by means
of the proposed algorithm too computationally demanding.
Consequently, this issue should be addressed in prospective
research, for example by deriving a reduced-order, linear
controller for system (12). Second, future work should be
concerned with alternative ways for processing delayed and
missing measurements because the Markov chain approach
presented in this paper does not scale well. In this regard, it
is worthwhile to investigate whether the “natural connection”
between interacting multiple model (IMM) state estimation
and control of MJLS, which has already been highlighted
in [33], can be exploited in the given setup using the IMM-
based estimator we presented in [17].
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