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Abstract

We study a Networked Control System architecture which uses a communication network in the controller-actuator links.
The network is affected by packet dropouts and allows access to only one plant input node at each time instant. This
limits control performance significantly. To mitigate these limitations we propose a control and network protocol co-
design method. Succinctly, the underlying features of the proposed method are as follows: a sequence of predicted optimal
control values over a finite horizon, for an optimally chosen input node, is obtained using Model Predictive Control ideas;
the entire resulting sequence is sent to the chosen input node; a smart actuator is used to store the predictions received
and apply them accordingly. We show that if the number of consecutive packet dropouts is uniformly bounded, then
partial nonlinear gain /5 stability and also a more traditional linear gain 5 stability can be ensured via appropriate choice
of design parameters and the right assumptions. Whilst our results apply to general nonlinear discrete-time multiple
input plants affected by exogenous disturbances, for a disturbance-free case we prove that Global Asymptotic Stability
follows from our main result. Moreover, we show that by imposing stronger assumptions, Input-to-State Stability is

achievable as well. Finally we demonstrate the potential of the proposed method via simulations.

Keywords:
gain {5 stability, Input-to-State Stability
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1. Introduction

A Networked Control System (NCS) is a system which
uses a communication network as a communication medium
in at least one of its links. Usage of a network instead of
traditional point-to-point connections is motivated by the
cost reduction, increased flexibility and reliability, easier
interoperability of devices, and simpler maintenance and
troubleshooting (Moyne and Tilbury, 2007). Moreover,
due to the rapid advancements in communication tech-
nology and affordability of networks in general, NCSs are
considered to be one of the future directions in the field of
control (Murray et al., 2002).

A communication network itself is a dynamical sys-
tem with intrinsic properties such as delays, scheduling
and packet dropouts. These properties impose serious
challenges in the corresponding NCS design and analysis.
Moreover, they often constitute a significant bottleneck in
the achievable performance (Bushnell, 2001; Antsaklis and
Baillieul, 2004, 2007; Hespanha et al., 2007).

We note that essentially there are two types of com-
munication networks, namely, control-like and data-like
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networks (Lian et al., 2005). Unlike control-like networks
which are used in some specialized areas (e.g., the auto-
motive industry), data-like networks are more widespread.
In fact, they are being increasingly adopted for low level
control technology (Moyne and Tilbury, 2007). Unfortu-
nately, modern communication data-like networks usually
are not designed for time critical applications. On the
other hand, a common feature of all data-like networks
is that data packets, used for transmitting data, contain
fairly large data fields. Hence, bit-rates are high and quan-
tization issues will often play only a minor role. Moreover,
via appropriate control strategy, these large data fields
can be exploited to mitigate negative effects of delays,
scheduling and packet dropouts; for instance, see Bempo-
rad (1998); Quevedo et al. (2008b); Polushin et al. (2008);
Griine et al. (2009); Findeisen et al. (2011); Quevedo and
Nesi¢ (2011); Greco et al. (2012) and references therein.
More precisely, one can use the Model Predictive Control
(MPC) framework to design a corresponding controller
that predicts control values over a finite horizon. Then,
due to the size of a data field readily available, rather
than sending only the first member of the corresponding
sequence of predicted control values, the whole sequence is
sent to the receiving end, e.g., a smart actuator. Finally,
depending on transmission outcomes and via appropriate
buffering and processing at the receiving end, some pre-
dicted control values are applied to the plant.
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The latter control strategy, introduced in Bemporad
(1998), underpins recent NCS architectures concerned with
delays, scheduling and packet dropouts. For instance, the
corresponding analysis for NCS configurations with one
input LTT plants is documented in Casavola et al. (2006);
Tang and de Silva (2006, 2007); Liu et al. (2006); Zhao
et al. (2008), while for one input NCS configurations with
general nonlinear plants in Polushin et al. (2008); Griine
et al. (2009); Findeisen and Varutti (2009); Pin and Parisini
(2009); Findeisen et al. (2011); Quevedo and Nesi¢ (2011);
Nagahara and Quevedo (2011); Quevedo and Nesié¢ (2012);
Greco et al. (2012); Reble et al. (2012). As one can imag-
ine, due to the sharing of resources of a network, scheduling
access to input and/or output plant nodes can become un-
avoidable. To the best of the authors’ knowledge, schedul-
ing issues (together with packet dropouts) in controller-
actuator links within the control strategy presented above
for general discrete-time nonlinear systems was only con-

sidered in our conference contribution Quevedo et al. (2008b).

In the present manuscript, which expands upon the latter
work, we investigate robustness properties of an NCS con-
figuration which uses a data-like network as a communi-
cation medium in controller-actuator links, see Fig.1. The
network is affected by packet dropouts, d, and allows ac-
cess to only one smart actuator node at each time instant.
We conduct our investigation within the packetized pre-
dictive control strategy described above. Thus, we assume
that smart actuators have a memory (a buffer) and a sim-
ple processing unit, so that they are capable to store and
process a sequence of predicted control values. The access
constraint imposed by the network necessitates scheduling,
and we address it by proposing a network protocol and
controller co-design method with the focus on closed loop
performance. When compared to Quevedo et al. (2008b),
a distinguishing feature here is that a general nonlinear
discrete-time multiple input plant is affected by exogenous
disturbances w. As will become apparent, this complicates
the analysis significantly.

We employ the concept of nonlinear gains introduced
in Kameneva and Nesi¢ (2008) to capture robustness of
the system at hand. We show that, if the number of con-
secutive packet dropouts is uniformly bounded, then par-
tial nonlinear gain ¢y stability can be achieved via similar
assumptions used for showing stability in networked MPC
(Quevedo and Nesi¢, 2011). We also present additional as-
sumptions which lead to, more traditional, linear gain ¢
stability. For the one node case, we present nonlinear gain
{5 stability which represent alternative robustness charac-
terisation of the NCS configuration considered in Quevedo
and Nesié¢ (2011). We also show that by assuming stronger
assumptions, which mimic those used in the latter work,
Input-to-State Stability (ISS) can be achieved in the simi-
lar way for the aggregated state of plant and buffer state.
Finally, we illustrate that dynamic scheduling using the
proposed method outperforms static scheduling.

The contributions of the manuscript are as follows:
Thorough and rigorous robustness analysis of the setup

considered in Quevedo et al. (2008b); Recovery of the
main result from the latter work with relaxed assumption
(see Remark 2); Alternative robustness characterisation
of NCS configuration considered in Quevedo and Nesi¢
(2011); ISS result for the aggregated state of plant and
buffer state.

The remainder of this manuscript is organized as fol-
lows: In Sections 2 and 3 we present the NCS under study.
Robustness properties are established in Section 4. Sim-
ulation results are presented in Section 5 while Section 6
draws conclusions.

dl 1 Smari Actuatori | W
N ut
@@
Predictive o I B
controller- —{ Network | Plant
scheduler 1 uR
) L

Figure 1: NCS configuration

Notation and preliminaries

Let R denotes the set of real numbers and Z the set of
integers. For any p € R, we use the notation R>, (Rsp)
to refer to the subset {v € R: v > p} ({v € R:v > p});
the similar notation applies to the set of integer numbers
as well. Euclidean norm is denoted with | - |, while the
superscript | stands for transposition. Often we use tuple
notation to denote a column vector. The zero element
of R™ is denoted by 0,,; the symbol I,, stands for the
m X m identity matrix, while 0,, = 0 I, We denote
any sequence {a;}]_, by al for i < j Whlle a] £ {} for
© > j. Further, a sequence consisting only of zero values
of appropriate length is denoted by 0. Moreover we define
the set consisting of infinite sequences starting at time zero
whose elements take values in some set V as SY = {a5°
a; €V, Vi € Zzo}.

The identity function is defined as Id(v) £ v for all
v € Ryg. Further, a function o: R>g — R is said to
be a class K function (a € K) if it is continuous, zero at
zero and strictly increasing; it is said to be a class Ko
function (o € K ) if @« € K and it is unbounded. A
function B: R>g x R>9 — Ry is said to be a class KL
function (5 € KL) if B(-,t) € K for each fixed ¢ and S(v, )
is decreasing to zero for each v > 0.

Often we use the fact that for any class Ko (K) func-
tion v and any a,b € R>q it holds that
1 1
504((1) + ia(b) <ala+0b) < a(2a) + a(2b) (1)

which is the consequence of non-decreasing character of a.
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2. Networked Control System Architecture

We consider the NCS configuration depicted in Fig.1.
A communication network is located in controller-actuator
links. The network introduces packet dropouts and allows
access to only one input node at each time instant. These
intrinsic properties of a network may lead to poor perfor-
mance or even instability of the NCS.

Next, we precisely describe each part of the NCS con-
figuration depicted in Fig. 1.

2.1. Plant

We consider a plant model of the form
et = flz,u,w) (2)

with state z € X C R", control input v € & C RP and
disturbance w € W C R™ where n, p, m > 1. The function
f: X xUXxW — X is assumed to be a general nonlinear
function which satisfies the following assumption, which
will be used for robustness analysis in Section 4.

Assumption 1 (Continuity). There exist class K func-
tions x and & such that

|f(z u,w) = fy,u,0)] < x(|lz —y) +6(lw])  (3)
forall z,y € X, all u € U and all w € W. [ |

Note that Assumption 1 may preclude some systems with
cross terms. However, if the sets & and W are compact
(which is often the case) then Assumption 1 does not pre-
clude the latter type of systems.

The input vector u is connected at the actuator side
via R < p nodes according to the partition

u® (ut,. .. u®) (4)

where u” € U, C RP" for all r € N and Y.'_ p, = p,
where
N2{1,2,... R} (5)
is the set of nodes.
Throughout the paper we introduce additional nota-
tional convention to simplify the presentation. The first

one is related to finite control and disturbance sequences.
N—1 A

Namely, for a finite horizon N € Z>; we write u5~~ = u
and wg_l £ w. Note that, using our notation, both u and

w are sub-sequences of some infinite sequences ug® € SY
and wi® € S, respectively. Further, we denote the solu-
tion of (2), k steps into the future, starting at initial con-
dition 2, under the influence of a control input sequence u
and the disturbance sequence w by ¢, (k,z,u, w); note
that ¢,(0,z,u,w) = z (e.g., see Chapter 2 in Sontag
(1998)).

2.2. Network

We consider a data-like communication network, such
as Ethernet, located between predictive controller-scheduler
and smart actuators. The network is prone to packet
dropouts and we address this issue explicitly. Additionally,
we consider the scenario where the network allows access
to only one actuator node at each time instant. Conse-
quently, we model the network as a collection of R erasure
channels (Imer et al., 2006; Wu and Chen, 2007) with a
protocol that allows dynamic scheduling. Further, at each
time instant, the transmission effect is modeled via the
discrete dropout process

{3
L,

Additionally, we define the set of values from which d takes
values as D = {0, 1}.

Notice that, when longer input sequences are sent and
buffered at the actuator side, in case of a packet dropout,
the NCS is operated in open-loop. Hence, as one can ex-
pect, to obtain certain performance of the system the num-
ber of consecutive packet dropouts should be bounded. In
fact, we restrict ourselves to data-like networks which sat-
isfy the following assumption.

if packet dropout occurred, (6)
if packet dropout did not occur.

Assumption 2 (Packet dropouts). There exists a fi-
nite horizon N € Z>1, such that the number of consecutive
packet dropouts is uniformly bounded by N — 1. ]

In order to precisely define the set consisting of all infi-
nite sequences of dropout outcomes which satisfy Assump-
tion 2 we introduce set of (relabeled) dropout indices which
satisfy Assumption 2 as

Ky £ {kl ik € Z20>dki =1, ki+1 > k?i,
m; < N—1, kg <N, ViGZZo},

where
m; £ k‘,’+1 — k; — I,Vki S Zzo,Vi S Zzo, (7)

is the number of consecutive packet dropouts. Now, the
set consisting of all infinite sequences of dropout outcomes
which satisfy Assumption 2 is defined as

SP - {dg° L dy € SP,k; € Ky, Vki € Zso, Vi € ZZO}. (8)

Note that SP € SP. In the sequel, if not stated otherwise,
every time when we refer to a horizon, we mean a horizon
that satisfies Assumption 2.

For the purpose of clearer analysis, we regard the net-
work as a dynamical system, but we omit some details in
its description to simplify the presentation; see Fig.2. So,
the input is considered to be a packet 7;, generated by
the predictive controller-scheduler. It consists of an ad-
dress field which we denote with lowercase letter a € N
(see (5)) and a data field which is denoted by A or more
precisely

Tin = (a,A) €T C N x RPN p & maxp,. (9)

Preprint submitted to Automatica
Received December 6, 2013 01:41:14 PST



CONFIDENTIAL. Limited circulation. For review only

The network has R

d A outputs denoted as
outy
F— Aoutla ey AoutR' How-
N I ever, since the net-
e work allows access
N to only one channel
Aouty at each time instant,

only one network out-
put will be active,
ie., Ajut, = dA. Fi-
nally, packet dropouts act like an exogenous disturbance.

Figure 2: Block diagram of a network

2.3. Smart Actuators

We use R devices to which we refer to as smart actu-
ators. These will be used to store sequences of predicted
control values and apply the corresponding predicted con-
trol values accordingly. More precisely, each device has a
memory and a simple processing unit. The memory unit
is regarded as a buffer which is denoted as b" € (U,.)N for
all r € N. The corresponding processing units are de-
noted as p,.(b") € U, for all r € N and their purpose is
to pick the first value from the buffer and apply it to the
corresponding plant input.

Next we describe the buffering mechanism. Recall that
at each time instant a data packet as in (9) is sent. Let
us first consider the case of a packet dropout. Also, recall
that due to access constraint, only one of the network out-
puts is active, i.e., Ay, = dA. However, due to packet
dropout (i.e., d = 0), effectively, all outputs are inactive.
In that case all buffers shift their existing contents. On
the other hand, if the transmission was successful (i.e.,
d = 1), the contents of the addressed buffer is overwrit-
ten with the data A, ie., b* = A € (U,)V,a € N, while
other buffers shift their existing contents. The buffering
mechanisms amount to parallel-in serial-out shift registers.
These act as safeguards against packet dropouts and also
offer advantages in the presence of the dynamic scheduling
constraints considered here. More concretely, the buffering
mechanism can be described as follows

{ba+ 2 4A

1
bt 28, b, e e N\ {a}, (10)

where the shift matrices S,,Vr € N are defined as!

Opr Ipr OPT T Opr
N . ’ . ’ . ) . . ; )
Spr = Opr e Opr Ip'r Opr € Rp e N' (11)
OPr . . Opr Ipr
OpT e OpT

Note that, in the case of a packet dropout, the second
equation of (10) is used for all 7 € N, since all network

IThe choice in (11) corresponds to setting a buffer state to zero if
no data is received over N consecutive time instances. Alternatively,
if one wants to hold the last value one could set the element of S,
which belongs to last column and last row to be equal to Ip,..

outputs are inactive. The smart actuator outputs are given
by

pr (07) 2 [p.0p,. -

For the purpose of clearer analysis we introduce the

overall network-buffer model which encapsulates all equa-
tions from (10) as

0, 10" €Uy, Vr e N. (12)

Bt £ W(a,d)SB+T(A,a,d) (13)
where
ﬁé(bl,...,bR)euN; (14)
diag(Llp,n,---51p. x,
U(a,d) = Opans Ipoiins -+ s Ipgw) (15)
Tpnscpn for d = 0;
S £ diag(Spl ) sz> R Spn)J (16)
AT AT
Opux -+ Oy ford=1
2 THT aT 17 -
T(A7 CL, d) - A Opa+1N T OPRN (17)
Opx for d = 0.

Note that A € RP«N, Va € N in (17). Further, the vector
of smart actuator outputs v € U is defined now as

v 2 W(\I'(a, d)SB + T (A, a, d)), (18)
where
w [Vpl sz : Vpn] ) (19)
and Vr e N
[ OPl OPI Opl 1
010771 Opv—l OPT—I
‘/pr é Ipr OPT Opr € RPXPT"N. (20)
OPT+1 Opr+l 0pr+1
L Opg Opr Opr |

We finish this section by stating the interconnection v = u,
yielding

v2 W(xp(% d)SB+ T (A, a, d)) = u. (21)

3. Design of Control Sequences and Actuator Sched-
ules

As foreshadowed in the introduction, we adopt the
strategy introduced in Bemporad (1998) to address the
issue of packet dropouts. The framework there considered
only one node, hence, for our purposes, a refinement is nec-
essary to account for access constraints. For that, we use
ideas from Quevedo et al. (2008b). Succinctly, scheduling
of input nodes will be assumed dynamic. Now, recall that
the MPC based controller underpins the control strategy of
interest and the necessary modifications have to be made

Preprint submitted to Automatica
Received December 6, 2013 01:41:14 PST



CONFIDENTIAL. Limited circulation. For review only

in the model used for generating predictions. Hence, we
incorporate models of both network issues in the overall
nominal model used to generate predicted plant trajecto-
ries. This model consists of R nominal models due to the
fact that we have R nodes. However, it suffices to present
only one model. So, for any node r € N the corresponding
nominal model used to generate predicted plant trajecto-
ries is given as

T 2 f(z,uP " 0,), T=2 (22)

where u%7" is obtained according to

Wy, (9(r,d)SB + T(w,7,d)) |

Wp._1 (\Il(r7 df)S.B + Y (u",r, J))

uﬁ’r é u?" 5 (23)
W (20 )53 + T )
| W, (@SB Y rd))
where
BT 2 U(r,d)SE+ Y (u",r,d), =5,
ded2d)'2{1,0,...,0}, (24)
u" eu” L {US,U{, e ,U;;_l},

and where W, ,Vr € N are rows of matrix W, i.e., [W;
.. Wz;E]T =W.

Now, a few points related to a nominal model (22)-
(24) should be discussed. First, note that our method
assumes perfect knowledge of the plant dynamics, up to
the unknown disturbances w (see (22)). Second, the con-
trol predictions (23) depend on buffer contents. This is
the effect of having access to only one input node at each
time instant. It is important to notice that we assume that
buffer contents are known to the controller via reliable ac-
knowledgments of receipt as indicated in Fig. 1 by ACK.
However, if such acknowledgements are not available, then
one could either adopt a stochastic control framework, e.g.,
as in Hekler et al. (2012), or use a control which accounts
for all transmission scenarios, e.g., as in Quevedo et al.
(2008a). Third, note that for each node the corresponding
model (22)-(24) addresses the issues of packet dropouts
and access constraint via a model of the buffer and the
interconnection, see (13) and (21). Finally, note that the
horizon N is provided by Assumption 2.

For the purposes of defining the cost function, first, we
denote a sequence of predicted control values (23) over a
finite horizon N by u®" £ {uy", uf’r, e, uf’_rl}; next, we
denote the solution of the nominal model for node r € N,
ie., (22), k steps into the future starting at the initial
state x under the influence of u?" by ¢z (k, 2, u?"); again,
it follows ¢z(0,z,u?") = z. Recall that for each nominal
model, prediction of a control input depends on contents of

other buffers. Hence, it is convenient to define the overall
NCS state as

£2 (z,0) € X SR, (25)

In order to achieve good control performance despite net-
work artifacts, the control is optimization based. We de-
fine the cost function as
N—1
J(&r ") 2 g(hs (N, 2,0 ) + > Uz (k, z,u”"),ul") (26)
k=0
where g : &y — R>q is the terminal cost function and
l: XxU — Ry is the stage cost function. The set Xy C X
is a given set which contains 0,, € R™ and we denote a set
of all feasible initial plant states as Xy C AX; i.e., plant
states for which (26) is bounded. Moreover, the weighting
functions g and [ satisfy the following assumption.

Assumption 3. There exist a class Ky function « such
that

g(l‘) > O,VJ? € Xfag(on) = 07

_ 27
l(z,u) >a(|z]), Vo € Xy, YVu € U,1(0,,0,) =0, 27)

is satisfied. Also, for some r € N there exist a terminal
control law k" : Xy — V, such that

g(f(xa /{T(Z‘)76m)) - g(l‘) + l(l‘, KT(‘I)) S 07
f(z, K" (x),0,,) € X, (28)
K" (x) € V.,

holds for all z € Xy where for any r € N the set V, € RP
is defined as

V£ 0p, X X0, XUp x0p X+ x0pp.  (29)

Pr+1

The set (29) is related to the fact that we can access only
one input node at each time instant. ]

Note that the terminal control law k" constitutes a lo-
cally stabilizing control law for the corresponding nominal
model (22)-(24). In fact, the property (28) establishes that
the terminal cost function g is a local control Lyapunov
function and that the set A is controlled invariant. Im-
portant to note also, is that " is not necessarily applied to
the plant; it is just a construct needed to establish stabil-
ity results, e.g., see (Quevedo et al., 2008b; Quevedo and
Nesié¢, 2011) for networked case and (Mayne et al., 2000;
Rawlings and Mayne, 2009) for non-networked case. W

Minimization of the cost function (26) is carried out
under constraints on control predictions (23) and resulting
predicted plant solutions ¢z. These constraints are similar
to those distilled in (Mayne et al., 2000) for non-networked
cases. Namely, the control predictions (23) are constrained
via

uy" e, (30)

for all k € {0,...,N — 1}. The solutions of the model (22)
are constrained with

bz(k,z,u’") € X, (31)
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for all k € {0,..., N —1}. The final solution has to satisfy
the terminal state-like constraint

pz(N,z,u’") € Aj. (32)

Recall that there are R models of (22)-(24) with the
corresponding cost function and constraints (30)-(32). To
obtain the sequence of optimal control predictions over
a finite horizon N for the optimal node chosen, we first
minimize each corresponding cost function with respect to
the corresponding control sequence u', i.e., we seek

V(g r) = Hgllrn J(&,r,u") s.t. (22)-(25)&(30)-(32)  (33)

which results in the set {V(&,7)},en. Then we take the
minimum of the latter set, i.e.,

V() £ min V(g 7). (34)

which represents the optimal value function. Moreover,
assume that the optimal value function (34) satisfies the
following assumption.

Assumption 4. There exist a class K function Yy and a
class K function yy such that?

V(5] = V([5D] < xv(lz =D,
V(&) < xv([€])-
holds V,y € Xy, V&€ € Xy and VB € (U)Y, where Xy C X

is the set of all feasible initial plant and buffer states such
that corresponding cost function (26) is bounded.

(35a)
(35Db)

When investigating robustness of a system governed
by an MPC based controller it is useful to assume conti-
nuity of the optimal value function, e.g. see (Grimm et al.,
2004; Magni et al., 2006; Rawlings and Mayne, 2009) for
non-networked systems and (Quevedo and Nesi¢, 2011) for
a networked case. Since our interest lies only with plant
trajectories we assume (35a). Note that, if the set Xy is
compact, (35a) is not a strong assumption. However, if if
the set Xy is not compact, finding general conditions which
relax (35a) is an open question. The bound (35b) comes
from the fact that we assume that the NCS is asymptot-
ically controllable to the origin, e.g. see Section III in
(Grimm et al., 2005) and Section II in (Kreisselmeier and
Birkholzer, 1994).

Further, the optimal node is obtained via

r* £ argmin V/(€,r), (36)

while the corresponding optimal sequence via

(u")* 2 argmin J(€, 7%, ") s.t. (22)-(25)&(30)-(32).  (37)

ur”

2Recall that £ is augmented plant and the corresponding buffer
state, see (25).

Note that in equation (37) we abuse notation and denote

*
7

u*  as (u”)* which is also now in tuple form. Also, note
that V(§) = J(&,r", (u")*).

The solutions (36) and (37) form an input packet m,,
i.e.,

*

(a,A) := (r*, (u")"). (38)
Further, it follows from (21) that

w=W(¥(r*,d)SB+ Y((u")*r* d)). (39)

Finally, the overall NCS closed-loop system (2), (6)-
(20), (22)-(26), (30)-(36) with the interconnections above
can be described via

o lf(x W (T (r*, d)SB + T((ur)*,r, d)),w)]
W(rt,d)SB + T((u)*,r*,d)

2 F(¢,d,w).  (40)

Note that from an optimisation viewpoint, at every dis-
crete time-step the controller needs to solve R determin-
istic finite horizon optimisation problems. A key feature
here is that those R optimisations can be carried out in
parallel. Hence the computational burden scales linearly
with the number of actuator nodes. If implemented on
hardware with parallel processors, computation times will
be comparable to those of regular MPC with horizon N.

Another key feature of our method is that, due to the
optimization, at each instant the controller will address
the buffer most in need. Therefore, it may occur that
some buffers will run out of data more often than oth-
ers. However, as we shall see in our subsequent results, if
appropriate assumptions are satisfied, then the proposed
method guarantees stability in the presence of dropouts,
scheduling constraints and exogenous disturbances.

We finish this section with remark on the absence of a
network in sensor-controller links.

Remark 1. Throughout this work we assume that the
controller has direct access to measurements of plant states
at each time instant. Recall that these are crucial in mak-
ing predictions in MPC framework (e.g., see Rawlings and
Mayne (2009)). Furthermore, due to lack of network im-
perfections in sensor-controller links the algorithms for
acknowledgments of receipt will be simpler and reliable
(e.g., see Polushin et al. (2008); Griine et al. (2009) for
complications that arise when a network is included in
sensor-controller links). A practical application is control
of robots in confined space which communicate with the
controller wirelessly while their location is measured with
sensors directly connected to the controller. However, if
one would to take into account sensor-controller link im-
perfections within the scheme proposed one could use state
observers with intermittent observations. If state observa-
tion errors are bounded (e.g. due to bounded dropouts),
then the associated robustness problem could be dealt with
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tools akin to those developed in the present work. Alter-
natively, one could also restrict the controller to only cal-
culate control sequences at instances of successful sensor-
data receptions. |

4. Stability of the NCS

In this section we present several stability results. First,
we establish sufficient conditions for a partial (plant state
only) nonlinear gain ¢ stability as introduced in Kameneva
and Nesi¢ (2008). Second, we establish conditions for
the more familiar notion of partial linear gain ¢5 stability
which is followed by considerations of two special cases,
namely, the disturbance-free case and the one node case.
We finish this section with establishing sufficient condi-
tions for ISS of the overall NCS state.

4.1. Preliminaries

We assume that up until the first successful transmis-
sion the mapping F(-,0,-) satisfies the following assump-
tion.

Assumption 5. There exist the class K functions y and
0 such that function F' defined in (40) satisfies

|F(€,0,w)] < x(€]) + &(|w])
for all £ € X and all w € W. |

This assumption ensures that before the first successful
transmission trajectories will be within a set whose bound-
aries can be determined via the latter inequality.

Further, we denote the solution of the system (40) k
steps into the future starting from the initial overall NCS
state £ (see (25)) under the influence of a sequence of
dropout outcomes d and the sequence of disturbances w by
de(k, &, d, w); recall that ¢¢(0,¢,d, w) = £. Sometimes we
abuse notation and write only ¢.. Note that the system
(40) is time invariant, hence, we often use the following
property of the solutions of the time invariant difference
equations

Gk, o, dy " wip ™) = bk — k.G dp ),
& = ¢5(15,£o,d§—1,w§—1)7 Vk >k > 0. (41)

Note that ¢¢ = (¢4, ¢5). Hence, in the sequel we use the
property (41) for the mapping ¢, as well. Finally, we state
the last assumption which is related to positive invariance
of the set Xy under the mapping o¢, e.g, see (Quevedo and
Negi¢, 2011).

Assumption 6. For any ws® € 8" the solution of the
system (40) satisfies
e (k,€0,0,w) € Xy C X, V& € Xy C X, (42)

for all k € {0,...,N} where w C wg® € 8" and A} is
the set of initial plant and buffer states. Moreover, for

the sequence of dropout outcomes d = {1,0,...,0} the
solutions of system (40) satisfy

pe(k —k,&,d,w) € Xy, V& € X, (43)

for all k € {l;,,l;: + N} and all k > 0, where, again,
w Cwi € SW. n

The first part of Assumption 6 ensures that starting from
any initial state £y € Xy, the trajectories will end up in X.
The second part mimics Assumption 3 from Quevedo and
Nesié (2011), more precisely, the set Xy is robust positive
invariant for the mapping (43) for up to N steps.

4.2. Partial nonlinear gain €y stability of the plant model

First, we state a precise definition of partial nonlinear
gain ¢ stability with respect to the system (40). Then, we
state our main result and four lemmas which are used in
the proof of main result. Next, we investigate partial liner
gain /o stability. We finish this section by considering two
special cases.

Definition 1 (Partial nonlinear gain ¢; stability).
The system (40) is said to be partially nonlinear gain ¢
stable with respect to sets ST and S if for any finite
horizon N € Z>; there exist class K functions ; and 3
and class K, functions v and -5 such that

k

k—1
> (|l €0, dy L wn H]) < ml€ol) + 72 <Z 73(|wl|)>

=0 =0

holds for any & € Xy, all k € Z>g, all sub-sequences dlg_l
of d¥ € SP and all sub-sequences wg ' of w3® € SW. A

Next, we state our main result.

Theorem 1. Let the Assumptions 1-6 be satisfied. Then,
for a finite horizon N from Assumption 2, the system (40)

is partially nonlinear gain fo stable with respect to sets SP
and SW. |

To prove Theorem 1 we use four lemmas whose proofs are
given in the appendix. The first uses Assumptions 2 and
6 to prove invariance of a set Xj.

Lemma 1. Consider any d° € SP and any wi® € SW.
Let the Assumptions 2 and 6 be satisfied. Then, for any
& € Xy it follows that &, € Xy for all k; € Ky. [ |

The next result considers values of the optimal value func-
tion (34) at two consecutive successful transmission in-
stants.

Lemma 2. Consider any d3° € SP and any w® € SV.
Let the Assumptions 1-4 and 6 be satisfied. Then, there
ezists a class Ko function aq and a class IC function as
such that

kipq—1

V(&)= V(&) <= > an(|dall—ki & dy, wi)|)

I=k;

kip1—1
+ Y as(lwl), (44)

I=k;
holds Vk;, kiy1 € Ky and V&, , &k, € Xy |
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Further, we use Lemma 2 to state the result that considers
the time interval {ko,...,k}.

Lemma 3. Let the assumptions of Lemma 2 be satisfied.
Then for the class Ko function oy (from Lemma 2) and
the class IC function Xy (from Assumption 4) there exists
a class IC function ag such that

k—1 k—1
D ar(|¢al = Ko, &g dig ' wig ' |) < xv (1€ko) + D as(fwn)
I=kg I=ko

B (45)
holds for any &k, € Ax. ]

Finally, we state the result that will enable us to consider
the time interval {0, ..., ko}.

Lemma 4. Let Assumptions 2 and 5 be satisfied. Then,
for the class K function xv there exist class K functions
Y1 and oy such that

ko

Xv (1€ ) < m(I€l) +

1

aa(|wi)

T~

0o—1

- XV(|¢Z(l7§07dloilvwéil)|) (46)

=0

holds for any & € X, where Xv is as in Assumption 4. B

PROOF (THEOREM 1). Assumptions 1-6 are satisfied,
hence, the conclusions of all preceding lemmas hold. Con-
sider some arbitrary & € Xp, d° € SP and wg® € SW.
Then, according to Assumption 6 and the conclusion of
Lemma 1 the corresponding & = (;55(/6,50,(1]571,11}]0671) €
Xy for all & > 0. Note that if 0 < k < ko < N from
Assumption 6 (see (42)) it follows & € Xy; otherwise,
k € {ki, ..., kiz1} for some k;, ki1 € Ky, and then, from
the Assumption 6 (see (43)) and the conclusion of Lemma
1 it follows & € Xy. Next, we use (46) to bound the term
Xv (|€k,|) in (45), i.e., n 6 (see (43)) and the conclusion of
Lemma 1 it follows &, € Ay. Next, we use (46) to bound
the term Yv (|¢k,|) in (45), yielding

ko—1 k—1
> xv(|eeléo,ds we )+ ar(|¢al—ko, Eno, diy
1=0 I=ko
ko—1 k—1
wig]) (€l + D aa(jwi]) + > as(|wil).
1=0 I=ko

A

Finally, by defining v = min{yy,a1} € K, 72 £ Id € Ko
and 3 £ max{as,as} € K we obtain the desired bound
in the sense of Definition 1, namely

k

ZW(‘%(lfoadé_lyw(l)_l)’) <o) + 2 (2 73(|wl)>

=0 =0

B (47)
for all k£ € Z>, any & € X and with respect to 81? and
SW. [ |

4.2.1. Partial linear gain ¢ stability

Next we establish necessary conditions to obtain a more
familiar partial linear gain ¢5 stability property, defined as
follows.

Definition 2 (Linear gain ¢, stability). The system

(40) is said to be linear gain ¢5 stable with respect to the
sets SP and S if for any finite horizon N € Z>; there
exist functions v(s) = gs?, v1(s) = g15%, 72(s) = g2s and
v3(s) = g3s% for some g, g1, ga, 93 > 0, such that inequal-
ity in Assumption 1 holds for any & € Xp, all k € Zxo,
all sub-sequences d’g*l of d* € 8P and all sub-sequences
wi of wi € SW. [ |

Corollary 1. Let the cost function (26) be quadratic and
let the following be satisfied: 1) Assumption 1, where x(s) =
L,s and 6(s) = Lss, L, > 0, Ls > 0; 2) Assumption 2;
3) Assumption 3; 4) Assumption 4, where xv(s) = Ly, s
and Xv(s) = Ly, s%, Ly, >0, Lg, > 0; 5) Assumption
5, where X(s) = Lys and 0(s) = Lgs, Ly > 0, Lz > 0;
6) Assumption 6. Then, for the finite horizon N from
Assumption 2, the system (40) is linear gain {5 stable
with respect to sets SP and S”. Moreover, the num-
bers that define gains of functions v(s),y1(s),v2(s) and
v3(s) are given as follows: g = min{Lg,, 27 }; g1 = (N+
1)Ly, (2Lg)2 V25 o = 1; g3 = 2407 D max{ L3V L2

max{N271, Ly, }, NLg, L2V L2}, u

The proof is given in the appendix.

Next we consider two special cases. The first one is re-
lated to the nominal case when there are no disturbances
affecting the plant while the second one considers the sce-
nario when there is only one plant input.

4.2.2. Disturbance-free case

When there are no disturbances the considered NCS
configuration becomes essentially the same as the one in-
vestigated in our previous work Quevedo et al. (2008b). In
the following corollary we strengthen the result presented
there.

Corollary 2. Let the system (40) be nonlinear gain {9
stable with respect to sets SP and S8 and let W = {0}.
Then,

lim |¢l‘(k7£07 d§_17 0)| =0
k—o0
for all & € Xy, all A € SP, where 0 € SO}, [

PrOOF (COROLLARY 2). It follows immediately from (47)
that

k
S (be ko d O <mlléal)  (48)
=0

for any k € Z>o, all § € Xy and all sub-sequences d’gil
of d® € SP, where the sequence 0 is now of length k;
see Notation and preliminaries. Since the sum in (48) is
bounded it follows

lim (¢ (k, &0, dg ", 0)[) = 0= lim |¢=(k,&,d5 ", 0)[ =0
k— o0 k— oo
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which recovers the conclusion from Quevedo et al. (2008b).
Note that another way to conclude the latter implication
is to use (A.12) as in Quevedo et al. (2008b). [ |

Remark 2. In our conference paper Quevedo et al. (2008b)
we needed a stronger assumption to derive at the same con-
clusion. Namely, the property (28) was required to hold
for all nodes unlike, in the present case. |

We finish this subsection with the following observa-
tion related to an alternative stability characterisation of
Corollary 2. Note that Lemma 2 gives decrease of the Lya-
punov function at successful transmission instants which
are spaced by at most N steps. Now, these Lyapunov func-
tions can be used to obtain a KL estimate that bounds the
solutions of the system at successful transmission instants.
Then, because of boundedness of solutions between suc-
cessful transmission instants, we can combine the above
KL estimate with inter-sample bounds to obtain a new
KL estimate. This construction would be similar to one
documented in Nesié¢ et al. (1999), but, since the formal
proof would be more involved due to space limitations it
is omitted.

4.2.83. One node case

This particular NCS configuration has been investi-
gated to some extent in Quevedo and Nesié¢ (2011), where
ISS was shown. However, partial nonlinear gain ¢5 stabil-
ity was not considered. In the sequel we show that, with
assumptions akin to those in Quevedo and Nesi¢ (2011),
plus an extra assumption to explicitly consider the time
interval up until first successful transmission we can show
partial nonlinear gain /5 stability.

First, we present the model used for generating plant
trajectories, given as

T 2 f(z,u,0m), T ==

Note that buffer contents is not needed any more to make
predictions. Further, the cost function is given as

N—1

J(;t, u) £ g(¢i(N7x7 u)) + Z l(¢f(k7 T, u)7 uk)

k=0

where u 2 {ug,...,uy_1} is a sequence of predicted con-
trol values. To minimize it, similar constraints as (30),
(31) and (32) have to be satisfied and we write them suc-
cinctly as

ur €U, Vk € {0,...,N—1};

¢z(k,x,u) € X, Vk € {0,...,N —1};
¢z (N, z,u) € Xf.

(49)

The optimal value function is now obtained as

Viz) 2 m&n J(z,u) s.t. (49)

while the sequence of optimal control values over a finite
horizon N, defined by Assumption 2, is obtained via

u” £ argmin J(z,u) s.t. (49).

Note that even though we have only one node (buffer)
the structure of the NCS configuration stays the same, see
Fig. 1. More precisely, the overall NCS closed-loop system
is given by equation (40) by setting R := 1. The follow-
ing robustness result for the NCS at hand complements
Theorem 1 in Quevedo and Nesi¢ (2011).

Corollary 3. Let the following be satisfied: 1) Assump-
tion 1; 2) Assumption 2; 3) Assumption 5 holds for (40)
with R := 1; 4) Assumption 6 holds for solution of (40)
with R := 1; §) The weighting functions satisfy (27) and
there ewist a terminal control law Ky : Xy — U such that

9(f (@, 54(2),0m)) — g(2) + Uz, 54 (2)) <0,
f(xv K’f(x)v ()m) € va

holds for all x € Xy; 6) There exist a class K function
Xv, such that

V() = V)l < xvi (lz —yl), (50)

holds for all z,y € Xy. Then, for a finite horizon N from
Assumption 2 the system (40) with R := 1 is partially non-
linear gain ly stable with respect to sets SP and S". W

A sketch of the proof is given in the appendix.

4.3. 1SS of the overall NCS state

In this section we briefly outline how to ensure ISS of
the overall NCS state.
Again, we have R models defined as

gﬂr £ (j+33+)’ (ZEvB) = (xvﬂ) (51)

where z* is given by (22) and BT by (24). Note that
control predictions in ZT are obtained using (23). Next, we
denote the solution of the overall NCS model (51) & steps
into the future starting at the initial state & = (z, §) under
the influence of u®" by de(k, &, u?"). The cost function is
defined as

N—1

J(& ") £ g(oe(N, 6,0 ) + > U(e(k, &, u"), ul") (52)

k=0

where r € N. To minimize it, similar constraints (on
control predictions and the resulting solutions of the model
(51)) as for the minimization of cost function (26) have
to be satisfied. Namely, the control predictions (23) are
constrained as per

up” e (53)
for all k € {0,...,N — 1}. Furthe, the solutions of states
of the model (51) are constrained as

pe(k,&,u”") € X (54)

for all k € {0,..., N — 1} while the final NCS state has to
satisfy

Pe(N, €, u”") € Xy (55)
Again, we first minimize each cost function (recall that
there are R of them) over the corresponding control se-
quence u", yielding

Vg, r) 2 IIllllTn J(& r,u") s.t. (51)&(53)-(55).
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Then, we take the minimum of the set {V(&,r)},en Te-
sulting in
V(€) £ minV (€, 7)

which represents the optimal value function. The opti-
mal node and the corresponding sequence of optimally pre-
dicted control values are then obtained via

r* £ argmin V (€, 7),

()" £ argmin J(&,r*,u" ) s.t. (51)&(53)-(55).
Finally, for the cost function of the form (52), using the
approach from Quevedo and Nesi¢ (2011), the following
result can be obtained.

Theorem 2. Let the following be satisfied: 1) Assump-
tion 2; 2) Assumption 6; 3) At the first successful trans-
mission we have that &, € Xy; 4) The set of disturbances
W is compact, hence, there exist

(56)

[W| £ max (Jw]) < oo;
weEW

5) There exist class K functions x¢ and X, such that

|F (&1, d,w) = F(€2,d,0m)] < xe(161 — &) + xws (Jw]),  (57)

holds for all £1,&, € Xy, all d € SIF and all w € W;
6) There exist class Koo function such that

V(&) = VI(&)] < xve (161 — &2)

holds for all &1,& € Xy; 7) The weighting functions from
the cost function (52) satisfy

9(6) 2 0, V€ € Ty, g(0nip) =0, (59a)

1(&u) > o[€]), VE € Xn,Vu €U, 1(Onypy,0,) =0, (59Db)

where a function a € Ko and the set Xy is the set of
all feasible initial states, i.e, plant states such that (52) is
bounded. Moreover, for somer € N there exists a terminal
control law k" : Xy — U, such that the sequence of images
of mapping kK" over a horizon N denoted as K satisfies

(58)

g( [f(ac, W (U (r,d)SB + Y(KE, T, d)),(_)m)] )
V(r,d)SB + Y(kg,r, d)

—g(6) + z(g, W (U (r, d)SB + (KL, d))) <0, (60a)

f(:c,W(‘Il(r, d)SB + Y(kL,r, d)),ﬁm) 7
[ U(r, d)Sp + T(ngfr, d) ] €&,

k" (z) €U, V€ = (z,8) € Xp.  (60b)

Then there exist 5 € KL and n € K such that states of the
system (51) are bounded via

€k < B(IEko | k — ko) + n([WI), VE = ko.

10

The proof follows the same lines as the proof for one node
case in (Quevedo and Nesi¢, 2011).

Next, we discuss some assumptions used above and fin-
ish by providing some insight into why ISS of the overall
NCS state and not Input-Output Stability (IOS), where
the output is the plant state, is obtained.

We start with assumption (56) which comes from the
definition of ISS; see Definition 4.7 in (Khalil, 2002). Fur-
ther, assumption (57) reflects the dependency on buffer
contents which is caused by dynamic scheduling. The
assumption (58) mimics the frequently used assumption
when one considers robustness properties of the correspond-
ing system governed by MPC based controllers. For in-
stance, for non-networked systems see (Rawlings and Mayne,
2009; Magni et al., 2006; Grimm et al., 2004), while for the
networked cases, see (Quevedo and Nesi¢, 2011). Next,
assumption (59) is a reasonable extension of an assump-
tion used in non-networked cases, e.g., see (Rawlings and
Mayne, 2009; Mayne et al., 2000) and networked cases,
e.g., see (Quevedo and Nesié¢, 2011). On the other hand,
assumption (60) stems from the fact that the cost function
(52) considers buffer contents explicitly, and we can access
only one input node at each time instant. It should be
noted that, as before, the control law used in (60) is just
a construct which is not necessarily used on the plant.

As documented in Ingalls et al. (2001), to show IOS one
would need to show that the corresponding system satisfies
the output-uniform asymptotic gain property (see Defini-
tion 1.6 and Theorem 1 in Ingalls et al. (2001)). Due to
the specific structure of the NCS configuration we were un-
able to show that this property is satisfied. Recall that the
network allows access to only one input node at each time
instant. Hence, buffer contents is used to derive the se-
quence of optimal control predictions, see Section 3. This
fact makes some needed assumptions hard to satisfy. For
instance, one would need the following continuity assump-
tion on the optimal value function: “There exist a K
class function o such that |V (&) =V (&2)| < o|x1—x2| holds
for all & = (x;, ;) € Xy, i € {1,2}.”. Now, note that if
the optimal value function is quadratic and & = (0,, 31)
and & = (0,, B2) where 81 # (32, the latter assumption is
not satisfied. Thus, we focused on ISS of the overall NCS
state and showed that by modifying the cost function and
assuming stronger assumptions it is achievable.

5. Simulation Results

In this section we illustrate performance aspects of the
proposed method in a stochastic setup, where Assumption
2 can be violated. More precisely, we compare dynamic
with static scheduling, and, setting buffer state to zero
with setting buffer state to the “last value”, if no data is
received over N consecutive time instances; see equation
(11) and footnote 1, respectively. We consider the system

+
T = X1+ ur
+
Ty = T2 + U2

+
T3 = X3+ T1U2 — T2Ul + W
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where (z1,22,23) = € C C R? and (u,us) € U C R?
where C is a compact set; 9 = (—4,4,4). Disturbance
w € R is not known to the controller and it will be defined
in the sequel. The nominal model (see (22)) is the discrete
nonholonomic integrator and its dynamics is considered in
an MPC framework in Grimm et al. (2005) (see Example
2). Using results presented there it follows that by choos-
ing I > 16/5 and N = 4, one can select stage and terminal
cost as

I(z,u) = o} + 23 + 10|z3| and g(z) = 4(z; + 23 + 10|z3|).

It follows that the corresponding MPC feedback law will
globally asymptotically stabilize the origin; for details see
Grimm et al. (2005). Disturbance is constructed as follows,
for time intervals {0,1,...,20} and {40,41,...,100} it is
a random Gaussian process with zero mean and variance
of 0.01, while during time interval {20,21,...,40} it is a
step of amplitude one plus random Gaussian process with
zero mean and variance of 0.3.

First, we consider a network which introduces i.i.d.
dropouts with 0.2 probability where probability distribu-
tion is discrete Bernoulli distribution. Figure 3 illustrates
comparison between dynamic (solid line) and static (dashed
line) scheduling when buffer is set to zero while Figure 4
captures the scenario when buffer is set to the “last value”.
In all figures below, in first subplot we illustrates Lo norms
of the state of the considered system while in subplots 2
(dynamic case) and 3 (static case) we depict corresponding
scheduling (solid line) and packet dropouts (diamonds) for
channels 1 and 2. Finally, all subplots in each figure share
the same time denoted at the bottom of the last subplot.
First subplots of Fig. 3 and Fig. 4 clearly illustrate better
performance when dynamic scheduling is applied regard-
less of how buffer state is set when no data is received over
N consecutive time instances.

20

Figure 3: Dynamic and static scheduling comparison; buffer set to
zero value; dropout probability 0.2.

We finish this section by increasing the dropout prob-
ability to 0.6. Note that in this scenario the buffers will
more frequently ran out of data due to frequent 4 or more
consecutive packet dropouts as documented in second and

11

For review only

Figure 4: Dynamic and static scheduling comparison; buffer set to
the “last value”; dropout probability 0.2.

third subplot of Fig. 5 and Fig. 6. Interestingly, even in
this severe dropout scenario, and despite the assumptions
of the stability theorem not being satisfied, our method
gives good behavior as illustrated in first subplots of Fig.
5 and Fig. 6. Again, dynamic scheduling gives better
performance when compared to static scheduling.

Figure 5: Dynamic and static scheduling comparison; buffer set to
zero value; dropout probability 0.6.

We conclude by noting that our method showed good
performance, outperformed static scheduling and illustrated
great potential.

6. Conclusions and future work

Robustness properties were investigated for a NCS con-
figuration where a data-like network is used in controller-
actuator links. Two undesirable network issues, packet
dropouts and access constraints, were addressed within
an MPC framework by incorporating their effects into the
model used for generating predictions. Several stability
results were presented with the central requirement that
the number of consecutive packet dropouts is uniformly
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Figure 6: Dynamic and static scheduling comparison; buffer set to
the “last value”; dropout probability 0.6.

bounded. To describe robustness properties of plant tra-
jectories only, the concept of nonlinear gains was used.
Due to dynamic scheduling, ISS was obtained for the ag-
gregated state of plant and buffer state. Simulation re-
sults have illustrated good performance of the proposed
method and noticeable improvement when compared to
schemes using static scheduling. Future work will include
the study of more general NCS’s where also plant outputs
are transmitted over an unreliable network and delays and
quantization issues are taken into account.
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Appendix A.

We start by introducing additional notation and noting
some simple observations which should aid in understand-
ing the proofs. Consider any d3° € SP, then, for any finite
sub-sequence df we make the following partition

LodgtTh L dE ) (A1)

The reason for making this partition we demonstrate via
an example. For instance, let N = 5, k = 11 and let
d§t ={0,0,0,1,0,0,0,0,1,1,0,0} be a finite sub-sequence
of some infinite sequence d5° € SP. Now, according to
(A.1) we write dit = {d2,d%, ds,d3'}, where kg = 3,k; = 8
and ke = 9. Moreover, the notation (A.1) enables us to
rewrite (41) as

pe(k, o, dg " wg

k & g gko—1 jki1—
dO - {dO 7dk0

) = ek — ki dpy )
€, = e (ki o, b whi ) (A-2)

where k € {k’z, ey ki+1} and k;, ki—i—l € Ky. Addltlonally,

towards the end, we will use the property (A.2) for the
mapping ¢, as well. Further, we introduce the (open-
loop) iterated mapping of (40) over a horizon N via (A.3).
In a similar fashion, the (open-loop) iterated mapping of
(2) with implicit input (39) over a horizon N is introduced
via (A.4). Also, note that

& = be(f — ki &,y dl L wl ) =

for all j € {k;,...,
(1) it follows that

-,

F (&, d Hwlh) (AL6)
k; + N} and all k; € K. Finally, from

—alatb) < —%a(a) n %a(b), (A7)
and,
j j o
a(Zal) < Za(?—’al), (A.8)
1= =i
for all 4, j € Z>¢ where i < j3; while
Jj2 J Jj2 o
Z Q(Zal) < (]2 —J1+ 1) Za(Z‘”_lal) (A9)
J=Jj1 1=1 =i

for all 4, 7, j1, j2 € Z>0 where i < j < j1 < jo.

3In the sequel, we use the convention Z;ZZ a; = 0 whenever ¢ > j.

13

PrOOF (LEMMA 1). The conclusion of Assumption 2 im-
plies that kg < N, hence, from (42) it follows that &, € Xy.
Finally, by using (43) with the notation (A.2), one can eas-
ily show, by induction, that &, € X, for all k; € K.

PrROOF (LEMMA 2). Let us start by splitting the left hand

side of (44) into two parts, the one which involves the
disturbances and the one which does not, namely
V(Eriin) = ViEk) = (F’”“ (G ™) = V(G
= V(F* (e, di ™7 0) = V(&) + V(F 4 (6,
d:z“ %w:’fﬂ*» —v<F’“+l<sk.,d’“f+“»o>>v
Note that d, Ml o oo € ST and wy, r el c e € SW.
Next, we focus on the term V(Fk“rl(f;C ‘“ 1,0)) -

(fki). Before we proceed, note that from Assumption 2
and equation (7) it follows that m; < N — 1. For the sake
of clarity we will first consider case m; < N — 1, followed
then by the case m; = N — 1.

Case m; < N—1: The idea is to find a suitable feasible
control sequence which will provides us with the appropri-
ate bound on the corresponding term. Towards obtaining
such a sequence, consider a node 7,,, € N from Assump-
tion 3. Note that this node is not necessarily node ry .
Also, worth emphasizing is that in Quevedo et al. (2008b)
second part of Assumption 3 had to hold for all nodes
while in current case it has to hold only for some node.
Consequently, consider control sequence

fnis 7ﬁki+1+N—1} (AlO)

uk N— 1,uk 4Ny -
where first N—m; — 1 elements are the control values from
the buffers (recall that these are the result of previous
optimizations; see Section 3). Now, since node 7,,, € N’
(which satisfies Assumption 3) is considered, the remaining
m; + 1 elements are given according to

Bk "'k
k1+1 )

ukb+1

ﬂki+1+j = "jk#l (i’ki+1+j)7vj € {N -m;—1,...,N— 1}

+

where i f(&, k™ +1(Z),0,,) with initial state & :
frAN( fki,d22+171,0). Finally, we conclude that control
sequence (A.10) is a feasible control sequence. Now, di-
rect calculation give that

k. kijyq—1 ~ T
J(F L+1(€ki,dkz+1 70)7Tki+17urk1+1)
ki+m;

Z U (€ ), 0), ) )
kit1+N—1
+ Y (9(f(F5,15,0)) — g(F5) + U35, @)ig)
Jj=k;+N
ki+m; 8 *
= > U (& dl0) ) (AL
Jj=k;
where ﬁ_fkiﬂ = {V[/';[,Fki_*_1 S/Bki+mi+1’ . pr - S,Bk +N—1,
~;kf:N1 e ~;k:;1+1\71} Due to optimality
V(FR+ (g, 47 0)
< J(FkL+1 (gkm pi 1,0) fk7+1,ﬁfki+l)
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F7 (&g dy wi 1) =

i

£ &yt w

By Tk,
where u]-_’l =

BT =W(dr*)SB + dY((u")*,

ki
F(FI™ (&, dl 2w

i1y & Tk

FOP ™ (End] 7w
(U(dj-177,)SBj—1 + dj—1 T ((u
T*)’ 6 = Bkw ((u

. for j = ki, (A 3)
12 i1, wi—1), for ki +1 <5 < ki +N. '
for j = ki,
oo Br,E _ (A4)
% Duyh wi—n), for ki +1 <5 <ki+N,
r)z“’r‘zl)), V]e{kz-f—l,,k‘l-i-N}, (A5)

DT = (k)

hence,
V(F" (&, dy T, 0)) = V(6
R ] j—1 Bk, lezi
Z (F €k, ], 0),u; 00
ki ms . .
< - a(|f (&, d ", 0)]) (A.12)
Jj=k;
as desired.
Case m; = N — 1 : In this case we consider a feasible

control sequence {@y,, , ... Uk, ,+N—1}. Using the steps as

. ki —1
above, one can easily show that > j_J,T N
—

um’rk) = 0 (see footnote 3). Finally, concluding (A.11)

follows similarly as for m; < N — 1.

Now, we switch focus on the second term ie., V(F’““r1
(€ die ™ ™) < V(PR (g, df L 0)). T fol
lows, from application of (35a) from Assumptlon 4 that

VR G d’“‘“‘iw,’:i“*))fV(F’““(ski,d’;:“‘%o))
<xv ([F5 G dy T oY)

_ sz‘+1 (fk, ’ d:z+1—1’ O)D

Further, even though it is obvious, it might be useful notice
that both, FFi+1(. . ,w,ﬁ’“ Y and F*+1(.,. 0), have the
same buffer contents; also, recall that we con51der the se-
quence of dropout outcomes d, M=l — 11,0, ...,0}. Now,
according to the Assumption 1 and with the ald of nota—
tion (A.4) we can state the following observation about
the argument of the right hand side function of (A.13) as

0)] = [F(F " (&nr i, %,

(A.13)

!fj(gkﬂdii—lvwi_l) - fj(gkivdii_l:

i Bk, » - - Br. i
w2, g 1) = P (s d,0),0, R 0)|
<X o d 2wl ) = 77 (s d2,0)]) + 6 (Jwsia )

for all j € {k;,...,kiv1}. Note that for j = k;, it fol-
lows |z, — zk,| = 0; see (A.4). Now, by using the latter
inequality one can easily show that

=

j—

F (&rsr )1, 0)] <

‘fj(§k17d§g:17wil_1)_ Ul(|wj*l|)

=1

where vi;1 = xo02-Idov; € K and v; = § € K for
all j € {ki,...,kit1}; recall that K functions x and ¢
originate from Assumption 1. Further, due to Assumption

l(.f](gkm di;lv 0)7

2, ki1 — k; < N, moreover, since y and § are class K
functions, we can always, if needed, bound them with new
class K functions so that v(.) functions satisty v;41 > v;. It
follows then vy = maxjeqy,... vy vi. Now, with the latter
observation the latter inequality becomes

us(Jw]), (A.14)

i

<.
|

|F7(Gror i, wl ) = F 6k df 1, 0)] <

l

1
™

for all j € {k;,...,kiz1}. Setting j = k; 4 results in the
following upper bound

. kit1—1 ki 1 ki 1
|fk1+1(£kiadk;i+l aw e ) flirl (§k17 +1 50)|
k}i+1—1

> un(lul).

I=k;

<

7+1 1

Recall that due to Assumptions 3 and 6 V (F*i+1(&,, d ,

w,{:“’l 1)) (see also (A.6)) is bounded. Finally, by applymg
(A.8) to the inequality (A.13) yields

V(Fki+1 (&, d:zﬂfl’ w:;+171)) _ V(Fki+1 (éx, d:z-mfl, 0))

kiy1—1 kiy1—1
< xv ( Z UN(|wl|)> < Z XV(Qki+1717kiUN(|w1|))
I=k; l=k;
Kip1—1
< 0 xv (@ ton(jwl)). (A.15)
I=k;

Towards combining the latter bound with the bound (A.12)
to get the desired bound we do the following. We first add
and subtract the term | f7(&,, dfci_l, w3;1)| to the argu-
ment of the a function on the right hand side of the in-
equality (A.12). Then we use observation (A.7) and the
fact that |z| — |y| < |z —y|, Yo,y € R™ to rewrite the
bound (A.12) as
V(F’”“(g LT 0))

_V(gki)
(| (&, di,,0)])

M+

e (| i O) 4 i )|
Jj=k;
= [ (&l ))
—kié (1 (6o il +kf1a (17 (&
J=k;
it wl )—ff(fki,diil, 0))). (A.16)
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Moreover, by using (A.14) we can bound second term on
the right hand side of the last inequality in (A.16) as

ki4+m;

1, o
Z 50[(|f](£k“d?€z l’wii 1) -

Jj=ki
ki+m; 1 Jj—1
< 2a< UN(wl)>. (A.17)
k k

Jj=k: I=k;

fj(fknd{gjlvo)b

Now, noticing that for j = k; the inner sum in (A.17) on
the right hand side, according to our convention, is equal
to zero (see footnote 3) and applying observation (A.9)
results in

ki+m; 1 j—1 ki+m;—1 1
Z 5 <ZU]\ \wl ) mg Z ia(szflvNuwlD)
j=k; I=Fk; I=Fk;
kiy1—1 N
< l; 5oc(2~“*1ruN(|wl|)). (A.18)

Finally, first we replace j with [ in the first sum on the
right hand side of the last inequality of (A.16); then we use
(A.18) and (A.17) in (A.16) and combine the new bound
With (A 15); this is followed by defining bound functions
a2l Idoa e Ky, ag 2 max{3 - Id o w0 2%~ L. Id o
Uns XV 02¥ 1. Idowy} € K; at the end we use (A.6) (recall
that ¢z = (¢4, ¢5)) to obtain desired inequality (44). W

ProOOF (LEMMA 3). First we consider time interval {ko,

., k;}. We do that by applying Lemma 2 ¢ times resulting
in 4 formulas which cover time interval of interest. Then,
we add these i formulas which yields

( ) V(fko)
1 kjp1—1
S_Z [e5] ’¢x l_kovékovdlo 7w§€ol|)
J=0 I=k;
i—1kjp1—1
3 axlwil)
J=0 i=k;
k=1 kiy1—1
== > (6l — ko G di i )+ D aa(lwi),
=0 I=ko

Moreover, by using the second inequality from Assumption
4 we get

ki—1
V(£k1) + Z a1(|¢£(l - kOaékmd;g;lawko |)
I=ko
ki—1 ki—1
V(Ero) + Y aa(fwrl) < xv([€re]) + Y aa(lwil).
l=ko l=ko

(A.19)

Next, we concentrate on the time interval between k; and

k < k;+1. First, note that
V(gkb) = J(&’m ) Tltiv (UT)ZI)

ki+N—1
_ Bl sTh. 4N IN—
_ Z l(fl(gkii7d§gi170)’uzkb k@) +g(fk1+ (£k17d::+N 170))
k

=k;

_ By Tk,
l(fl(fkivdici170)7ulh kl)

]~

=
N

k

a(}fl(ékwdﬁc:170)|)v

=k;

where k; < k < kz+1 — 1. Now, adding and subtracting
term |f (I | to the argument of the a(-) func-
tion in latter 1nequaf1ty and using the lower bound from
(1) results in

vige) > S (gallr ., di vl )

ngle

Il
>

7

S| € i, 0)] | £ 6wl )

a1 (| (&rsr di, 'y wi 1)

M”Jr

Il
>

i

k

_ Z %0[<|fl(£kiyd2:170)| _ Ifl(gki7d§ci17wk )0
1=k,

which when used in (A.19) results in

ki—1
Z a1(|¢x ko’gkﬂ’dko ’wfﬁol})
I=kq
k
+Zal|f Ek“dll ll)
I=k;
ki—1
v ([€ke]) + D aa(jwn)
I=kg

—_

2 5017 Ere i O] = |6 i i )

k
l=k;

(recall that that ¢¢ = (¢z, ¢g)) and

Finally, using (A.6)
(A.18) provides

the bound (A.17)-

k—1
Z al(’¢$(l - k07§k07dk0 7w§€01|)
l=kg
ki—1 L.
&k l) + D callw) + ) 5« 5@ ox(Jwil)),
I=ko I=k;

which gives desired inequality (45) by defining a3 £ max{
ag,g-1d0a02N’1~IdovN}€IC. [ |

PrOOF (LEMMA 4). We start by observing that accord-
ing to Assumption 5 it holds that

|6¢(1 = 0,60, dg, wg)| < X(I&l) + 6(lwol).
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Continuing in this manner until time ko one ca easily show
that the following holds

’¢§(j7 &o, déil’ wgil

< x3(1&]) + D o(wj-i])

where x;41 = x02-Idoy; € K with xo =1d, x1 = x and
41 = x02-Idot; € K with 01 =90 forall j € {0,...,ko};
note that functions y and § come from Assumption 5. Fur-
ther, due to Assumption 2, ky < N; again, with the sim-
ilar argument about v(.) presented above, we can always
ensure that ;41 > X; and v;41 > v; which results in
UN = maXje{1,.,N} U1 € K and Yy = maxjeq1,.. N} X1 €
K, which results in

|be (4, o, A wd )] < e (1€o]) + D o (wi)).
=0

Now, applying a function yy from Assumption 4 to latter
inequality and summing the corresponding inequality from
j =0 to j = ko with application of (A.9) results in

> xv (|6el oy~ wd ™))
j=0

S

=0

< (ko + 1)xv (xn ([€0]) +ZXV (i)
J=0

ko—1
< (N4 Dxv (X (€]) + ko Y xv (2 ton (lwi))
1=0
ko—1
< n(lol) Z Nxv (2 ow (lwil))
where y; = (N+ 1) - Id o Yy o Yy € K. Further, note that

| e, €0, wd )]
= |(¢I(J7 507d6711w6.71)7 ¢5(j7 ﬂ07dg)7
> |¢JC(]7 €O7dé_lvwé_1)|

due to the definition of the overall NCS (25
nition of the Euclidean norm. Hence

Dl

) and the defi-

ko—1

ZXV(‘¢$(j7€O7d%_law0 )’)+XV(|¢E k07§07 ko 1,’UJ§0_1

=0

)))

ko—1

<m(lél) + ) calfwl).

=0
where oy £ N-Id o yy o 287!
replacing j with [ we obtain (46), as desired.

-Id o Oy € K. Finally, by
|

PROOF (COROLLARY 1). The proof follows the same lines
as the proof of Theorem 1. Hence, we merely present the
resulting functions. They are as follows: «;(s) = 27 1s?

az(s) = max{N271, L, } - 2400200220 ()
as(s); as(s) = NLg 24(N_1)Lf<(N71)L2 % y(s) = min{Ly,,,
271} 8% m(s) = (N+ 1)Ly, (2Lg)* VL3 72(s) = ;
~3(s) = max{ L3V L2e,NLg, L3V L2} - it m

16

PROOF (COROLLARY 3, SKETCH). We start by observing
that inequality (50) implies V(z) < xv, 2|, V& € Xx. Fur-
ther, since { = (x, (), it follows from definition of Eu-
clidean that V(x) < xv, |2] < xv, [€], V€ € Xy. Now, since
in comparison to the proof of Theorem 1 the main differ-
ence is that now R = 1, we just present the changes to the
corresponding lemmas. Lemma 1 remains the same. The
conclusion of Lemma 2 becomes

V(xki+1) - V(xkb)
kip1—1

Z al(’¢z(l

I=k;

< —

7ki,§k,i,d2;1,w5€: CMQ("UJ[D

for all k;, k;11 € Ky and all o, 2, , € Xy. Note that due
to (50) in the definition of a function ay a function xy, will
replace function xy. Further, usage of V(z) < xy, |z| <
Xv; |€] results in the following change in the conclusion of
Lemma 3, namely

k—1 k—1
> (6l = ko, &k diggH wig M) < Xva (ko) + Y es(lwil)
1=kq l=ko

for any &, € Xy. Finally, the conclusion of Lemma 4 takes
the form

>_CV1(|£k0D
ko—1

<m(lé) + > caljwl]) —

1=0

ko—1

> xvi (el &0, d5 !

=0

-1
» Wo

)

for any & € Ay. The proof now follows along the lines as
in the proof of Theorem 1 presented above. |
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